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Abstract

Polychaetes possess a wide range of sensory structures. These form sense organs of several kinds, including
the appendages of the head region (palps, antennae, tentacular cirri), the appendages of the trunk region
and pygidium (parapodial and pygidial cirri), the nuchal organs, the dorsal organs, the lateral organs, the
eyes, the photoreceptor-like sense organs, the statocysts, various kinds of pharyngeal papillae as well as
structurally peculiar sensory organs of still unknown function and the apical organs of trochophore larvae.
Moreover, isolated or clustered sensory cells not obviously associated with other cell types are distributed
all over the body. Whereas nuchal organs are typical for polychaetes and are lacking only in a few species,
all other kinds of sensory organs are restricted to certain groups of taxa or species. Some have only been
described in single species till now. Sensory cells are generally bipolar sensory cells and their cell bodies are
either located peripherally within the epidermis or within the central nervous system. These sensory cells are
usually ciliated and different types can be disinguished. Structure, function and phylogenetic importance of
the sensory structures observed in polychaetes so far are reviewed. For evaluation of the relationships of the
higher taxa in Annelida palps, nuchal organs and pigmented ocelli appear to be of special importance.

Introduction

Polychaetes respond to a variety of sensory stimuli
and consequently possess a wide range of sensory
structures (Mill, 1978; Welsch et al., 1984). These
form sense organs of several kinds, including (1)
the appendages of the head region, namely palps,
antennae, and tentacular cirri, (2) appendages of
the trunk region and pygidium, the parapodial
cirri and pygidial cirri, (3) the nuchal organs, (4)
the dorsal organs, (5) the lateral organs, (6) the
eyes, (7) the photoreceptor-like sense organs, (8)
the statocysts, (9) various kinds of pharyngeal
papillae and (10) the apical organs present in
trochophore larvae. Moreover, isolated or clus-
tered sensory cells not obviously associated with
other cell types are distributed throughout the
body.

Whereas nuchal organs and eyes are present in
most polychaete species, all other kinds of sensory
structures are restricted to certain higher taxa, to a

certain group of closely related species or have, so
far, only been found in single species. In poly-
chaetes sensory structures have been reviewed by
Bullock (1965), Mill (1978), Verger-Bocquet (1984,
1992), Eakin & Hermans (1988) and Storch &
Schlötzer-Schrehardt (1988), those of Clitellata by
Jamieson (1981, 1992), Sawyer (1986) and
Fernandez et al. (1992).

A major problem is still to determine the sen-
sory stimuli which the sensory structures mediate
(Mill, 1978; Schlawny et al., 1991). Usually, re-
sponses after application of various chemical,
optical or tactile stimuli have been obtained by
electrophysiological recordings from nerves rather
than individual receptor cells. Thus, function has
mostly been deduced from structural correspon-
dences to sensory cells for which the function has
already been determined (e.g., Mill, 1978; Jouin
et al., 1985). A promising approach to address
these problems might be immunological labelling
of specific receptor neurons (Michel et al., 1999).
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Figure 1. Multiciliate penetrative sensory cells. (A–C) Nereis sp. (A) Frontal view of anterior end with antennae (an), palps (p) and

tentacular cirri (tc); j jaws, ph pharynx, (B) Tip of biarticulated palp with numerous sensory cilia. (C) Enlargement of first ventral

tentacular cirrus. (D) Protodrilus ciliatus; tip of prostomium with various groups of different sensory cilia, some of which form cirri

(arrows). (E) Protodriloides symbioticus; ventral view of palp with different kinds of sensory cells (arrows). (F)Microphthalmus listensis;

tentacular cirrus with similar groups of sensory cilia. (G, H) Polydora commensalis; sensory papilla on palp. (G) Cross section through

papilla with four sensory dendrites (arrows) and a gland cell neck (gc) surrounded by a single supporting cell (suc). In the dendrites 3–7

rootlets (arrowheads) are visible. (H) Longitudinal section of sensory dendrite (sd) with basal body (bb) of cilia (ci), rootlets (r),

neurotubules (nt), m, mitochondrion; mv, microvillus; sj, septate junction; za, zonula adhaerens. Inset: cross section of cilium with

9 · 2 + 2 axoneme lacking dynein arms. D, E modified from Purschke (1993), G, H Purschke & Dauer (unpubl.). Micrographs A–C:

S. Raabe.
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To date the function of many sensory structures
found in polychaetes is still uncertain or com-
pletely unknown.

Sensory cells

Sensory cells or receptor cells are generally bipolar
primary sensory cells, the cell bodies of which are
either located peripherally within the epidermis or
lie within the central nervous system (Storch &
Schlötzer-Schrehardt, 1988; Verger-Bocquet, 1992).
As a result, there are differences in the degree of
development of their dendritic processes. The
peripheral dendritic processes are normally
embedded in the respective epithelium, reach the
epithelial surface and thus are connected to the
adjoining cells by typical junctional complexes, i.e. a
zonulae adhaerens followed by a septate junction
(Fig. 1H). Generally the dendritic processes are
ciliated and may bear a number of additional mi-
crovilli. With the exception of photoreceptor cells,
the only known instance of sensory cells with
microvilli alone is that reported by Dorsett & Hyde
(1969) for the prostomial appendages of Nereis
diversicolor.

A given type of sensory cell may occur in iso-
lation, clustered, or in sense organs. Clustered
sensory cells form small buds or papillae, generally
composed of a few receptor cells; however, up to
16 cells have been found in sensory papillae in the
caudal body region of Arenicola marina and up to
200 cells on the palps of Lycastis terrestris (see
Storch, 1972; Jouin et al., 1985). Many species
possess comparatively high numbers of sensory
cells (Storch & Schlötzer-Schrehardt, 1988 for
ref.). Since they respond to various sensory stimuli,
the sensory cells differ structurally within individ-
uals and between species. Even in the smallest
polychaete known, the dwarf male of Dinophilus
gyrociliatus, with a body length of 50 lm, no less
than 40 out of a total of 68 neurons are sensory;
these can be assigned morphologically to four
different types (Windoffer & Westheide, 1988).
This diversity is almost in the same range as has
been observed in larger species (e.g., Schlawny
et al., 1991; Jamieson, 1992; Purschke 1993, 1999).
In spite of fine structural variations, sensory cells
may be classified by the number of cilia and whe-
ther these cilia penetrate the cuticle or not, or

whether they are intraepithelial (e.g., Welsch et al.,
1984; Jamieson, 1992): (1) multiciliate penetrative
sensory cells, (2) uniciliate penetrative sensory
cells, (3) multiciliate non-penetrative sensory cells,
(4) uniciliate non-penetrative sensory cells, (5)
basal ciliated sensory cells. Only the first two types
are externally visible (Figs 1A–F, 2A). However,
care must be taken, as there are other functions of
external ciliation besides detection of sensory
stimuli and not every cilium, tuft of cilia or ciliary
band visible in the light or scanning electron
microscope is necessarily sensory or even part of a
sense organ (Figs 4D, G–I, 6A, B).

Multiciliate penetrative sensory cells

Multiciliate sensory cells of this type are the most
abundant of all annelid sensory cells (Fig. 1A–H).
These cells differ greatly in terms of number and
length of cilia; these may appear to be linked to
each other to form cirri (Fig. 1D), although this
could not be confirmed with transmission electron
microscopy (e.g., Purschke, 1993). Sometimes dif-
ferent types are situated close together as, for
example, on the prostomium or the palps in spe-
cies of Protodrilida (Fig. 1D, E). In other species
such receptor cells appear more uniform (Fig. 1B,
C, F). These sensory cells are also extremely vari-
able in other respects: length and number of
additional microvilli, presence or absence of ciliary
rootlets, structure of these rootlets, additional
cytoskeletal elements and other fine-structural
features (Fig. 1G, H). The number of cilia per
cell ranges from 2 to more than 20 (Bantz & Mi-
chel, 1972; Michel, 1972; Storch & Schlötzer-
Schrehardt, 1988; Schlawny et al., 1991; Verger-
Bocquet, 1992; Purschke, 1993, 1999; Purschke &
Jouin-Toulmond, 1994; Böggemann et al., 2000;
Hessling & Purschke, 2000; Purschke & Hessling,
2002). Although mostly equipped with an axo-
neme showing the typical 9 · 2 + 2 pattern of
microtubules (Fig. 1H inset), often associated with
dynein arms, in many cases cilia of these cells ap-
pear to be more or less immobile (Jouin et al.,
1985; Amieva et al., 1987; Purschke, 1993). It is
generally assumed that these structurally different
sensory cells have different functions (Toulmond
et al., 1984; Jouin et al., 1985; Schlawny et al.,
1991).
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Figure 2. Sensory cells (A–H). Uniciliate penetrative sensory cells. (A) Paranerilla limicola; uniciliate sensory cells on the prostomium, some

