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Abstract Members of Polygordiidae Czerniavsky, 1881 are
distributed worldwide and are typical inhabitants of coarse
grained, marine sublittoral sediments. Species in
Polygordiidae are unusual among polychaetes because they
lack external segmentation, parapodia, and chaetae as well
as external ciliation. Morphological characters for species distinction are thus limited to the shape and minute structures of
the prostomium and pygidium. As a result, morphological
identification and description of the Polygordius species is
difficult. In the present study, we provide new data for species
distinction using molecular and morphological methods, i.e.,
DNA-sequencing (COI gene), transmission electron microscopy (TEM), and confocal laser scanning microscopy
(cLSM). Specifically, we investigated whether the
photoreceptor-like sense organs, previously described for
Polygordius appendiculatus Fraipont, 1887, could provide
additional characters of taxonomic value by examining the
ultrastructure of these organs in two additional species,
Polygordius erythrophthalmus Giard, 1880 and Polygordius
lacteus Schneider, 1868. These organs were found to occur in
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comparatively large numbers and comprise different types of
sensory cells including one rhabdomeric and two ciliary,
which are variously combined to form small sensory organs.
Structural differences in sensory organs were negligible
between P. erythrophthalmus and P. lacteus; however,
major differences were observed when compared to
P. appendiculatus. These results are in accordance with our
molecular data which indicated that P. erythrophthalmus
and P. lacteus represent the same species. Thus
P. erythrophthalmus is an invalid species and represents a
junior synonym of P. lacteus. Furthermore, this study shows
that ultrastructural data can significantly contribute to species
distinction, especially in morphologically similar species.
Keywords Polygordius . Photoreceptor-like sense organs .
ECM . Ciliaryphotoreceptorcell . Rhabdomericphotoreceptor
cell . Ultrastructure . Species discrimination

Introduction
Polygordiidae Czerniavsky, 1881 is a monotypic taxon of interstitial polychaetes typically inhabiting highly energetic sublittoral areas with coarse marine sands (Rota and Carchini
1999; Ramey et al. 2006; Ramey 2008a, b). This taxon has a
worldwide distribution; however, most records are from
European waters. The comparatively few records from other
seas are likely due to the limited number of faunistic investigations and difficulties in recognizing this group. With the
exception of a pair of minute, stiff palps, to the untrained
eye, Polygordiidae resemble nematodes in appearance due to
their smooth body surface, predominant longitudinal musculature, and lack of external signs of segmentation as well as
other annelid specific characters, such as parapodia and chaetae (Westheide 2008; Ramey-Balci et al. 2013). Accordingly,
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the number of morphological characters for species distinction
is limited to the shape and minute structures found on the
prostomium and pygidium which require detailed examination using scanning electron microscopy for species distinction (Ramey-Balci et al. 2013). Earlier descriptions mainly
focused on less reliable characters including color, prostomial
Beyespots,^ body size, number of segments, and arrangement
of blood vessels (see Ramey et al. 2006). As a result, morphological identification of the Polygordius species is difficult,
and investigations of additional characters for species discrimination are critically needed. Moreover, the in-group systematics has also been challenging and until recently, the
phylogenetic position of Polygordiidae was unresolved.
Phylogenomic studies by Struck et al. (2015) made a great
step forward providing a robust phylogenetic hypothesis
placing Polygordiidae together with Protodrilida
(Protodriliformia) as sister to a taxon comprising Eunicida
and Phyllodocida within Errantia (see also Andrade et al.
2015).
Polygordiidae is comprised of 19 nominal species and two
subspecies, but only 15 species are regarded to be valid
(excluding results of the present study) (for discussion of valid
species see Ramey-Balci et al. 2013). Recent studies suggest
that species diversity within this group is underestimated;
however, some of the previously described species may also
be synonyms (Ramey-Balci et al. 2013). One of these species
is Polygordius erythrophthalmus Giard, 1880 which is morphologically similar to Polygordius lacteus Schneider, 1868.
The only distinguishing character between these two species
is the occurrence of red prostomial eyespots/eyes (Giard 1880;
Rota and Carchini 1999) in P. erythrophthalmus Giard, 1880.
Unfortunately, this species has never been recorded again
since its first description. Typically, adult individuals of
Polygordius species are without eyes; whereas pigmented
eyes are present in larvae (Brandenburger and Eakin 1981;
Rota and Carchini 1999; Ramey-Balci et al. 2013; RameyBalci and Ambler 2014). To investigate new characters for
species distinction and determine the validity of
P. erythrophthalmus, the present study applies an integrative
approach using molecular and morphological methods, i.e.,
DNA-sequencing, transmission electron microscopy (TEM),
and confocal laser scanning microscopy (cLSM).
Discrimination of morphologically similar species in annelids by means of molecular data has a relatively long tradition
and is now widely used (Westheide and Schmidt 2003;
Westheide et al. 2003; Carr et al. 2011; Neave and Glasby
2013). This started at the enzyme level in the 70s of the last
century (e.g., Grassle and Grassle 1976), continuing with
RAPD data and ITS sequences (Westheide and Hass-Cordes
2001), and most currently with cytochrome c oxidase subunit I
(COI) and 16S rRNA genes which are now generally accepted
as being able to provide sufficient information for species
distinction (e.g., Witt et al. 2006; Vortsepneva et al. 2008;
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Carr et al. 2011). Besides molecular sequence data TEM investigations of various structures have also been used to distinguish among closely related species in groups where species appear to be more or less morphologically inseparable
using conventional light microscopy (e.g., Westheide and
Rieger 1987; von Nordheim 1989; Westheide et al. 1991;
Purschke et al. 1995). In such cases, TEM investigations can
expose subtle morphological differences and lend support for
observed genetic differences. Capitella capitata (Fabricius,
1780) was among the first polychaetes to be shown to consist
of several sibling species (Grassle and Grassle 1976;
Eckelbarger and Grassle 1983, 1987a, b; Blake 2009; Blake
et al. 2009) based on isozyme and ultrastructural data.
Structures often used for distinguishing among species include spermatozoa or sensory organs, both of which have
demonstrated their suitability for species discrimination and
elucidating phylogenetic relationships within morphologically
similar species (Pietsch and Westheide 1985; Westheide and
Rieger 1987; von Nordheim 1989; Pfannenstiel and Grüning
1990; Westheide et al. 1991; Purschke 1990a, b, 1992;
Purschke et al. 1995).
In Polygordiidae, the unpigmented photoreceptor-like
sense organs found in front of the brain provide a good candidate for an additional morphological character that could be
used to distinguish among species. Since the photoreceptorlike organs are invisible in the light microscope, they were
unknown until recently when they were detected and
described for Polygordius appendiculatus Fraipont, 1887 by
Wilkens and Purschke (2009a) using TEM. Several of these
organs can be found in a single individual and the organs are
rather complex being composed of different combinations of
up to three different sensory cells and supportive cells. If these
organs are also present in other species of Polygordiidae, they
could constitute a new taxonomic character for this group,
depending on whether they also show considerable variation
in the number of substructures among species. Herein, the
ultrastructure of the presumed photoreceptive organs in three
morphospecies of Polygordius (P. lacteus Schneider, 1868,
P. erythrophthalmus Giard, 1880, and P. appendiculatus
Fraipont, 1887) was investigated and compared to findings
obtained from molecular analysis of the COI gene to distinguish among species.