with collar (arrows), others without (arrowheads). SEM micrograph. (B) Microphthalmus similis; sensory cilium surrounded by typical mi-

crovilli (mv). (C–H) Collar receptors. (C) Kefersteinia cirrata; sensory dendrite (sd) projecting above surface of supporting cells (suc). Collar of

microvilli not penetrating epicuticle (ec). (D) Parenterodrilus taenioides; collar receptors forming pore in the cuticle. Note well-developed

cytoskeletal system connecting rootlet and microvilli (arrow, arrowhead). (E–F) Polygordius appendiculatus; cilium surrounded by 10 long

microvilli, cilium basally ensheathed by epicuticle (arrowhead). Scale bar in E represents 0.5 lm. (G–H) Glycera tridactyla; cilium of collar

receptor ensheathed by membrane-like epicuticular layers. (I–K) Non-penetrative sensory cells. (I) Parenterodrilus taenioides; uni- and biciliate

cells (arrows) with long cilia running parallel to epithelial surface (double arrows). (K) Stygocapitella subterranea; sensory dendrite giving rise to

numerous short cilia (ci), each with a small vacuole (arrows) and a thin process. Note absence of rootlets (arrowhead). – ci, cilium; cu, cuticle;

ep, epicuticle; gca, glycocalix; m, mitochondrion; mv, microvillus; sd, sensory dendrite; suc, supporting cell. A modified from Worsaae &

Kristensen (2003), D, E modified after Purschke & Jouin-Toulmond (1994), K modified from Purschke (1999).
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Uniciliate penetrative sensory cells

Uniciliate sensory cells have only rarely been re-
ported in polychaetes but most likely they are pres-
ent in most if not every species. Although reviews
only mention their occurrence in Nereidiidae (Dor-
sett & Hyde, 1969; Boilly-Marer, 1972a), they have
since been found in Aeolosomatidae, Arabellidae,
Dinophilidae, Dorvilleidae, Eunicidae, Glyceridae,
Hesionidae, Lumbrinereidae, Lysaretidae, Nerilli-
dae, Onuphidae, Opheliidae, Pisionidae, Polygor-
diidae, Protodrilidae, Sphaerodoridae, Spionidae,
(Windoffer & Westheide, 1988; Schlawny et al.,
1991; Purschke 1993; Hayashi & Yamane, 1994;
Purschke & Jouin-Toulmond, 1994; Hessling &
Purschke, 2000 and unpubl. obs.). In most cases the
thin sensory dendrites (diameter about 1 lm) extend
above the level of the surrounding epithelial cells
(Fig 2C, F, H). Although usually equipped with a

typical 9 · 2 + 2 axoneme (Fig 2E, G), the cilia
mostly appear more or less immobile and stiff. They
rest on basal bodies, and a rootlet system may be
absent (Figs 2C, F, H, 6H), ill-defined (Fig. 2B) or
extremely well-developed (Figs 2D, 6I). In the last
case the cytoskeleton of the surroundingmicrovilli is
often associated with the rootlet (Figs 2D, 6I). Two
types of such sensory cells may be distinguished,
discernable even by scanning electron microscopy
(Fig. 2A): In the first type the cilia may be sur-
rounded by typical microvilli, not reaching the
cuticular surface (Fig. 2B), or microvilli are lacking
(Fig. 6G, H). In the second type the cilia are sur-
rounded by a circle ofmostly 10microvilli (Figs 2C–
H, 6G, I). These microvilli are parallel to the cilium,
comparatively thick and may create a pore in the
cuticle open (Figs 2D, 6I). In these cases a small
cuticular bulge surrounding the cilium is visible in
SEM (Fig. 2A). The sensory ciliamay be ensheathed

Figure 3. Basal ciliated cell. Protodriloides chaetifer. (A) Reconstruction showing both sides of the cell and bundle of cilia surrounding

cell body. (B) Palps with asymmetrically arranged basal ciliated cells (arrows), anti-tubulin staining of ciliary loop, confocal laser-

scanning microscopic image. (C) Cell body with cilia emerging in depression, the latter with microvilli; note electron-dense material at

opening of depression (arrows); arrowheads point to cross sections of cilia. (D) Cross-section of sensory cilia close to apices, note

absence of dynein arms. – bb, basal body; gc, glial cell; sc, sensory cell; mv, microvilli; n, nucleus. A–B from Purschke & Müller (1996).

57



in part or completely by the epicuticle (e.g., Polyg-
ordiidae (Fig. 2F), Nereidiidae (see Storch, 1972;
Storch & Schlötzer-Schrehardt, 1988), Pisionidae).
In Glyceridae they are wrapped in membrane-like
epicuticular layers (Fig. 2G, H). This second type of
receptor is generally called collar receptor (Schlawny
et al., 1991; Purschke, 1993). It is widespread in
invertebrates and thus most likely represents a
plesiomorphy for Annelida (e.g., Ax, 1995). The
function of these uniciliate cells is generally regarded
to be mechanoreceptive.

Non-penetrative sensory cells

Non-penetrative sensory cells may either be unicil-
iate or multiciliate (Fig. 2I, K). They have been re-
ported for many species (Windoffer & Westheide,
1988; Verger-Bocquet, 1992; Purschke & Jouin-
Toulmond, 1994). As a rule the dendritic processes
project above the level of the adjacent epidermal
cells and form more or less distinct bulbs. In uni- or
biciliate cells the cilia are comparatively long and
run parallel to the body surface in the basal layer
of the cuticle (Fig. 2I). Basal bodies are mostly
without rootlets and the axonemes show various
patterns of reduction. As a rule at least the two
central tubules are lacking. In these cells the axo-
nemal microtubules may successively be lost, finally
resulting in microvillus-like structures without
microtubules (Fig. 2I). Such microvillus-like
microtubule-less cilia can still be recognized as
such because a basal body is still present. In
multiciliate receptors the cilia are often shorter
and project in various directions (Fig. 2K). In
Stygocapitella subterranea, for instance, the axo-
nemal microtubulues are 1–1.5 lm long and of
equal length. Where the microtubules end, a
small vesicle is present and the cilia give rise to a
thin process devoid of microtubules (Fig. 2K).
The function of these cells is controversial; the
possibilities under discussion range from chemo-
reception to mechanoreception (see Windoffer &
Westheide, 1988).

Basal ciliated cells

Basal ciliated sensory cells were first described for
oligochaetes (Myhrberg, 1979) and to date only
one polychaete taxon, Protodriloidae, is known
to possess such cells (Purschke & Müller, 1996).

These cells are not associated with supporting
cells; they are embedded between epidermal cells
and do not reach the epithelial surface. A bundle
of 3–15 cilia emerges from a small depression of
the cell body. From this depression the cilia
extend to the surface and twist once around the
cell (Fig. 3A–D). This bundle of cilia can be
detected with confocal LSM after labelling with
anti-a-tubulin (Figs. 3B, 10B). These cells have
been found in the anterior part of the brain and
in the palps. The cilia have a typical 9 · 2 + 2
axoneme but without dynein arms (Fig. 3D).
Nothing is known about the function of these
sensory cells.

Sense organs

The sensory cells described above are present on
the trunk and on the appendages, such as palps,
antennae, tentacular cirri and the pygidial cirri.
They likewise occur in the pharyngeal epithelium
and pharyngeal papillae (see e.g., Bantz & Mi-
chel, 1972; Michel, 1972; Böggemann et al., 2000;
Tzetlin & Purschke, 2005). The same applies to the
most important sense organ of the polychaete
larvae, the apical organ, which usually comprises
a few multiciliate penetrative sensory cells and
various supporting cells (Heimler, 1983, 1988;
Lacalli, 1981; Marsden, 1982; Storch & Schlötzer-
Schrehardt, 1988; Verger-Bocquet, 1992). The
epithelia and cuticle of the appendages are similar
to those of the trunk and will, therefore, not be
described here. In the palps of the taxa united as
Canalipalpata by Rouse & Fauchald (1997) coe-
lomic cavities are present (Orrhage, 1964). A fine-
structural study has been done in Protodrilida
(Purschke, 1993; Purschke & Jouin-Toulmond,
1994): In Protodrilus spp. and Saccocirrus spp.
the palps are supplied with coelomic canals filled
with coelenchyme cells. These canals are not
connected to other coelomic cavities. Fluid is
added through podocytes present at a junctional
zone with blood vessels in the prostomium. These
palps are also equipped with blood vessels and
their musculature is well developed. In species of
Phyllodocida, such as in Hesionidae, the antennae
and palps are usually thin and thread-like. Coelo-
mic cavities, musculature and blood vessels are
absent. However, motility is achieved by epithe-
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liomuscular cells and stiffness by rootlet-like skel-
etal elements (Boilly-Marer, 1972b; unpubl. obs.).
The innervation of the appendages is described in
Orrhage & Müller (2005).

Nuchal organs

Nuchal organs are generally regarded as chemo-
sensory (Storch & Schlötzer-Schrehardt, 1988;

Figure 4. Nuchal organs SEM micrographs. (A–H) Typical appearance of nuchal organs as ciliated grooves or pits. (A) Saccocirrus

papillocercus. (B) Brania subterranea; inset: enlargement of right nuchal organ. (C) Polydora cornuta; nuchal organs (arrows) situated

on both sides of the caruncle (ca) behind the palps (p). (D) Protodorvillea kefersteini; nuchal organ (no) anterior to peristomial cilia

(arrowheads); arrows point to gland cell openings. (E–F) Glycera tridactyla (E) Base of prostomium with nuchal organs (arrows) and

rings of sensory cilia (arrowheads). (F) Detail of withdrawn nuchal organ. (G–L) Examples of hypertrophied nuchal organs. (G)

Autolytus pictus; nuchal epaulettes (arrows) fused with peristomium; bands of cilia on prostomium (arrowheads). (H) Amblyosyllis

formosa; appendage-like nuchal epaulettes (arrows) with ciliary band on the edges. (I) Eurythoe complanata; caruncle (ca) and

prostomium with longitudinal ciliary bands representing nuchal organs (arrows) and transverse rows of cilia (arrowheads). – b,

branchia; ca, caruncle; dc, dorsal cirrus; la, lateral antenna; ma, median antenna; no, nuchal organ; p, palp; tc, tentacular cirrus; – A

modified from Purschke (1997), B, F modified from Purschke (2002a), micrographs C–E, G–I: S. Raabe.
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Verger-Bocquet, 1992; Purschke, 1997). They have
become the most important sensory structure of
Annelida in terms of their phylogenetic value. The
reason is that they are basically present in every
species of polychaetes but absent in Clitellata
without exception. There are sharply differing
opinions as to whether this absence in Clitellata is
primary or secondary, i.e., a loss (Fauchald &
Rouse, 1997; Purschke, 1997, 1999, 2002; Rouse
& Fauchald, 1997; Purschke et al., 2000; Rouse &
Pleijel, 2001). In contrast to Clitellata, in the few
cases of polychaetes lacking nuchal organs, such as
Psammodrilidae, Pisionidae, Siboglinidae, and
Parergodrilus heideri (see Purschke, 1997, 2000),
this absence is always interpreted as a loss. Nuchal
organs have been found in many polychaete spe-
cies for which absence of the organs was assumed
or at least considered likely (see Purschke, 1997).
The light microscopical histology of these organs
is well-known since Rullier’s (1951, 1954) investi-

gations; their ultrastructure has recently been re-
viewed (Purschke, 1997).

Nuchal organs are mostly visible as a pair of
ciliated areas or spots located dorsally or dorso-
laterally at the posterior edge of the prostomium
(Fig. 4A–D). The cilia here are kinocilia and may
be located in grooves or pits (Fig. 4A–D). These
organs may be considerably larger and extend
posteriorly on one or several segments (Fig. 4G–
I). One of the best known examples are Amphi-
nomidae, in many species of which a caruncle is
formed as a bulging sensory area arising from the
prostomium and supplied with longitudinal and
transverse ciliary bands (Fig. 4I). Most likely, only
the longitudinal ciliary bands represent the nuchal
organ proper (unpubl. obs.). This might be the
reason for different interpretations of the function
of this structure (e.g., Storch & Welsch, 1969;
Ameyaw-Akumfi, 1976; Storch & Schlötzer-
Schrehardt, 1988). A caruncle may also be present

Figure 5. Nerillidium troglochaetoides. Reconstruction of nuchal organ exemplifying general organisation of nuchal organs: Ciliated

supporting cells (suc) with modified cuticle and microvilli covering olfactory chamber (oc), monociliary sensory dendrites (sd), the

perikarya (pk) of which form the nuchal ganglion that gives rise to axons (sa) running towards the brain; basiepithelial efferent nerve

(en) innervating retractor muscle fibres (rm) and supporting cells. – cu, cuticle; ep, epidermal cell; ecm, extracellular matrix; sci, sensory

cell cilium. From Purschke (1997).
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in Spionidae, Trochochaetidae, Poecilochaetidae
and Chrysopetalidae. In Spionidae the caruncle is
straight with a smooth surface and the nuchal
organs lie beside the caruncle, as either one pair
(e.g., Polydora cornuta: Fig. 4C) or two pairs of
ciliary bands (e.g., Malacoceros fuliginosa:
Fig. 6A) (see Schlötzer-Schrehardt, 1986, 1987;
Purschke, 1997; Jelsing, 2002a,b). These ciliary
bands show considerable variation and may ex-
tend over several segments (Jelsing, 2002a,b).

Other examples of hypertrophied nuchal or-
gans are the so-called nuchal epaulettes present in
certain Syllidae (Fig. 4G, H) or Phyllodocidae (see
Eibye-Jacobsen, 1991; Pleijel, 1991; Rouse &
Pleijel, 2001). Whereas in Autolytus spp. (Syllidae),
the epaulettes are completely fused with the trunk
(Fig. 4G), they are appendage-like in Amblyosyllis
formosa. A continuous ciliary band is present on
the edges of all nuchal epaulettes, whereas the
center is unciliated (Fig. 4G, H). These structures
have not been investigated by transmission elec-
tron microscopy so far. The biological significance
of these large organs is not clear since other species,
often closely related to these taxa, possess nuchal
organs which are not hypertrophied (Lewbart &
Riser, 1996; Rhode, 1990a; Purschke, 1997).

An enlargement of these sensory organs may
also be achieved by duplication: two pairs of nu-
chal organs are present in most (all?) Dorvilleidae
and many Opheliidae (Rhode, 1989; Purschke,
1997). The size of nuchal organs may vary con-
siderably even between closely related species.

On the other hand, especially in burrowing
forms or those with a highly modified anterior end,
the nuchal organs can be completely withdrawn
(Fig. 4E, F) or are situated more or less internally
and are invisible from the exterior; e.g., Sabellidae,
Stygocapitella subterranea, Hrabeiella periglandu-
lata, Potamodrilus fluviatilis (see Orrhage, 1980;
Purschke, 1986, 1997, 2000; Purschke & Hessling,
2002). In Sabellidae the nuchal organs have a ra-
ther uncommon position and form a pair of pou-
ches arising from the dorsal epithelium of the
mouth cavity. This aberrant position is very likely
due to the development of the branchial crown
(Orrhage, 1980; Purschke, 1997). In the other
species cited above, the nuchal organs are situated
in deep pits and communicate with the exterior via
small pores hardly visible even in scanning electron
microscopy.

Regardless of their different external structure
these organs show an overall fine-structural simi-
larity (Fig. 5), and there is no doubt about their
homology in Annelida (Rouse & Fauchald, 1997;
Purschke, 1997, 2002; Rouse & Pleijel, 2001). The
organs have a number of characters in common, as
follows. The visible cilia are mobile and are located
on the supportive cells. They are responsible for a
rapid exchange of sensory stimuli by generating
water currents. The sensory cells are bipolar pri-
mary sensory cells, the perikarya of which form
the nuchal ganglia and their processes the nuchal
nerve (Fig. 5). The nuchal nerve emanates directly
from the brain as is the case for the efferent
innervation, which is always separate. Usually
these nerves are part of the dorsal pair of longi-
tudinal nerves (Orrhage & Müller, 2005).