Material and methods
Material
Specimens of P. appendiculatus Fraipont, 1887, P. lacteus
Schneider, 1868, and P. erythrophthalmus Giard, 1880 were
collected from sublittoral sediments composed of coarse sand
mixed with various amounts of shell-hash (often referred to as
Polygordius-Bruch-Schill or Amphioxus sand), to gravel-
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sized pieces of coralline red algae mixed with unattached sediment particles and debris (Maerl beds) at various localities
including the type localities (i.e., Roscoff (Primel and Drezen)
and Beg Meil, France; Helgoland, Germany; and Ischia, Italy)
using a dredge or grab. To obtain specimens for TEM and
cLSM, small quantities of sediments were treated with an
MgCl2 solution isosmotic with sea water (see Westheide and
Purschke 1988). Anesthetized animals were decanted through
an 80-μm mesh sieve, revitalized in seawater, and then
Polygordius was sorted under a dissecting microscope. Prior
to fixation, intact specimens were again anesthetized with
MgCl2 solution and fixed immediately after becoming immotile. Specimens used for TEM/cLSM are listed in Table 1.
For molecular analysis, sediment samples were elutriated with running seawater over a 40 or 500-μm mesh
sieve depending on the size of Polygordius and sediment
grain size. Polygordius was then sorted from the remaining sediments under a dissecting microscope. Intact
(unbroken) specimens were sectioned into three parts including the head, middle, and pygidium. The head and
pygidium were fixed in 4 % buffered formaldehyde seawater solution for morphological species determination,
whereas the middle section (which does not contain any
morphological characters for identification purposes) was
fixed in 95 % non-denatured ethanol (pro-analysis).
Specimens used for molecular analysis are listed in
Table 2. Voucher specimens and DNA samples have
been deposited at the Senckenberg Museum, Frankfurt
(http://www.sesam.senckenberg.de).

paraformaldehyde (SPAFG), according to Ermak and
Eakin (1976), for 2.5 h at 4 °C and rinsed in 0.075-M
phosphate buffer adjusted to seawater with sucrose
(7 changes, 2 h). Then, specimens were postfixed in 1 %
OsO 4 in the same phosphate buffer for 1 h at 4 °C,
dehydrated in a graded ethanol series and stored in
100 % ethanol overnight at 4 °C. After an intermediate step
in a mixture of 100 % ethanol and propylene oxide (1:1)
for 10 min and two successive steps in pure propylene
oxide for 5 min, the specimens were embedded in a mixture of Araldite and Epon 812. Infiltration took place in a
mixture of the embedding medium and propylene oxide
(1:3) over night. Polymerization was carried out at 60 °C
for 72 h. Series of ultrathin sections (70 nm) through the
anterior ends were performed with a diamond knife on a
Leica Ultracut E or Leica UC6 ultramicrotome. Sections
were mounted on single slot grids coated with Pioloform
support films, contrasted with 2 % uranyl acetate (30 min)
and lead citrate (20 min) using the Nanofilm Surface
Analysis automatic staining machine. Except for
P. erythrophthalmus, three specimens each were investigated in P. appendiculatus and P. lacteus. Due to the lack of
material, only one specimen could be used for TEM in the
former morphospecies. Sections were investigated with a
Zeiss 902A transmission electron microscope operated at
50 kV. Images were recorded on a 1-K CCD camera and
further using Adobe Photoshop® and Illustrator® software
(e.g., BPhotomerge^ to gain multiple aligned images,
adjustment of contrast and brightness).

Transmission electron microscopy

Confocal laser scanning microscopy

For TEM, specimens were fixed in a phosphate-buffered
mixture of sucrose, picric acid, glutaraldehyde, and

In order to label ciliary sensory structures in the prostomium, specimens were fixed in 4 % paraformaldehyde in

Table 1 Species of Polygordius,
locality/origin, collection date
(Coll. date; day/month/year) and
number of individuals (No. indiv.)
examined for transmission
electron microscopy (TEM) and
confocal laser scanning
microscopy (cLSM)

Species

Locality/origin

Lat/long

TEM
P. lacteus

Roscoff, France

48° 43.4′ N, 3° 51.0′ W

19.06.13

1

Helgoland, Germany
Helgoland, Germany
Helgoland, Germany
Helgoland, Germany
Helgoland, Germany
Beg Meil, France

54° 11.6′ N, 7° 52.7′ E
54° 11.6′ N, 7° 52.7′ E
54° 11.6′ N, 7° 52.7′ E
54° 11.6′ N, 7° 52.7′ E
54° 15.1′ N, 7° 56.9′ E
47° 50.9′ N, 3° 57.8′ W

20. 05.82
24.08.89
20.05.82
24.08.89
08.07.10
11.06.10

2
1
1
2
1
1

Roscoff, France
Beg Meil, France
Roscoff, France

48° 43.4′ N, 3° 51.0′ W
47° 50.9′ N, 3° 58.2′ W
48° 45.5′ N, 4° 05.6′ W

04.05.12
11.06.10
10.05.12

5
5
12

P. lacteus
P. appendiculatus
P. appendiculatus
P. appendiculatus
P. appendiculatus
P. erythrophthalmusa
cLSM
P. lacteus
P. erythrophthalmusa
P. appendiculatus

Specimens collected at or near type localities indicated in bold
a

Prostomial red eyespots observed thus initially identified as P. erythrophthalmus

Coll. date

No. indiv.
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Table 2 Individuals and species of Polygordius used for molecular work, localities, and collection date (Coll. date) with corresponding sequences
generated in the present study and used in the phylogenetic analysis
Species

Locality

Lat/long

Coll. date

SMF no.

Coll. no.

COI GenBank no.

Polygordius lacteus

Helgoland, Germany

54° 15.1′ N, 7° 56.9′ E

08 July 2010

22006

H1 24

KT883953

Polygordius lacteus

Helgoland, Germany

54° 15.1′ N, 7° 56.9′ E

08 July 2010

22007

H1 25

KT883952

Polygordius lacteus
Polygordius lacteus

Helgoland, Germany
Helgoland, Germany

54° 15.1′ N, 7° 56.9′ E
54° 15.1′ N, 7° 56.9′ E

08 July 2010
08 July 2010

22008
22009

H1 29
H1 31

KT883951
KT883950

Polygordius lacteus

Roscoff, France

48° 43.4′ N, 3° 51.0′ W

17 March 2011

21713

P 14

KT883946

Polygordius lacteus
Polygordius lacteus

Roscoff, France
Roscoff, France

48° 43.4′ N, 3° 51.0′ W
48° 43.4′ N, 3° 51.0′ W

17 March 2011
17 March 2011

21714
22226

P 15
P 17

KT883947
KT883945

Polygordius lacteus
Polygordius lacteus

Roscoff, France
Roscoff, France

48° 43.4′ N, 3° 51.0′ W
48° 43.4′ N, 3° 51.0′ W

17 March 2011
17 March 2011

22223
22224

P 18
P 19

KT883942
KT883943

Polygordius lacteus

Roscoff, France

48° 43.4′ N, 3° 51.0′ W

17 March 2011

22225

P 20

KT883944

Polygordius lacteus

Beg Meil, France

47° 50.9′ N, 3° 58.2′ W

19 March 2011

22209

BM 3

KT883932

Polygordius lacteus
Polygordius lacteus
Polygordius lacteus

Beg Meil, France
Beg Meil , France
Beg Meil, France

47° 50.9′ N, 3° 58.2′ W
47° 50.9′ N, 3° 58.2′ W
47° 50.9′ N, 3° 58.2′ W

19 March 2011
19 March 2011
19 March 2011

22213
22214
21721

BM 7
BM 8
BM 16

KT883948
KT883949
KT883933

Polygordius lacteus

Beg Meil, France

47° 50.9′ N, 3° 58.2′ W

Polygordius lacteus
P. erythrophthalmusa
P. erythrophthalmusa
P. erythrophthalmusa
P. erythrophthalmusa
P. erythrophthalmusa
P. erythrophthalmusa