As a rule the dendrites are monociliate. Cilia,
ciliary branches and true microvilli fill a subcu-
ticular space called the olfactory chamber, which is
protected by specialized cuticular or microvillar
layers formed by the supporting cells. Differences
between taxa include the number of ciliated sup-
porting and sensory cells as well as the specific
structure of the protective layer. These differences
may be autapomorphies for certain taxa, such as
the paving-stone-like microvillar cover present in
Spionida and Protodrilida (Schlötzer-Schrehardt,
1986; Purschke, 1997; Jelsing, 2002b). The number
of sensory cells varies from two in Potamodrilus
fluviatilis to several hundred in Polyophthalmus
pictus and Armandia polyophthalma (see Purschke,
1997; Purschke & Hessling, 2002). For many large
species studied so far, e.g., Nereis diversicolor,
Glycera rouxi, Nephtys caeca (see Whittle & Zahid,
1974), the number of sensory cells has not been
determined.

Whether the absence of nuchal organs in Cli-
tellata is primary or secondary is crucial for the
systematization of Annelida (McHugh, 1997,
2000; Purschke, 1997, 2002a; Rouse & Fauchald,
1997; Westheide, 1997; Westheide et al., 1999;
Purschke et al., 2000). Evidence for a primary
absence would support a sister-group relationship
of Polychaeta and Clitellata, the nuchal organs
being the sole autapomorphy of Polychaeta,
whereas evidence of a loss would support the
placement of Clitellata as an ingroup of the pa-
raphyletic ‘Polychaeta’. Evidence for a loss of
nuchal organs in Clitellata comes from the reduc-
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Figure 6. Dorsal and lateral ciliated organs. (A) Malacoceros fuliginosus; dorsal view of anterior end with nuchal organs (no) and

dorsal ciliated organs (dco). Two transverse bands of cilia per segment (tbc1, tbc2), arrows point to ciliary band on branchia (b). (B–I)

Lateral ciliated organs. (B, C) Scoloplos armiger; lateral organ (lo) at base of notopodium (nop). (D–E) Polydora cornuta; lateral organ

below notopodium. (F–I) Opheliidae. (F) Ophelia rathkei; small lateral organ between noto- and neuropodium. (G–I) Polyophthalmus

pictus. (G) Section through entire organ with retractor muscle (rm) and two types of monociliary sensory dendrites (sd); arrows point

to collar receptors. (H) Tip of dendrite with asymmetrically situated cilium adjacent to collar receptor. (I) Collar receptor with net-like

rootlet system (r). – b, branchia; ca, caruncle; cu, cuticle; do, dorsal organ; ecm, extracellular matrix; ep, epidermis; lo, lateral ciliated

organ; mv, microvillus; nep, neuropodium; no, nuchal organ; nop, notopodium; p, palp; rm, retractor muscle; sd, sensory dendrite; za,

zonula adhaerens. Micrographs A–F: S. Raabe, S. Göbel, B. Rohling and W. Mangerich.
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tion or absence of these organs in terrestrial
polychaetes, the lack of epidermal cilia in Clitel-
lata, the backward displacement of the brain and
the reduction of the prostomium (Hessling &
Westheide, 1999; Purschke, 1999, 2000; Hessling
et al., 1999; Purschke et al., 2000). In certain
polychaetes a similar arrangement can be ob-
served. For instance, in species of Pisione the
anterior end is extremely modified, with a reduc-
tion of the prostomium and displacement of the
brain. The large brain is situated in the first three
segments, nuchal organs are obviously absent and
have been lost (Siewing, 1953; Purschke, 1997;
Rouse & Fauchald, 1997).

Developing nuchal organs are visible in meta-
trochophores (Rullier, 1951; Åkesson, 1962, 1967;
Bhup & Marsden, 1982). They develop from epi-
sphere cells while the trochoblasts of the protot-
roch become disintegrated and are prostomial in
origin (Åkesson, 1962, 1967). Ultrastructural
studies on the development have not been carried
out to date. There are no significant structural
differences between nuchal organs of juveniles and
adults in Opheliidae and Spionidae (West, 1978;
Schlötzer-Schrehardt, 1986, 1987, 1991). Changes
observed mainly concern the overall size and
number of cells and sometimes a shift in position.

Apart from the Annelida, structures named
nuchal organs are present in Sipuncula. They are
situated on the introvert either between or below
the tentacles (Rice, 1993). So far, ultrastructural
studies have only been carried out for one species,
Onchnesoma squamatum (see Purschke et al.,
1997). This study did not favour a homology
hypothesis, but additional studies in Sipuncula
appear to be necessary before a final conclusion
can be drawn. These findings are in contrast to the
view of Åkesson (1958) derived from compre-
hensive light microscopic investigations. Thus,
according to our present knowledge, the nuchal
organ of Annelida either represents an autapo-
morphy of Annelida, or in case of a sister-group
relationship between Polychaeta and Clitellata, an
autapomorphy of the former (see Purschke,
2002a).

Dorsal organs

Dorsal ciliated organs may be of different kinds
and not all of them are sensory. For instance, these

structures may serve in spermatophore formation
and transfer or simply generate water currents.
This seemed to be true for Spionidae as well:
Schlötzer-Schrehardt (1987, 1991) showed that in
Pygospio elegans these organs are neither sensory
nor have a common origin with nuchal organs but
probably play a role in sperm transfer. Thus, these
investigations were used to disprove earlier views
(Söderström, 1927; Rullier, 1951; Orrhage, 1964).
Recently, Jelsing (2002a, b) reinvestigated these
organs in a comprehensive study, including several
species of Spionidae. It was shown that there are
various kinds of dorsal ciliation, including trans-
verse and longitudinal bands (Fig. 6A). The lon-
gitudinal bands proved to be structurally identical
to nuchal organs, so that these structures are
chemosensory as well and serially homologous to
nuchal organs. These structures are in fact absent
in P. elegans. These investigations clearly demon-
strate that generalisations have to be done with
care and far-reaching conclusions drawn from a
single species may lead to false and premature
statements. However, whether the dorsal organs
are innervated by the elongated nuchal nerve, as
suggested by Söderström (1927) and others, re-
mains to be proven. The dorsal organs described
for Orbiniidae may also represent homonomous
nuchal organs (Eisig, 1914), but this has yet to be
confirmed by ultrastructural studies.

Lateral organs

Lateral ciliated organs are ciliated pits or papillae
present between noto- and neuropodia in Amphi-
nomidae, Syllidae, Eunicida, Spionidae, Ophelii-
dae, Orbiniidae, Paraonidae, Scalibregmatidae
and Pectinariidae (Fig. 6B–I; see Rouse & Pleijel,
2001; Purschke, unpubl. obs.). In the Opheliidae
Ophelia rathkei and Polyophthalmus pictus these
organs consist of a group of uniciliate penetrative
sensory cells (Fig. 6G–I). Some of these cells are
collar receptors, others are without a collar of
strong microvilli. In the latter the cilium is situated
eccentrically on the dendrite and is closer to the
collar receptor (Fig. 6G, H). In the collar receptor
a rootlet system is well-developed and connected
to small hemidesmosome-like structures present
between cilium and surrounding microvilli. This
structure is the same as described for the dorsal
cirrus organ present at the lower side of the not-
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Figure 8. Eyes. (A–D) Polyophthalmus pictus. (A) Cerebral pigmented ocellus; note lens-like process (ll) connected to cell body of

pigment cell (arrow); arrowheads point to junctional complexes enlarged in C. (B) Cerebral unpigmented rhabdomeric ocellus

embedded in area made up of numerous such ocelli; arrowheads point to cell junctions shown in D. (C–D) Enlargement of junctional

complexes of ocelli shown in A, B: (C) Pigmented ocellus. (D) Unpigmented ocellus. (E) Armandia polyophthalma: Segmental ocellus

made up of large sensory cell (sc) with several rhabdomeric processes (arrows), unpigmented supporting cells (suc) and layer of

mesodermal pigment cells (pc). – cu, cuticle; coe, coelom; ep, epidermis; n, nucleus; pc, pigment cell; sc, sensory cell; sj, septate junction;

smv, sensory microvilli; suc, supporting cell; za, zonula adhaerens. A, B, D modified from Purschke (2003). E modified from Purschke

et al. (1995).

Figure 7. Cerebral eyes. (A) Saccocirrus papillocercus. Bicellular ocellus; pigment cell (pc) and rhabdomeric photoreceptor cell (sc),

part of epidermal cell layer; eye cup open to exterior (arrow). (B) Microphthalmus similis. Ocellus situated deeper in prostomial tissue.