Beg Meil, France
Beg Meil, France
Beg Meil, France
Beg Meil, France
Beg Meil, France
Beg Meil, France
Beg Meil, France

47° 50.9′ N, 3° 58.2′ W
47° 50.9′ N, 3° 58.2′ W
47° 50.9′ N, 3° 58.2′ W
47° 50.9′ N, 3° 58.2′ W
47° 50.9′ N, 3° 58.2′ W
47° 50.9′ N, 3° 57.8′ W
47° 50.9′ N, 3° 58.2′ W

19 March 2011
19 March 2011
19 March 2011
19 March 2011
19 March 2011
19 March 2011
11 June 2010
19 March 2011

21722
21723
22207
22208
22210
22211
21784
22218

BM 17
BM 18
BM 1
BM 2
BM 4
BM 5
OS 677
BM 26

KT883934
KT883935
KT883937
KT883938
KT883936
KT883941
KT883940
KT883939

Polygordius appendiculatus
Polygordius appendiculatus
Polygordius appendiculatus

Helgoland, Germany
Helgoland, Germany
Helgoland, Germany

54° 15.1′ N, 7° 56.9′ E
54° 15.1′ N, 7° 56.9′ E
54° 15.1′ N, 7° 56.9′ E

23 September 2010
23 September 2010
23 September 2010

22025
22026
22020

H2 1
H2 2
H2 14

KT883926
KT883927
KT883928

Polygordius appendiculatus
Polygordius appendiculatus
Polygordius appendiculatus
Polygordius appendiculatus
Polygordius appendiculatus

Roscoff, France
Roscoff, France
Roscoff, France
Ischia, Italy
Ischia, Italy

48° 45.5′ N, 4° 05.6′ W
48° 45.5′ N, 4° 05.6′ W
48° 45.5′ N, 4° 05.6′ W
40° 45.1′N, 13° 56.0′E
40° 45.1′ N, 13° 56.0′ E

16 March 2011
16 March 2011
16 March 2011
03 May 2011
03 May 2011

21732
21733
21736
21786
21787

D8
D9
D 19
I3
I4

KT883931
KT883930
KT883929
KT883955
KT883954

Polygordius appendiculatus
Polygordius appendiculatus
Polygordius appendiculatus
Polygordius appendiculatus

Ischia, Italy
Ischia, Italy
Ischia, Italy
Ischia, Italy

40° 45.1′ N, 13° 56.0′ E
40° 45.1′ N, 13° 56.0′ E
40° 45.1′ N, 13° 56.0′ E
40° 45.1′ N, 13° 56.0′ E

03 May 2011
03 May 2011
03 May 2011
03 May 2011

22020
22244
22247
21797

I 13
I 17
I 26
I 45

KT883923
KT883924
KT883925
KT921338

The catalog numbers of the Senckenberg Museum Frankfurt (SMF no.) of corresponding voucher material for morphological study together with the
field collection number (Coll. no.), and GenBank accession number is provided for each specimen/sequence. Specimens collected at or near type
localities indicated in bold
COI Cytochrome oxidase I, OS Osnabruck, H Helgoland, P Primel, BM Beg Meil, D Drezen, I Ischia
a

Prostomial red eyespots observed thus initially identified as Polygordius erythrophthalmus

phosphate-buffered saline (PBS 140 mM NaCl, 6.5 mM
KCl, 2.5 mM Na2HPO4, 1.5 mM KH2PO4, 12 % sucrose,
pH 7.4). After being rinsed in PBT (PBS + 0.1 % Tween),
specimens were incubated in PBS + 1 % Tween to allow
optimal penetration of the antibody solution. Then, specimens were incubated with the primary antibody, monoclonal mouse antiacetylated α-Tubulin (Sigma, Heidelberg,
Germany; dilution 1:1000 in PBT), for 4 days at 4 °C.

After several washes with PBT for 1 h, the secondary antibody, goat anti-mouse, Cy 2 conjugated (Dianova,
Hamburg, Germany; dilution 1:150), was applied for 3 days
at 4 °C. After being rinsed in PBT overnight, specimens
were mounted between two cover slides in Fluoromount
(Southern Biotech, Birmingham, AL). Controls were done
without applying the primary antibody. Observations were
made with a Zeiss Pascal 5 cLSM.
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DNA extraction, amplification, and sequencing
Genomic DNA was extracted using DNeasy Tissue kit
(QIAGEN, Hilden, Germany), according to the manufacturer’s instructions. The 690-bp long fragment of the mitochondrial COI gene was amplified using the forward
(LCO1490: 5′-GGT CAA CAA ATC ATA AAG ATA
TTGG-3′) and reverse (HCO 2198: 5′-TAA ACT TCA
GGG TGA CCA AAA AAT CA-3′) universal primers of
Folmer et al. (1994). Polymerase chain reactions (PCRs) took
place in a 25-μl solution containing the following: 0.3 μl Hot
Master Taq DNA Polymerase (5 U/μl) (Promega), ∼1 μl
genomic DNA template, 19 μl ddH2O, 2.5 mM MgCl2,
0.5 mM dNTPs, and1 μl (10 pmol/μl) of each primer. To
detect any signs of contamination, negative controls
(ddH2O) were included in each reaction array. Cycling conditions for PCR included initial denaturation at 94 °C for
3 min, 50 cycles of denaturation at 94 °C for 30 s, annealing
at 45 °C for 30 s, elongation at 65 °C for 3 min, and final
extension at 65 °C for 7 min. Fragment length and approximate yield of DNA from each reaction were verified by gel
electrophoresis with the molecular weight marker 100-bp
DNA ladder on a 1 % agarose gel in 10× TAE buffer. The
PCR products were purified by excising the DNA bands from
a 1 % agarose gel. DNA was then extracted using a Gel
Extraction Kit (PeQLab), according to manufacturer’s instructions. Purified fragments were then reexamined on an agarose
gel to ensure that only the COI fragments of sufficient quality
and concentration were selected for sequencing. The DNA
was visualized with SYBR-Green and documented with
Alpha Imager TM by Alpha Innotech. Sequencing was conducted on an ABI 3730xl capillary sequencer following the
manufacturer’s instructions at the Senckenberg Biodiversity
and Climate Research Centre (BiK-F), Frankfurt.
Phylogenetic analysis
A consensus COI sequence for each individual was assembled
by reconciling the forward and reverse sequences using
SeqMan (DNA STAR, Lasergene 7.1.0). Only sequences with
a minimum match percentage of 95 were retained for analyses. A BLAST search was performed in GenBank (http://
www.ncbi.nlm.nih.gov/genbank/) to ensure that sequence(s)
were not a result of contamination by non-polychaete material. The final data set included 34 COI sequences of
Polygordius individuals and one sequence of Ophelia
limacina (Rathke, 1843) from GenBank (accession no.
GU672244) as outgroup to root the tree. All molecular analyses were conducted in MEGA5.1 (Molecular Evolutionary
Genetics software package; Tamura et al. 2011). Consensus
sequences were aligned using MUSCLE and checked manually. The Bayesian information criterion (BIC) indicated that
the T92 + G + I (Tamura 3-parameter model, gamma
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distribution with invariant sites) was the best fitting model
for the alignment. The phylogenetic tree was computed using
maximum likelihood analysis. Clade support was calculated
using bootstrapping with 1000 pseudoreplicates. All positions
with less than 95 % site coverage were eliminated. Thus,
fewer than 5 % alignment gaps, missing data, and ambiguous
bases were allowed at any position. Genetic distances were
calculated using the T92 + G + I model and the variance was
calculated using 1000 bootstrap replications.