(C–F) Multicellular ocelli. (C) Gyptis propinqua. Eye cup consisting of alternating pigment (arrowheads) and sensory cells (arrows).

(D–F) Kefersteinia cirrata. (D) Microvilli-bearing process of sensory cell (sc) with vestigial cilium (arrows). (E) Sensory cell (sc) with

pigment granules (pg) between pigmented supporting cell, arrows point to junctional complexes. (F) Process of pigment cell (ppc)

extending above sensory microvilli (smv) and forming lens-like structure (ll). – cu, cuticle; ep, epidermis; gc, glial cell; ll, lens-like

structure; mv, microvillus; n, nucleus; pc, pigment cell; pg, pigment granules; ppc, process of pigment cell; sc, sensory cell; smv, sensory

cell microvilus; tf, tonofilaments. A modified from Purschke (1992).

J
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opodia, or for the dorsal cirri, in various species of
Eunicida (Hayashi & Yamane, 1994, 1997). This
indicates that these organs are most likely ho-
mologus and do not represent a new type of sense
organ. As argued by Rouse & Pleijel (2001), these
organs should be given the same name and their
phylogenetic value as an autapomorphy of Euni-
cida appears to be questionable. Whether this also
applies to the lateral organs of Orbiniidae has still
to be proven; from their appearance in SEM they
seem to be different, in that they are made up of a
brush of densely arranged cilia as is characteristic
of multiciliate cells (Fig. 6B, C). This likewise ap-
plies to the bands of cilia present between dorsal
cirrus and neuropodium in Amphinomidae as
well as in Syllides longocirrata and other Syllidae
(unpubl. obs.). An ultrastructural comprehensive
investigation of these lateral organs across various
taxa is needed to address the question of homology.

In contrast to these organs, the corresponding
structures of Protodrilidae are clearly related to
the reproductive system in being the organs of
spermatophore formation (Nordheim, 1991). The
lateral organs of Myzostoma have been regarded
as chemoreceptive and structurally similar to nu-
chal organs by Eeckhaut & Jangoux (1993).
However, similarities to nuchal organs have been
considered superficial, and homonomy with nu-
chal organs has been excluded by Purschke (1997).
Instead, the number of sensory cells appears to be
rather low, so that other functions are conceivable
as well.

Eyes

Pigmented ocelli

Most polychaetes have some type of eyes or ocelli,
a diminutive eye. Zoologists have always been
fascinated by the structure and function of eyes
and photoreceptors, and there is an abundant
literature on those of Annelida. Recent reviews
have been published by Verger-Bocquet (1984,
1992) and Eakin & Hermans (1988). Theories on
the evolution of eyes have been put forward by,
e.g., Eakin (1963, 1982), Vanfleteren & Coomans
(1976), Salvini-Plawen & Mayr (1977), Salvini-
Plawen (1982), Vanfleteren (1982) and more re-
cently using genetic and developmental data by
Gehring & Ikeo (1999), Gehring (2001) and
Arendt & Wittbrodt (2001).

Most eyes of polychaetes are within or adjacent
to the brain and are commonly termed cerebral
eyes. Others are situated on the tentacular crown
in certain Sabellidae and Serpulidae, on the trunk
segments, for instance in Opheliidae, Eunicidae
and Sabellidae, and, finally, on the pygidium in
certain Sabellidae. These eyes are called branchial
ocelli, segmental ocelli or pygidial ocelli, respec-
tively. These latter eyes are structurally much more
diverse and completely different in structure com-
pared with cerebral eyes. In addition, there is a
high diversity of unpigmented ocelli and photore-
ceptor-like structures, often associated with or
adjacent to the brain.

In size and complexity such organs range from
a small ocellus composed of only two cells, one
pigmented supportive and one sensory cell, which
overall is only 6 lm or less in diameter, as in
Microphthalmus similis (Fig. 7B), to large eyes of
about 1 mm in diameter, made up of thousands of
cells forming complex retinae, lenses and other
accessory structures in Alciopidae and other
planktonic polychaetes (Eakin & Hermans, 1988;
Verger-Bocquet, 1992). In Alciopidae the large
eyes protude laterally from the anterior end and
leave a small space between them for the brain
(Hermans & Eakin, 1974).

The term photoreceptor is used here to desig-
nate the photoreceptive structure of the sensory
cell (Eakin & Hermans, 1988). A great expanse of
the membranes bearing the light-absorbing
photopigment, often in a highly ordered and reg-
ular pattern, is characteristic of photoreceptors.
These membranes take the form of an array of
microvilli or lamellae in rhabdomeric receptors,
whereas in ciliary receptors they are outfoldings or
infoldings of a ciliary membrane or, rarely, groups
of cilia. A phaosome is a seemingly intracellular
vacuole into which the microvillar or ciliary
photoreceptors project. The phaosome arises by
invagination of the apical cell membrane, the only
area capable of developing microvilli or cilia
(Purschke, 2002b). All three types of photorecep-
tors have been found in polychaetes. In addition,
supportive cells are associated in some way with
the photoreceptor cells. The former contain gran-
ules of shading pigment, presumably different
kinds of melanins (Eakin & Hermans, 1988). These
cells are also involved in the formation of lens-like
structures and vitreous bodies.
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In bicellular ocelli the pigment cell and the
sensory cell form an extracellular cavity into which
the photoreceptor projects (Figs. 7A, B, 8A).
The cells are connected to one another by typical
junctional complexes: a zonula adhaerens followed
by a septate junction (Fig. 8C). As the photore-
ceptors are housed in the concavity of the pigment
cell, ocelli of this type must become inverse. In
many of these small bicellular ocelli, the microvilli
extend as a dense brush border from the flat sur-
face of the receptor cell (e.g., Protodrilus spp.,
Saccocirrus spp., Microphthalmus listensis,
Microphthalmus similis, see Eakin et al., 1977;
Pietsch & Westheide, 1985; Purschke, 1992;
Fig. 7A, B). An increase in the number of recep-
tive structures is achieved by evagination of the
apical cell membrane, so that the sensory cell
forms a mushroom-like process bearing densely
arranged microvilli (e.g., Spionidae, Opheliidae,
Polygordiidae; see Hermans & Cloney, 1966;
Brandenburger & Eakin, 1981; Rhode, 1991;
Bartolomaeus, 1993; Purschke, 2003; Fig. 8A).

In larger cerebral eyes, the number of cells may
increase considerably, but the general structure
remains similar. That is, the two cell types form a
continuous epithelium around an extracellular
cavity into which the sensory processes project
(Fig. 7C–E; Purschke, 2003). In this epithelium
pigmented supportive cells and sensory cells
alternate. The cell bodies of the sensory cells are
situated below the pigment layer (Fig. 7C). Usu-
ally the orientation of the sensory processes be-
comes everse. That is, inverse or everse design
apparently reflects functional constraints and is
clearly correlated with the number of cells involved
in cerebral eyes of polychaetes (Purschke, 2002b).
Exceptions to this rule have been described in
Flabelligeridae, where the two cell types are not
intermingled but separated from one another as in
certain Platyhelminthes (Spies, 1975). In these eyes
the photoreceptors have an inverse design. These
functional constraints in orientation of photore-
ceptors have not been recognized in previous re-
views (Eakin & Hermans, 1988; Verger-Bocquet,
1992; Arendt & Wittbrodt, 2001).

As a rule the single sensory process is cone-
shaped or columnar and bears microvilli on all
sides (Eakin & Hermans, 1988). These microvilli
are straight and highly ordered. At the tip of the
sensory process a rudimentary cilium may be

present, as is the case in many bicellular ocelli
(Fig. 7D). The sensory processes often contain
pigment granules as well (Fig. 7C, E). In all eyes
the microvilli forming the rhabdomeres are com-
paratively uniform in size and measure 0.07–
0.1 lm in diameter and about 1–1.5 lm in length.