Results
General morphology of adult Polygordius
Adult P. appendiculatus are 2.0–4.5 cm in length and 250–
300 μm wide, whereas, P. lacteus and P. erythrophthalmus
are 5–10 cm long and 250–300 μm wide. These worms lack
external signs of segmentation, parapodia, chaetae as well as
external ciliation with the exception of the nuchal organs
(Fig. 1a, c). The prostomium possesses one pair of immobile
and stiff anterior appendages that project anteriorly which have
been shown to be palps (see Wilkens and Purschke 2009a).
These palps arise close together from the tip of the prostomium
and differ in length between species: they are 400–800 μm long
in P. lacteus and P. erythrophthalmus, whereas they are somewhat shorter in P. appendiculatus (200–400 μm). Individuals
of P. appendiculatus are more or less transparent to whitish
(depending on size), whereas the other two morphospecies
are iridescent and either whitish or reddish in color depending
on sex. In general, the worms found at the type locality of
P. erythrophthalmus (Beg Meil, France) superficially resembled P. lacteus Schneider, 1868; however, many individuals
did have a slightly darker reddish pigmentation compared to
P. lacteus individuals from other localities, and indeed, possible
eyespots in the form of dark-red dots were present on the prostomium in front of the brain in certain individuals (Fig. 1a’).
Surprisingly, these eyespots occurred in variable numbers
(2–5 spots; diameter ∼15–20 μm), rather than in a strictly bilateral pattern as one would expect (Fig. 1a’). Individuals without eyespots were also collected from Beg Meil and were subsequently identified as P. lacteus.
The pygidium in these species has a ring of adhesive gland
cells (also called pygidial glands) that gives rise to various
glandular pores (Fig. 1c’; Rota and Carchini 1999; Westheide
2008). In contrast to P. lacteus and P. erythrophthalmus, the
pygidium of P. appendiculatus also contains two subterminal
cirri (also called pygidial cirri) (Fig. 1c’), allowing it to be easily
distinguished from the other two species. In contrast, individuals of P. lacteus and P. erythrophthalmus are almost indistinguishable under the light microscope.
Labeling with antibodies against acetylated α-tubulin
reveals structures of the nervous system in the anterior
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Fig. 1 a, a’, c, c’ Light
micrographs from living
specimens of species investigated.
Trunks without visible signs of
segmentation, anterior ends with
short, stiff palps. Note the
different size and length of palps
in both species. a, a’ Polygordius
erythrophthalmus, c, c’
Polygordius appendiculatus.
Gross morphology of
Polygordius lacteus comparable
to that of P. erythrophthalmus. b,
b´, d, d´ Confocal laser scanning
micrographs after staining with
antibodies against acetylated
α-tubulin, lateral views, maximal
projections. b, b´ P. lacteus. The
neuropil of the brain extends in
anterior-posterior axis; the palp
nerves stretch inside the
appendages. The nuchal organ is
visible as small oval ciliated patch
oriented perpendicular to the
longitudinal body axis. Staining
of photoreceptor-like sensory
elements failed. d, d´ P.
appendiculatus. Nervous system
of the anterior end with palp
nerves, brain, circumesophageal
connectives, ventral nerve cord,
and nuchal organ. Photoreceptorlike sense organs lying in front of
the neuropil of the brain between
the palp nerves are labeled
(arrowheads). Counting of sense
organs is virtually impossible due
to the unspecific staining in the
important photoreceptive region;
here, just two marked groups of
dots are visible. Dorsolateral fold
of the foregut is partly everted

end (Fig. 1b, b’, d, d’). Each palp comprises a prominent
and dense nerve bundle which splits up into finer fibers in
the anterior part of the prostomium (Fig. 1b, d). Here, the
so-called paired palp ganglia lie in front of the brain. These
Bganglia^ constitute the somata of the sensory cells situated
on the palps (for details see Wilkens and Purschke 2009a).
From here, two prominent palp nerves originate and enter
the neuropil of the brain after a short distance and unite
with the roots of the circumesophageal connectives
(Fig. 1b’, d’). The most prominent nerves originating from
the brain are the circumesophageal connectives. Other important nerves innervate the nuchal organs which are visible as densely stained oval patches at the border between
prostomium and peristomium. If the outermost sections of a
given stack of LSM micrographs are omitted in projections,
the bipolar sensory cells of the nuchal organs become

visible and discernible from the ciliated supportive cells
(Fig. 1b’). Besides the nuchal organs, various, usually,
monociliary receptor cells are distributed all over the body
(Fig. 1b’). The photoreceptor-like sense organs are invisible in the light microscope and although comprising ciliary
receptor cells, these receptor cells are hardly stained with
antibodies against acetylated α-tubulin. The organs are situated in front and below the brain and were only labeled for
individuals of P. appendiculatus (Fig. 1d’).
Two dorsal and two ventral longitudinal bundles of muscle
fibers stretch along the dorsolateral and ventrolateral body
axes and surround the nervous tissues of the anterior end,
the palp nerves, their ganglia, the photoreceptor-like sensory
organs and finally the brain (Fig. 2a–c). These muscles are
prolongations of the longitudinal musculature of the body wall
and terminate somewhat more anteriorly in the prostomium
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Fig. 2 Organization of the photoreceptive region in three morphospecies
of Polygordius. Low power micrographs (TEM) (a–c) and schematic
representations (a’–c’) of cross-sections in front of the neuropil showing
various photoreceptor-like organs (marked in red). In the schematic
representations, muscle bundles are indicated in blue. Photoreceptorlike organs are embedded in the somata of the brain (a) or of the
palp ganglia (b, c). a Polygordius appendiculatus. Ten out of 13
photoreceptor-like organs are visible. They are randomly distributed
throughout the section and not restricted to the center of the body cavity.
b Polygordius erythrophthalmus. Twelve out of 38 photoreceptor-like
organs are highlighted in red. They are located in the center of the body
and surrounded by an ECM. Black arrowheads point to cavities within

the bands of longitudinal muscle fibers; except for small pigmented cells,
they are without any cell. c Polygordius lacteus. Fifteen out of 38
photoreceptor-like sense organs accumulate in the center of the prostomium
(red). A distinct ECM separates the sense organs from the surrounding
tissues. Note small pigment cell above the photoreceptive region close to
the dorsal longitudinal muscle band. a´–c´ Schematic representations of
cross-sections showing relative positions and sizes of photoreceptor-like
sense organs (red) in relation to muscle bands (blue). Note that
ECM (ecm, black) only surrounds the sense organs in P. lacteus
and P. erythrophthalmus. Note different size between individuals of
P. appendiculatus and those of P. erythrophthalmus and P. lacteus

(for details see Wilkens and Purschke 2009a; Lehmacher et al.
2014). The muscle bundles are enclosed by ECM and form a
double layer of tissue with the muscle fibers facing the epidermal side; in P. erythrophthalmus, these tissue layers were separated forming cavities related to the muscle bundles (Fig. 2b).
These cavities appeared empty and did not contain cellular
material with the exception of a few small spherical cells comprising pigment granules (Fig. 2b, Supplementary Fig. 1b).