In addition, a lens-like structure is present in
most ocelli of this type. These lenses are either
formed by the supportive cells as vesicle-contain-
ing processes (Fig. 7C, F) or a secretion given off
by these cells, or are formed by one or a few spe-
cialized lenticular cells (Eakin & Hermans, 1988;
Verger-Bocquet, 1992). Such multicellular eyes are
present in species of the Phyllodocida and have
been found so far in Syllidae, Hesionidae, Nerei-
diidae, Phyllodocidae, Alciopidae, Polynoidae,
Aphroditidae (Fischer & Böckelmann, 1965; Her-
mans & Eakin, 1974; Zahid & Golding, 1974;
Singla, 1975; Bocquet, 1976, 1977; Verger-Boc-
quet, 1983a; Eakin & Brandenburger, 1985;
Rhode, 1991). Very likely this type of eye is also
present in Amphinomidae (unpubl. obs.). The eyes
described in Capitella sp. I by Rhode (1993) may
also belong to this type and thus may represent the
only exception. Although the author regards these
eyes as unique for Annelida, the adult eyes develop
in the same way as other multicellular eyes but
show signs of disintegration of the pigment cells
after development.

This distribution indicates that this type of
multicellular eye could be an antapomorphy for a
taxon Aciculata sensu Rouse & Fauchald (1997).
However, it is noteworthy that a similar everse
type of eye is present in Sipuncula and Mollusca,
indicating homology (Hermans & Eakin, 1969;
Rosen et al., 1979; Land, 1984; Bartolomaeus,
1992a; Blumer, 1995; Sturrock & Baxter, 1995;
Arendt & Wittbrodt, 2001).

In Ophryotrocha puerilis and other Ophryo-
trocha spp. a pair of ocelli is present at the
posterior margin of the brain. Although situated
in the peristomium, they have been regarded as
cerebral by Rhode (1990b). These eyes are
exceptional not only in their position in the
anterior end but also in their structure (Zavarzina,
1987; Rhode, 1990b): the sensory cell bears several
rhabdomeric sensory processes which are envel-
oped by a thin supportive cell almost devoid
of pigment granules. The eye cup is formed by a
layer of flat additional cells separated from the
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ocellus proper by an extracellular matrix. These
cells contain layers of refractive crystalline
platelets. The presence of an ECM indicates that
two different germ layers are involved. But
according to the assumption of Rhode (1990b)
that the ocelli develop from the brain, the platelet-
bearing cells should be mesodermal in origin
instead of epidermal. Moreover, another dorvil-
leid, Protodorvillea kefersteini, possesses ocelli as
described above (Purschke, unpubl. obs.). This is
indicative of the presence of a secondary, newly
evolved eye in Ophryotrocha spp. The same may
apply to the eye in Nerilla antennata, which has an
unusual structure and is composed of platelet
(supportive) cells, corneal (supportive) cells and
two sensory cells facing each other with their
rhabdomeres (see Eakin et al., 1977; Eakin &
Hermans, 1988).

In trochophore larvae of polychaetes the same
type of small ocelli has been described (Eakin &
Westfall, 1964; Holborow & Laverack, 1972;
Brandenburger & Eakin, 1981; Verger-Bocquet,
1983a; Marsden & Hsieh, 1987; Bartolomaeus,
1987, 1992b; Rhode, 1992, 1993). Usually there is
one pair of bicellular ocelli, but the number of cells
as well as the number of eyes may be higher
(Bartolomaeus, 1992b, 1993). These latter situa-
tions have been regarded as secondarily evolved by
Bartolomaeus (1992b). These eyes may persist in
the adults or may be replaced by the eyes of the
adults during later development (Rhode, 1992,
1993; Bartolomaeus, 1993). During ontogenesis it
is evident that the larval eyes are formed within the
epithelial layer of the prostomial epidermis. After
development has been completed, a pore in the eye
cup may persist (Marsden & Hsieh, 1987;
Bartolomaeus, 1992b; Rhode, 1992). In other
species the cavity of the eye is completely closed
and the ocelli are more deeply recessed into the
prostomial tissues (Brandenburger & Eakin, 1981;
Marsden & Hsieh, 1987; Bartolomaeus, 1992b).
Such a pore may still be present in species in
which the eyes of the trochophores are trans-
ferred to the adults. For instance, in Saccocirrus
spp. (see Eakin et al., 1977; Purschke, 1992) the
supportive and sensory cells are still part of the
epithelium and are connected to the adjacent
epidermal cells by typical apical junctional com-
plexes (Purschke, 1992). The eye cup communi-
cates with the subcuticular space via a small pore

lined by an array of microvilli formed by the
pigment cell, a feature unknown for other ocelli.
The adult eyes develop likewise in the prostomium
and in these eyes, too, a pore and a connection
to the subcuticular space may still be present
after differentiation has been completed (Verger-
Bocquet,1992; Rhode, 1993).

Homology of cerebral eyes is generally assumed
in Bilateria (e.g., Pietsch & Westheide, 1985;
Bartolomaeus, 1992b; Arendt & Wittbrodt, 2001).
However, a special problem appears to arise from
the fact that the ocelli present in annelid larvae
either degenerate and are replaced by the eyes of
the adults in certain taxa or are retained in the
adults in other polychaete taxa. In Mollusca the
adult eyes always develop from larval eyes but are
absent in basal groups (Salvini-Plawen, 1982). In
spite of this difference homology of the adult eyes
is conceivable since these eyes are structurally
similar. Moreover, in polychaete larvae the num-
ber of cells involved and the number of eyes
developed is variable between taxa investigated
(see Bartolomaeus, 1992b). In these larval eyes the
supportive cells have the ability to develop lens-
like structures: e.g., in Syllidae, Opheliidae, or
Arenicola marina (Verger-Bocquet, 1983b; Barto-
lomaeus, 1992b, 1993; Purschke, unpubl. obs.).
Recent genetic work also argues for a monophy-
letic origin of the different types of cerebral ocelli
found in extant Bilateria, all of which may have
evolved from a prototypic eye by adaptive radia-
tion (Gehring & Ikeo, 1999; Gehring, 2001). This
support comes from the observation that the same
master control gene Pax6 is involved in eye
development in all taxa studied so far. In addition,
these cerebral eyes are formed in the Otx-territory
(Arendt & Wittbrodt, 2001). This idea of homol-
ogy of cerebral eyes throughout all Bilateria has
been challenged by Arendt & Wittbrodt (2001)
because in rhabdomeric invertebrate and ciliary
chordate photoreceptors non-homologous cas-
cades of phototransduction have been observed.
These authors conclude that the primary rhabdo-
meric photoreceptor cells were lost in the stem
lineage of Vertebrata and these cells were replaced
by ciliary receptors.

Unpigmented ocelli

In addition to the pigmented ocelli, various kinds
of ocelli without shading pigment have been
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found. These sensory structures have rhabdomeric,
ciliary or phaosomous receptors. The last two
types will be referred to as photoreceptor-like
sense organs below. Sense organs of the first type
are structurally similar to pigmented ocelli, usually
consisting of two cells – one supportive and one
rhabdomeric sensory cell – forming an extracellu-
lar cavity (Fig. 8B, D) which houses the photore-
ceptive microvilli. An accessory centriole or a
more or less reduced cilium may be present in the
sensory cell. As a rule, the microvilli of the
receptor cells are considerably longer than in pig-
mented ocelli and may reach up to 6 lm in length.
Such ocelli have been observed in the brain or
prostomium of Ophelia rathkei, Armandia brevis,
Armandia polyophthalma, Polyophthalmus pictus,
Saccocirrus krusadensis, Heteromastus filiformis,

Pygospio elegans, Scolelepis squamata, Eteone
longa, Phyllodoce mucosa, Nephtys caeca, Eulalia
viridis, and Microphthalmus spp. (see Hermans &
Cloney, 1966; Zahid & Golding, 1974; Whittle &
Golding, 1974; Pietsch & Westheide, 1985;
Schlötzer-Schrehardt, 1987; Rhode, 1991; Pur-
schke, 1992, 2003; Bartolomaeus, 1993). There
may only be a pair or a few ocelli of this type in
individuals of a given species, but in P. pictus and
in A. polyophthalma there are about 70 or 50,
respectively. The main difference from pigmented
ocelli is just the absence of pigment in the sup-
portive cell, which usually becomes rather thin and
may be only 40–80 nm in diamater (Purschke,
1992). These structural similarities may give some
evidence for an evolution from pigmented ocelli by
loss of the shading pigment, a view supported by

Figure 9. Ciliary photoreceptor-like sense organ. Microphthalmus similis. (A) Ocellus made up of 2 sensory cells (sc1, sc2) and 1

supporting cell (suc) surrounding microvillus-like sensory processes (mv); arrows point to cilia. (B) Basal part of cavity with cilia (ci)

giving of microvillus-like branches (arrows), note aberrant pattern of axonemal microtubules. – ci, cilium; ecm, extracellular matrix;

mv, microvillus; sc1, sc2, sensory cell 1 + 2; suc, supporting cell.
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Figure 10. Ciliary photoreceptor-like sense organs. (A–E) Protodriloides spp. (A) P. chaetifer. Reconstruction of ciliary sense organ composed of sensory cell (sc) and

glial supporting cell (suc). (B) P. symbioticus. Position of ciliary prostomial sense organs (cso) behind the neuropile of the brain (b), arrow points to basal ciliated cell;

confocal laser scanning microscopic image, anti-a-acetylated-tubulin immunoreactivity. (C) P. symbioticus. Sensory cell (sc) with emerging sensory cilia (scc); cilia

form coiled bundle. (D–E) P. chaetifer. Ultrastructure of cilia. (D) Base of cilia with basal body and basal region of axoneme. (E) Cross section of cilia with 3 · 1

axoneme. (F, G) Protodrilus ciliatus. So-called statocyst. (F) Low-power micrograph showing 3 paracrystals (pcr), sensory microvilli (smv), the three sensory dendrites

(sd) and thin supporting cell (suc). (G) Cilia (arrows) without rootlets emerging from dendrite of large sensory cell splitting off and forming paracrystals. – b, brain;

bb, basal body; cso, ciliary sense organ; drcc, dorsal root of circumoesophageal connective; n, nucleus; pcr, paracrystal; sc, sensory cell; scc, sensory cell cilium; sd,

sensory dendrite; smv, sensory microvillus; sn, stomatogastric nerve; suc, supporting cell; vpn4, ventral palp nerve4; vrcc, ventral root of circumoesophageal

connective. A–E modified from Purschke & Müller (1996), G modified from Purschke (1990b).
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similar events observed in several platyhelminth
species (Sopott-Ehlers, 1984, 1988, 1991). The
functional significance of such ocelli is unknown
and some hypotheses have been suggested by
Bartolomaeus (1993).

Probably the so-called type-2 ocelli present in
Saccocirrus papillocercus also belong to this type

(Purschke, 1992). These are multicellular organs
composed of several supportive cells and rhabdo-
meric sensory cells, forming a spherical structure
into which the photoreceptors project. The rhab-
domeres are formed by flattened cell processes al-
ready discernable in the light microcope with
interference contrast.

Figure 11. Other types of sense organs. (A–D) Fauveliopsis adriatica. Tube-like sense organ of unknown function. (A) Sense organ

in longitudinal section, tube lined by epidermal invagination (ep) and filled with cuticular material (cu), at the base filled with

microvillus-like sensory processes (smv). (B) Base of sense organ with sensory microvilli (smv), sensory dendrite (sd) and basal cell

(bc) containing numerous vesicles. (C) Sensory dendrite with cilium, arrowheads: vesicles present in cilium. (D) Cross section of

cilium with branches; scale represents 0.2 lm. (E) Arenicola marina. Statocyst with statoconia, epithelium made up of secretory,

supporting ciliated and ciliated sensory cells. – bb, basal body; bc, basal cell; ci, cilium; cu, cuticle; ep, epidermis; mv, microvilli; sd,

sensory dendrite; smv, sensory microvillus. A–D Langhage et al., unpubl., E from Storch & Schötzer-Schrehardt (1988) after Nowak

(1978).
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Segmental ocelli

Segmental ocelli as well as tentacular and pygidial
ocelli are structurally different from cerebral eyes
and thus most likely represent independently
evolved structures. When experimentally induced,
expression of Pax6 triggers development of cere-
bral eyes in any body region in the animals tested
so far (Gehring, 2001). Thus, development of dif-
ferently structured ocelli in the trunk of poly-
chaetes thus favours the hypothesis of convergent
evolution.

Segmental ocelli are present in certain Ophe-
liidae, Eunicidae, Syllidae and Sabellidae, all of
which represent different structural plans (Kernéis,
1968; Hermans, 1969; Dragesco-Kernéis, 1980;
Verger-Bocquet, 1981; Purschke et al., 1995). In
the opheliid taxa Armandia and Polyophthalmus
the segmental ocelli are positioned somewhat in
front of the parapodia. They are situated below
the cuticle and epidermal cells and consist of a
large rhabdomeric receptor cell, a layer of thin
supportive cells and a layer of pigment cells
(Fig. 8E). The sensory and supportive cells form
an extracellular cavity housing the photoreceptors,
while the pigment cells are mesodermal and sepa-
rated from the overlain cells by an extracellular
matrix which is continuous with that below the
epidermis. The sensory cell is inverse and possesses
several sensory processes bearing microvilli; the
number of processes is species-specific and is be-
tween 10 and 25 (Hermans, 1969; Purschke et al.,
1995).

In Syllis spongicola each chaetigerous segment
of the stolon develops a pair of eyes situated
below the dorsal parapodial cirri. Each com-
pound eye consists of several units made up of
supportive cells and sensory cells, being separated
from one another by mucous cells. The sensory
cells are characterized by an invagination of the
apical photoreceptor-bearing surface and are thus
phaosomous. The rhabdomeric photoreceptor has
an additional vestigal cilium (Verger-Bocquet,
1981).

In the sabellid Dasychone bombyx these ocelli
have a corresponding position between noto- and
neuropodia. The ocelli are composed of several
pigment and few sensory cells forming a follicle-
like epidermal invagination (Kernéis, 1968;
Dragesco-Kernéis, 1980). The follicle is filled with

a cuticular lens. The photoreceptors are rhabdo-
meric. The eyes present in the eunicid Eunice viridis
apparently represent a fourth type of such sec-
ondarily evolved eyes (Eaking & Hermans, 1988).

Branchial ocelli

Branchial ocelli, present in Sabellidae and Serpu-
lidae, are compound eyes consisting of numerous
repetitive units (reviewed by Verger-Bocquet,
1992). In various Sabellidae each unit contains a
photoreceptor cell characterized by stacks of par-
allel and modified cilia called lamellar sacs. The
cilia have a 9 · 2 + 0 axoneme without rootlets.
A lens-like structure formed by other supportive
cells than the pigment cells is also present. Apart
from this common feature, there is a great diver-
sity between species. In Serpulidae the sensory cells
possess highly ordered microvilli and a stack of
ciliary membranes.

Pygidial ocelli

Pygidial ocelli are present in certain Sabellidae not
permanently living in tubes. These animals crawl
with the pygidium in front and the tentacular
crown folded up. The ultrastructure of such ocelli
has been studied in Chone ecaudata by Ermak &
Eakin (1976). They consist of a group of three
types of epidermal cells: secretory cells, pigment
cells and photoreceptor cells. The sensory cells are
rhabdomeric, bearing numerous microvilli and
two cilia lying in a depression of the cell under-
neath the cuticle.

Photoreceptor-like sense organs

There are various kinds of other photoreceptor-
like sensory structures in polychaetes. Usually the
sensory cells are ciliary, producing a great expanse
of ciliary membranes as is the case in typical
photoreceptors. These structures are housed in an
extracellular cavity formed by sensory and sup-
portive cells but shading pigment is normally ab-
sent in these sensory structures. Although they are
structurally similar to photoreceptor structures,
clear experimental evidence for light perception
is lacking, Thus, other modalities are conceivable
as well (see Eakin & Hermans, 1988; Rhode,
1992). Recently, presence of opsin was proven in
ciliary photoreceptors of Platynereis dumerilii,
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indicating possible photoreceptive function of
these ciliary receptors among polychaetes and Bi-
lateria and thus their overall homology (Arendt et
al., 2004).

Many polychaete species investigated possess
at least one type of such organs, often in addi-
tion to typical pigmented eyes (e.g., Pietsch &
Westheide, 1985; Rhode, 1991; Purschke, 1992;
Bartolomaeus, 1993; Purschke & Jouin-Toulmond,
1994). These organs show a great diversity in
number, position and structure between taxa and
our knowledge about their diversity and occur-
rence is still rather incomplete. Thus, their impor-
tance as characters for high-level phylogenetic
inference is slight, but these structures may be
very useful at lower levels: species-specific differ-
ences between closely related species have repeat-
edly been reported (e.g., Pietsch & Westheide,
1985; Purschke, 1990a, b, 1992; Purschke & Jouin-
Toulmond, 1993, 1994).