These cells are the only pigmented cells found in the anterior
end. They primarily occurred in the most dorsally located
cavity (Fig. 2b). A few similar cells were also found in
P. lacteus in a similar position (Fig. 2c, Supplementary
Fig. 1a). The body wall is formed by a comparatively thick
cuticle followed by an epidermal layer which in the prostomium is not distinctly set off from the underlying nervous tissue
(Fig. 2a–c).
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Pigmented eyes were neither found in the TEM sections of
P. erythrophthalmus nor in the other two morphospecies
investigated.
The photoreceptor-like organs
Similar photoreceptor-like organs that have been previously
described for P. appendiculatus are present in all three morphospecies. In all specimens investigated, they are situated in
front of the neuropil of the brain and extend more or less far
anteriorly into the region of the Bpalp ganglion^ (Fig. 2a–c). In
the specimens of P. lacteus and P. erythrophthalmus, these
organs are situated somewhat more anteriorly than in
P. appendiculatus. So, in the former, the so-called palp ganglia
are usually visible on the same section, whereas, in the latter,
the organs are embedded within the somata of the brain neurons (Fig. 2a–c). Besides essential structures of the nervous
system (Fig. 1b, b’, d, d’), the antibody staining against acetylated α-tubulin revealed one group of photoreceptor-like sensory elements indicated by the staining of their ciliary receptor
cells (Fig. 1d, d’). This staining makes the presumed photoreceptive region visible in the form of a few groups of concentrated dots of the anti-α-tubulin antibody in P. appendiculatus,
whereas in P. lacteus, this staining always failed and no signal
was detectable in the predicted region of the anterior end
(Fig. 1b, b’). However, even in P. appendiculatus, the number
of sensory elements is hardly determinable if the entire set of
sensory organs is visible at all.
By analyzing serial sections in the TEM, it could be shown
that there are up to 13 photoreceptor-like organs more or less
evenly distributed across the ventral part of the animal in
P. appendiculatus (Table 3; Fig. 2a). They are randomly distributed, embedded in the nervous tissue in front of the brain,

Table 3 Distribution and
combination of the three types of
sensory cells within the
photoreceptor-like sense organs
in P. appendiculatus, P. lacteus,
and P. erythrophthalmus

and situated beneath the epidermis. In P. lacteus and in
P. erythrophthalmus, there are 40 or 38 organs, respectively
(Table 3; Fig. 2b, c). In contrast to individuals of
P. appendiculatus, the organs are close together and are
arranged in one cluster in the latter two morphospecies. This
cluster lies medially between the palp ganglia in the center of
the body just in front of the brain. The organs are surrounded
by a strong extracellular matrix (ECM) which is clearly visible
already at low magnifications (Figs. 2b, c’ and 3).
In the adult specimens of P. lacteus, P. erythrophthalmus,
and P. appendiculatus, the photoreceptor-like sense organs
are made up of three different types of sensory cells and
supportive cells. These cells form internalized extracellular cavities into which the sensory processes of the respective receptor cells project (Fig. 3). Thus, in the TEM,
these cavities usually appear as completely filled structures occupied by the processes of the receptor cells almost without leaving any free space, except for a few
organs in P. appendiculatus where a certain amount of
the internal space may be filled with homogeneous
electron-dense material (see below). In P. lacteus and
P. erythrophthalmus, the somata of cells involved in formation of these cavities are situated close to the cavities
and almost fill the entire space in between (Fig. 3). The
three receptor cell types are classified as types 1, 2, and 3
following the terminology introduced by Wilkens and
Purschke (2009a). Types 1 and 2 are ciliary receptor cells
(Figs. 4a, b, d, e; 5a–e; and 6a–e). By contrast, the third
cell type represents a rhabdomeric receptor cell possessing
sensory processes in the form of numerous microvilli
(Figs. 4c and 5b, c). Besides supportive and receptor cells,
a few glial-like cells are also present in the periphery of
these clusters (Figs. 3; 4b, d; 5b, 6b; and 7a–c).

Total amount of sensory organs
Average number of type I sensory cells/organ
Average number of type II sensory cells/organ
Average number of type III sensory cells/organ
Average number of branched cilia/type I sensory cell
Average number of unbranched cilia/type II
sensory cell
Combination of sensory cell types within
sensory organs:
I + II + III
I + III
II + III
I
I + II

P. lacteus
(n = 3)
≥40
∼3
∼1
∼7
≥6
≥25

P. erythrophthalmus
(n = 1)
≥38
∼2
∼1
∼7
≥6
≥25

P. appendiculatus
(n = 3)
≤13
∼3
∼4
∼2
≥1
≤15

P. lacteus

P. erythrophthalmus

P. appendiculatus

Average number of sensory organs
∼22
∼3
∼3
∼4
∼8

17
6
7
3
5

∼7
∼1
∼2
0
∼3
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Fig. 3 Photoreceptive region in P. lacteus (TEM, cross-section, dorsal to
the left side). Note that this cellular organization is more or less identical
to P. erythrophthalmus. Sensory cavities of 13 sensory organs located in
the center of the body out of a total of 38 organs are visible; organs are
arranged in one cluster and lie close together, surrounded by a common
ECM (ecm). Electron-dense nuclei of supportive cells are indicated by
asterisks. Nuclei between sensory cavities belong to the somata of the
receptor cells and to a few glial cells situated in the periphery. Sensory

organs use different sensory cell types: organs with black numbers
possess all three types of photoreceptor-like sensory cells, whereas those
with white labels use only type 2 (ciliary) and type 3 (rhabdomeric)
receptor cells. Arrows point to unbranched cilia emerging between the
sensory microvilli of type 3 sensory cells. Arrowheads mark clusters of
branched cilia (type 1 sensory cells; organs no. 1, 2, 5, 6, 9, 12). Sensory
microvilli of rhabdomeric sensory cells are most abundant and present in
every sensory organ

Each sense organ is formed by a combination of a variable
number of receptor cells of the three types, whereas at least
more than five receptor cells are present in each organ in the
investigated morphospecies. Additionally, each sensory organ
is completed by only a single supportive cell through
which the receptor cells send their dendritic processes (e.g.,
Fig. 4c–e). At these places, they form junctional complexes
with the dendritic processes (e.g., Fig. 5e). The supportive
cells are characterized by their electron-dense cytoplasm and
paucity of organelles. They form a rather thin envelope (0.06–
0.1 μm thick) around the cavity of each organ and provide a
large apical surface. Due to their small dimensions, these cells
may easily be overlooked at lower magnifications, but their
thickness is greater where the nuclei or mitochondria are located (Figs. 4b, 5c, and 6a). Here, the supportive cells measure
up to 3.5–4.7 μm. The nuclei are easily distinguishable from
those of the sensory cells by their distinctively more electrondense appearance (Figs. 3, 4b, and 6a, asterisks).
In the three morphospecies of Polygordius, those sensory
organs comprising all three types of receptor cells are most
frequently found, whereas the number of type 3 receptor cells
within these organs is highly variable (Table 3). Rhabdomeric
sensory cells arising in the highest quantity are responsible for
the dimension and elongation of the respective sensory organ

(Table 3; Figs. 4; 5b, c; and 7a–e). The type 3 sensory cells are
the most frequent receptor cells in the sense organs of
P. lacteus and P. erythrophthalmus, whereas the respective
organs in P. appendiculatus are dominated by type 1 sensory
cells (Fig. 7a–e). Thus, in P. appendiculatus, ciliary sensory
cells are the most abundant cells and constitute the main part,
whereas rhabdomeric sensory cells are rarely established
(Fig. 7d–f). On the other hand, in P. lacteus as well as in
P. erythrophthalmus, ciliary cells of type 1 and type 2 can be
observed to a lesser extent (Table 3; Fig. 7a–c).
A common character regarding the organization of these
photoreceptor-like organs is the presence of at least one ciliary
receptor cell type (type 1 or type 2) in every photoreceptorlike organ in all individuals of the three morphospecies. This
means, out of the seven theoretically possible different combinations of receptor cells, only five have been found in the
material investigated (Table 3): (1) Organs exclusively
consisting of rhabdomeric receptor cells (i.e., type 3) are
completely absent in all individuals investigated. (2) Organs
exclusively employing receptor cell type 2 have also not been
found, whereas those made up of only type 1 cells are restricted to P. lacteus and P. erythrophthalmus (Table 3).
These obvious differences between P. lacteus and
P. erythrophthalmus on the one hand, and P. appendiculatus
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Fig. 4 Organization of sensory organs and receptor cells in P. lacteus
(TEM, cross-sections). a Gross morphology of the photoreceptive region
including 11 sensory organs mostly composed of rhabdomeric sensory
cells of type 3. Asterisks: nuclei of supportive cells. b Organ with
adjoining ciliary type 1, ciliary type 2, and rhabdomeric type 3 sensory
cells. Note accessory cilia in the apex of type 3 sensory cells
(arrowheads). Arrows point to unbranched cilia of type 2 sensory cell.
Sense organ is in part enclosed by glial cells lying close to ecm. Nucleus
of supportive cell located centrally in the sensory organ (asterisk). c Apex
of rhabdomeric sensory cell giving rise to numerous densely arranged
sensory microvilli. The sensory cell contains various cisternae of

agranular endoplasmic reticulum (aer). d Apex of type-2 sensory cell
with unbranched cilia emerging into the cavity of the sensory organ.
Longitudinally sectioned cilia run between the processes of type 1
sensory cell. Several other unbranched cilia are cut immediately above
their basal bodies (arrows); cilia are basally surrounded by microvilli
(smv). e Apex of type 1 sensory cell with branched sensory cilia emerging
in different directions and together with a couple of microvilli (smv). aer
agranular endoplasmic reticulum, ecm extracellular matrix, sc 1–sc 3
sensory cell type 1 to 3; smv sensory microvilli; *nucleus of supportive
cell; arrowhead sensory cilium of sensory cell type 3; arrow sensory cilia
of sensory cell type 2

on the other hand, regarding number of organs as well as
combinations of cells caused a further subcellular analysis of
the receptor cells in order to look for additional characters
which might differ between the morphospecies and might thus
be of taxonomic value.
Type 1 sensory cells are characterized by possessing only
branched cilia (Figs. 4a, b, e; 5a, b, e; and 6a, b, d, e). The cilia
arise close together from the bulb-like apical part of these
receptor cells (Fig. 4e, 5e, and 6b, e). The branched cilia of
cell type 1 rest on a 1-μm-long basal body without a rootlet.
The basal bodies exceed the cell surface for about 0.5 μm. An
accessory centriole is present at its base (Fig. 6a). Basally, the
cilia have a 9 × 2 + 0 axonemal pattern and after approximately
1.5–2 μm, their shafts split into nine branches, which are
entered by a single axonemal microtubule doublet at their
origin. After some distance, the microtubules terminate and
the ciliary branches are microvillus-like in structure. However,
their diameter is somewhat larger than that of typical microvilli so that the sensory processes are easily distinguishable
from those of the rhabdomeric receptor cells (Figs. 4b; 5a, e;
6a, d; and 7a–f). Furthermore, the sensory cells give rise to
some regular microvilli extending between the ciliary

branches (Fig. 4 and 5e). Whereas these characters are almost
identical between all individuals investigated, the average
number of cilia per receptor cell varied between morphospecies: six in P. lacteus and P. erythrophthalmus and only one in
P. appendiculatus (Table 3).
Type 2 sensory cells are ciliary receptor cells exceptionally
comprising unbranched cilia (Figs. 4a, b, d; 5a, b, d; and 6a, c,
d). Individuals of P. lacteus and P. erythrophthalmus possess
more than 25 unbranched cilia per sensory cell of this type
(Figs. 4b, d; 5b, d; and 6a). These cilia emerge close together
from the bulb-like dendritic processes, and their basal bodies
are without ciliary rootlets. The structure of the axonemes may
be described as follows: basally, only 8 × 1 + 1 patterns of
microtubules were observed (Fig. 6c), whereas more apically,
various numbers of microtubule singlets were encountered,
distributed randomly across their perimeter. The cilia pass
between the processes of the other sensory cells so that
groups of cilia are often observed between these processes
(Figs. 6a and 7b, c). A similar pattern has been described for
P. appendiculatus by Wilkens and Purschke (2009a). The
number of cilia per receptor cell in individuals of this species
is considerably lower (∼15 per cell, Table 3) and only in this
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Fig. 5 Organization of sensory organs and receptor cells in
P. erythrophthalmus (TEM, cross-sections; comp. Fig. 4). a Gross
morphology of the photoreceptive region including 14 sensory organs
mostly composed of rhabdomeric sensory cells of type 3. Asterisks point
to nuclei of supportive cells. b Organ with adjoining dendritic processes
ciliary type 1, ciliary type 2, and rhabdomeric type 3 sensory cells.
Arrows point to unbranched cilia of type 2 sensory cell. Sense organ is
accompanied by glial cells. c Apex of rhabdomeric sensory cell giving
rise to numerous densely arranged sensory microvilli. The sensory cell
contains various cisternae of agranular endoplasmic reticulum (aer) and is

encircled by electron dense supportive cell. d Cilia and microvilli (smv) of
type 2 sensory cell. Cilia emerging into the cavity of the sensory organ
close above the cell apex. Longitudinally sectioned sensory microvilli of
type 3 sensory cell surround cilia. Several unbranched cilia are cut just
above their basal bodies (arrows). e. Apex of type 1 sensory cell with
branched sensory cilia emerging in different directions and together with
a couple of microvilli (smv). aer agranular endoplasmic reticulum, ecm
extracellular matrix, sc 1–sc 3 sensory cell type 1 to 3; smv sensory
microvilli; *nucleus of supportive cell; arrows sensory cilia of sensory
cell type 2

species these cilia are found to be embedded in an electrondense fine granular material (Fig. 6d).
The dendrites of rhabdomeric type 3 cells project into the
extracellular cavity and terminate in small mushroom-like
bulbs from which numerous microvilli arise. The stalks are
up to 2 μm high and enveloped by the supportive cell which
forms a small cup-like process around the basal part of the
sensory bulb (Figs. 4c, 5c, and 7a–c). The microvilli are
densely arranged and more or less parallel to each other.
Additionally, one to three, mostly two, accessory cilia are
present in every sensory cell of this type, arising at the most
distal point of the cell apices (Fig. 4b).