Formerly these organs were mostly called
phaosomes, following the terminology of clitellate
photoreceptors. However, phaosomes as defined
above are extremely rare in polychaetes (Purschke,
2002b): Mostly, these structures are associated
with supporting cells and the sensory cells form an
extracellular cavity with them. This fact has either
been overlooked because the supportive cells are
relatively inconspicuous, or it has simply been
neglected (e.g., Sensenbaugh & Franzén, 1987;
Rhode, 1991). True phaosomes are, for instance,
present in the palps of Protodrilidae (Purschke,
1993, 2003; Purschke & Jouin-Toulmond, 1993) or
in Siboglinidae (Nørrevang, 1974).

The range of diversity can be demonstrated by
the following examples. Species ofMicrophthalmus
possess an unpaired ocellus-like structure at the
posterior end of the brain (Fig. 9A, B; Pietsch &
Westheide, 1985). It is characterized by a huge
cavity, 10–20 lm in diameter, housing numerous
microvillus-like structures. There are one or two
sensory cells, each giving rise to 8–20 cilia with
basal branches indistinguishable from regular
microvilli (Fig. 9B). More peripherally these struc-
tures are highly ordered and resemble a rhabdo-
mere (Fig. 9A). In addition, different paired ciliary
sense organs have been found anteriorly in the
prostomium of Microphthalmus. These anterior
organs are somewhat similar to those described
from the brain of Nereis pelagica, Eulalia viridis,

Anaitides mucosa, Eteone longa, Lepidonotus heloty-
pus and Saccocirrus spp (type-1 ocelli). There are
usually a few cilia and ciliary branches often con-
tain a single microtubule (Dhainaut-Courtois, 1965;
Whittle & Golding, 1974; Gotow, 1976; Rhode,
1991; Purschke, 1992).

A completely different type of photoreceptor-
like sense organ has been found in Protodriloides
spp. (Fig. 10A–E; Purschke & Müller, 1996).
Situated in the anterior end close to the brain, the
organs can be labelled with antibodies against
tubulin (Fig. 10B). Their most characteristic fea-
ture is a sensory cell giving rise to a bundle of
approximately 200 unbranched cilia (Fig. 10A, C).
These are strictly parallel and rolled up several
times in an extracellular cavity bordered by a
supportive cell. The cilia are 50–100 lm long, lack
rootlets and have an extremely modified axoneme:
just above the basal body the 9 · 2+0 pattern is
transformed into a 3 · 1 pattern. Such organs
have not been found in any other polychaete spe-
cies.

The ‘statocysts’ present in most Protodrilus
species also belong to this type (Fig. 10F, G;
Purschke, 1990a,b). Regardless their size, these
organs consist of a cup-shaped supportive cell
and three ciliary sensory cells. The most striking
feature is that the cilia of the largest sensory cell
form paracrystalline structures (Fig. 10F). These
paracrystals are made up of highly folded and
regularly arranged ciliary membranes (Fig. 10G).
The cilia of the remaining sensory cells form
microvillus-like branches. There are species-spe-
cific differences in terms of size, number of cilia
and structure of ciliary membranes. In view of
this structure a function as statocyst appears to
be questionable. Recently, rather similar organs
were found in juveniles of various species of
Spionida (Hausen, 2001). These structures are
regarded as homologous with the ‘statocysts’ of
Protodrilidae, giving additional support for a
closer relationship of these taxa as suggested
previously (see Purschke, 1993). Interestingly
these organs are only present in larvae
and juveniles in Spionida. They are reduced and
disappear in adults. Given that there is a close
relationship to the Protodrilidae, occurrence of
these sense organs in the latter would speak in
favour of a progenetic origin of these interstitial
polychaetes.
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Other types of sensory organs

A completely new type of sense organ has recently
been found in Fauveliopsis cf. adriatica (Fig. 11A–
D; Langhage et al., unpubl. obs.). Situated at the
anterior end of the retractile prostomium of this
species, these organs can be characterized as epi-
dermal follicles extending deeply into the brain.
Each is multicellular and about 40 lm deep; the
lumen is filled with cuticular material except for
the most posterior part (Fig. 11A). The posterior
part is somewhat widened and filled with micro-
villus-like processes of a few sensory cells
(Fig. 11B). What appears to be microvilli are
mostly branches of cilia which intermingle with
regular microvilli also originating from these cells.
A conspicuous non-sensory cell with numerous
dense vesicles forms the terminal end of the tube
(Fig. 11A, B). The function of these tube-like sense
organs is completely unknown. The organs appear
to have some similarities with the ocellar tubes of
Sipuncula (Hermans & Eakin, 1969; Rice, 1993).
Further observations must show whether similar
organs are present in other polychaete taxa and,
for example, whether the so-called saccular appa-
ratus in Glycera dibranchiata described from light
microscopic observations by Simpson (1959) is a
similar structure.

Statocysts

True statocysts are present in a small number of
polychaete taxa such as Arenicolidae, Orbiniidae,
Terebellidae and Sabellidae (Verger-Bocquet,
1992; Rouse & Pleijel, 2001). Ultrastructural
studies have been carried out in only two species:
Arenicola marina and the aulophora larva of
Lanice conchilega (Fig. 11E; Heimler, 1983; Storch
& Schlötzer-Schrehardt, 1988). Since then, no
other data have been presented. The statocysts
may be closed or open epidermal vesicles. The
statocysts proper consist of supportive cells, gland
cells and one to three types of sensory cells lining a
cavity which mostly contains several statoliths.
For details see Storch & Schlötzer-Schrehardt
(1988) and Verger-Bocquet (1992). The scattered
occurrence and variable position suggests that
these organs are convergently evolved in the
respective taxa, in spite of an overall similarity
which might be due to functional constraints.

Conclusions

There exists a great diversity of sensory struc-
tures and sense organs in polychaetes. Whereas
the structure of the sensory cells seems to be
more or less completely known, this does not
apply to the sense organs as a whole. Of great
phylogenetic importance are palps, nuchal organs
and pigmented ocelli. A remarkable aspect is the
broad range of unpigmented ocelli and photo-
receptor-like structures; sometimes three or four
different presumed light-sensitive organs are
present in one species. As demonstrated by some
examples, the extent of sense organ diversity
has not yet been explored and many mysteries
are still waiting discovery and functional inter-
pretation.
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amphinomid Eurythoë sp. – a histological investigation.

Zoologischer Anzeiger 196: 318–322.

Amieva, M. R., C. G. Reed & J. R. Pawlik, 1987. Ultrastruc-

ture and behavior of the larva of Phragmatopoma californica

(Polychaeta: Sabellariidae): identification of sensory organs

potentially involved in substrate selection. Marine Biology

95: 259–266.

Arendt, D. & J. Wittbrodt, 2001. Reconstructing the eyes of

Urbilateria. Philosophical Transactions of the Royal Society

of London B356: 1545–1563.

74



Arendt, D., K. Tessmar-Raible, H. Snyman, A. W. Dorresteijn

& J. Wittbrodt, 2004. Ciliary photoreceptors with a verte-

brate-type opsin in an invertebrate brain. Science 306: 869–

871.

Ax, P., 1995. Das System der Metazoa I. Fischer, Stuttgart,

1–226.

Bantz, M. & C. Michel, 1972. Les cellules sensorielles des

papilles de la trompe chez Glycera convoluta Keferstein
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alorgane’’ bei Polychäten. Zoologisk Bidrag Uppsala 12:

1–18.

Sopott-Ehlers, B., 1984. Feinstruktur pigmentierter und un-

pigmentierter Photoreceptoren bei Proseriata (Plathelmin-

thes). Zoologica Scripta 13: 9–18.

Sopott-Ehlers, B., 1988. Fine structure of photoreceptors in two

species of the Prolecithophora. Fortschritte der Zoologie 36:

221–227.

Sopott-Ehlers, B., 1991. Comparative morphology of photore-

ceptors in free-living plathelminths – a survey. Hydrobiolo-

gia 227: 231–239.

Spies, R. B., 1975. Structure and function of the head in

flabelligerid polychaetes. Journal of Morphology 147: 187–

208.

Storch, V., 1972. Elektronenmikroskopische Untersuchungen

an Rezeptoren von Anneliden (Polychaeta, Oligochaeta).

Zeitschrift für Mikroskopisch-Anatamische Forschung 85:

55–84.

Storch, V. & U. Welsch, 1969. Zur Feinstruktur des
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lides, Polychètes). Journal of Ultrastructure Research 84:

67–72.

Verger-Bocquet, M., 1984. Photoréception et vision chez les
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