Polygordius (Table 2), and a single sequence of the
O. limacina as outgroup (obtained from GenBank
GU672244), (n = 35). COI sequences were obtained from
individuals of P. lacteus from Helgoland, Roscoff and
Beg Meil (n = 16), P. erythrophthalmus from the type
locality Beg Meil (n = 6), and P. appendiculatus from
Helgoland, Roscoff and Ischia (n = 12). There were a
total of 584 positions in the final dataset. Sequences
were deposited in GenBank (accession numbers COI
KT883923–KT883955, KT921338, Table 2).The phylogenetic tree shows that Polygordius specimens were divided into two well-supported clades with 100 % bootstrap support. Specimens of P. appendiculatus from the
Mediterranean Sea and the northeastern Atlantic (i.e.,
Ischia, Italy; Roscoff-Drezen, France; and Helgoland,
Germany) formed one group, whereas the other
g r o u p i n c l u d e d s p e c i m e n s o f P. l a c t e u s a n d

Molecular data
The phylogenetic analysis included 34 partial nucleotide
COI gene sequences of three morphospecies of
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Fig. 6 Comparison of the organization of sensory organs between
P. lacteus (a–c) and P. appendiculatus (d, e) TEM, cross-sections. a
Organ with rhabdomeric receptor cells (type 3) indicated by presence of
numerous sensory microvilli and dendrites of the two different ciliary
receptor cells (sc1, sc2) with branched and unbranched cilia. Ciliary
branches appear more electron-dense than sensory microvilli of type 3
sensory cell. Apex of type 2 sensory cell dendrite is located dorsally.
Asterisk marks supportive cell nucleus. Organ situated peripherally in
the cluster as indicated by ECM (ecm). b Apex of type-2 receptor cell
shown in a. Longitudinally sectioned unbranched cilia run between
branched cilia of type 1 and microvilli of type 3 sensory cells. Note a

few microvilli emerging from type 2 cell. c Pattern of basal axonemal
organization (8 × 1 + 1). d Organ with the three types of sensory cells in
P. appendiculatus comparable to a; apex of type 2 sensory cell located
ventrally. In addition, a type 3 sensory cell apex is also visible. Type 1
receptor cell only recognizable by presence of branched cilia. Note
electron-dense material in the center of cavity (ca) which is absent in
P. lacteus. e Apex of type-2 sensory cell shown in d with the same
ultrastructural organization as in P. lacteus (see b). ca cavity with
electron-dense material, ecm extracellular matrix, m mitochondrion,
sc 1–sc 3 sensory cell type 1 to 3; smv sensory microvilli; *cell nucleus
of supportive cell; arrow sensory cilia of sensory cell type 2

P. erythrophthalmus (specimens with prostomial red eyespots) from the northeastern Atlantic (i.e., Helgoland,
Germany; Beg-Meil, France; and Roscoff-Primel,
France) (Table 2; Fig. 8). The genetic distance matrix
indicated divergence value between P. lacteus and

P. erythrophthalmus was 0.4 ± 0.1 % and 24 ± 3.1 %
between P. appendiculatus and either P. lacteus or
P. erythrophthalmus. The variation was 1.6 ± 0.3 % within P. appendiculatus and 0.4 ± 0.2 % within P. lacteus
and P. erythrophthalmus.
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Fig. 7 Differences in the
distribution of receptor cells
within most frequent sensory
organs between P. lacteus and
P. appendiculatus (TEM, crosssections). a–c Three different
sensory organs in P. lacteus;
cavities with numerous sensory
microvilli emerging from
rhabdomeric receptor cells.
Sensory processes of type 3 cells
(sc 3) are most frequent due to
more than seven rhabdomeric
receptor cells per organ (up to
three apices visible in each
organ). The ecm surrounds the
photoreceptive region toward the
body cavity. d–f Three different
sensory organs in
P. appendiculatus with processes
of ciliary sensory cells, especially
ciliary branches of type 1 sensory
cells. Arrows in e indicate several
sectioned unbranched cilia of type
2 sensory cells. Note that besides
differences in dominance of
sensory processes the sensory
organs are all in all smaller
compared to the organs in
P. lacteus (indicated by scale
bars). ecm extracellular matrix,
sc 1, sc 3 sensory cell type 1, 3

Discussion
General aspects
Although larvae in Polygordius spp. are known to possess
pigmented eyes (Schneider 1868; Fraipont 1887;
Brandenburger and Eakin 1981; Sensenbaugh and Franzén
1987; Ramey-Balci and Ambler 2014), the ultrastructural investigation in the three morphospecies of Polygordius revealed no evidence for the existence of pigmented larval eyes
or vestiges thereof in any specimen investigated. Likewise, we
found no traces of annelid adult eyes (also see Purschke et al.
2006, 2014). In the present study, the only pigmented structures found in the prostomium of living individuals from the
type locality of P. erythrophthalmus, initially interpreted by us
as probable pigmented eyes/eyespots, turned out to be
pigmented coelomic cells rather than sensory structures.
Their presence in the spaces between the muscle fiber bundles
may explain the observed differences in position and number
between individuals. It is very likely that these cells were
mistaken as eyes by Giard (1880), prompting him to name

the species P. erythrophthalmus. Neither in the original description by Giard (1880) nor in the monograph on
Polygordius by Fraipont (1887) is a number given for
eyes/eyespots, and one of the first reports of a pair of eyes in
P. erythrophthalmus is found in Fauvel (1927).
Although, P. lacteus is most commonly reported as not
having eyes (e.g., Fraipont 1887; Hempelmann 1906;
Westheide 2008), the confusion between pigmented coelomic
cells and pigmented eyes/eyespots, combined with taxonomic
difficulties in distinguishing between these two previously
described highly similar morphospecies, is likely responsible
for reports of P. lacteus as having zero or two eyes (e.g., Rota
and Carchini 1999). Likewise, the presence of pigmented eyes
has also occasionally been reported in P. appendiculatus
(Fraipont 1887; Fauvel 1927; Rota and Carchini 1999). An
extensive search by means of serial section analyses in several
specimens of P. appendiculatus in the present investigation
and in Wilkens and Purschke (2009a) did not find any traces
of pigmented eyes. Thus, it is highly probable that the
pigmented larval eyes described by Brandenburger and
Eakin (1981) and Sensenbaugh and Franzén (1987) in
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Fig. 8 Phylogram of maximum
likelihood analysis of cytochrome
oxidase I (COI) dataset produced
in MEGA5.1 based on T92 + G +
I model. Analysis of COI
sequences of individuals of
P. lacteus from Helgoland (North
Sea), Beg Meil and Roscoff
(Brittany); P. erythrophthalmus
from Beg Meil, and P.
appendiculatus from Helgoland,
Roscoff and Ischia
(Mediterranean Sea); and 1
sequence of O. limacina from
GenBank used as out-group.
Values on nodes indicate support
from 1000 bootstrap replicates
(only those greater than 70 %
shown). Branch lengths (>0.50)
are shown below the branches and
scale bar indicates substitutions
per position. * = prostomial red
eyespots observed thus initially
identified as P. erythrophthalmus

Polygordius cf. appendiculatus are reduced during ontogenesis confirming earlier observations (Hempelmann 1906).
Additionally, none of the unpigmented photoreceptor-like
sensory organs described in P. appendiculatus structurally resembles these larval eyes with reduced shading pigment
(Wilkens and Purschke 2009a). Most importantly, all
unpigmented photoreceptive structures comprising
rhabdomeric photoreceptor cells are composed of at least
one additional ciliary sensory cell which are absent in the
pigmented larval eyes of P. appendiculatus as well as in larval
and adult annelid eyes in general (Purschke et al. 2006, 2014).

The only receptor cells present in larval eyes of
P. appendiculatus are rhabdomeric sensory cells as is typical
of annelid pigmented eyes (Purschke et al. 2006; Suschenko
and Purschke 2009; Purschke and Nowak 2015).
The unpigmented photoreceptive structures apparently
appear rather early in development and were first mentioned
by Sensenbaugh and Franzén (1987) in trochophores of
P. appendiculatus but have erroneously been interpreted as
phaosomes (see Wilkens and Purschke 2009a). These organs
develop in front of the pigmented eyes so that the two structures co-occur for some time in larvae and early juveniles
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(Sensenbaugh and Franzén 1987). On the other hand, reduction of larval eyes probably occurs comparatively late in development after metamorphosis (Hempelmann 1906), and
they are not only present in trochophores but also persist in
juveniles at least comprising up to 20 segments (Schneider
1868; Fraipont 1887; Brandenburger and Eakin 1981;
Ramey-Balci and Ambler 2014) (Fig. 8).
Finally, there remains only one species in Polygordiidae,
P. uroviridis Aiyar and Alikunhi, 1944, that is reported as
having pigmented eyes (Aiyar and Alikunhi 1944).
Although this species is generally regarded to be valid
(see Ramey-Balci et al. 2013), it has never been collected or
reported again after its description, as was the case for
P. erythrophthalmus. To clarify the nature of the eyes in this
species, a reinvestigation appears to be desirable. It is also
important to note that based on their unusual posterior position
in the anterior end, it appears likely that these eyes do not
represent primary annelid cerebral eyes since they are located
in front of the nuchal organs and thus behind the neuropil of
the brain instead of a considerably more anterior position in
the brain (Wilkens and Purschke 2009a). In general, the diagnosis of Polygordius Schneider, 1868 should be modified as
already done by Ramey-Balci et al. (2013) stating therein
Bpigmented eyes absent in adults.^
Comparison of sensory organs in Polygordius species
The presumed photoreceptive sensory organs as previously
described in P. appendiculatus by Wilkens and Purschke
(2009a) are also present in the other two morphospecies investigated, P. lacteus and P. erythrophthalmus. One major
issue with such organs is that photoreception is generally assumed solely on the basis of the receptor cell structure. These
receptor cells clearly show characteristics of photoreceptor
cells by the great expanse of plasma membrane present in
the apical cell domain (e.g., Eakin and Hermans 1988;
Purschke et al. 2006). Only a few examples exist where photoreception has been indicated by a more direct method, such
as expression of photoreceptor-specific genes or proteins (e.g.,
Arendt et al. 2004; Passamaneck et al. 2011; Backfisch et al.
2013; Döring et al. 2013).
Although there was a general resemblance in structure and
position of the photoreceptor-like sensory organs, differences
were also present between individuals and species. Although
only a few individuals of each population could be investigated (a single series of ultrathin sections may comprise between
2000 and 3000 sections), a first estimation about the intraspecific variability is possible (see Table 3). Differences among
species were suitable for species discrimination and provide a
new type of systematically important morphological character
for this group.
The differences found between P. appendiculatus on the
one hand and P. lacteus and P. erythrophthalmus on the other

573

hand clearly exceeded the respective intraspecific variation.
For instance, in P. appendiculatus, the sensory organs are
interspersed between the nerve cells of the prostomium and
are distributed across the entire perimeter, whereas in
P. lacteus and P. erythrophthalmus, they are separated from
the surrounding tissues by a prominent ECM and are located
in a compact block of tissue. There are also clear-cut and
obvious differences in the total number of sense organs in
P. a p p e n d i c u l a t u s c o m p a r e d t o P. l a c t e u s a n d
P. erythrophthalmus (13 vs. 38 and 40, respectively).
Additional differences concern cytological details such as
number and type of receptor cells in a given organ as well as
number of cilia per receptor cell (see Table 3). On the other
hand, differences between P. lacteus and P. erythrophthalmus
are almost negligible and generally in the same range as between typical P. lacteus individuals. Exceptions are found in
the number of sense organs with a given combination of receptor cell types; for instance, in individuals of P. lacteus,
there are about 22 sense organs comprising all three types of
sensory cells, whereas only 17 of such organs were observed
in the individual identified as P. erythrophthalmus.
Differences between P. appendiculatus and P. lacteus clearly exceed the range of differences observed between species in
the so-called Microphthalmus listensis group (Annelida; see
Pietsch and Westheide 1985) which laid the basis for recognizing the three different populations as three separate species
(Westheide and Rieger 1987). In Pietsch and Westheide
(1985), four discrete types of photoreceptor-like sensory organs were described which are differently distributed among
the populations investigated and show subtle ultrastructural
differences. One of the organs observed was an unpigmented
rhabdomeric ocellus, which is identical in all species (Pietsch
and Westheide 1985). Ultrastructural differences in the segmental ocelli in species of Polyophthalmus Quatrefages, 1850
(Sedentaria, Opheliidae) initiated the description of a new
species Polyophthalmus qingdaoensis Purschke, Ding &
Müller, 1995 (Purschke et al. 1995). The differences observed
between the segmental ocelli in this so-called Polyophthalmus
pictus species group are comparable to those between
P. appendiculatus and P. lacteus.
Sensory structures of other members of Protodriliformia
(Struck et al. 2015; but see Andrade et al. 2015) have been
investigated in Protodrilus Czerniavsky, 1881; Astomus
Jouin, 1979 (=Parenterodrilus (Jouin, 1992)); Saccocirrus
Bobretzky, 1872; and Protodriloides Jouin, 1966, none of
which possesses sensory organs identical to that of
Polygordius. Especially, the occurrence of rhabdomeric and
ciliary photoreceptor cells within one organ still remains
unique for Polygordius. On the other hand, in each of these
groups, systematically important characters concerning similar photoreceptor-like sensory organs were detected:
Comparative investigations of the so-called statocysts in
Protodrilus species and Astomus taenioides Jouin, 1979
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likewise also revealed species-specific characters in a group of
closely related annelids (Purschke 1990a, b; Purschke and
Jouin-Toulmond 1993) which belong to one clade in several
new genera (Martinez et al. 2014). In the two morphologically
clearly distinct species of Protodriloides, unpigmented
photoreceptor-like organs with multiciliated receptor cells
can mainly be distinguished by the different number of cilia
per receptor cell (220 vs. 120 cilia; see Purschke and Müller
1996). Within Saccocirridae Czerniavsky, 1881, only two species have been investigated, Saccocirrus krusadensis
Alikunhi, 1948 (=Pharyngocirrus krusadensis) and
Saccocirrus papillocercus Bobretzky, 1872 (see Purschke
1992). This investigation revealed clear-cut differences at least
between the two monophyletic groups now considered to be
separate genera (Di Domenico et al. 2014).
As a result of these comparisons with photoreceptor-like
sensory organs in other annelid species, we conclude that
these organs provide useful taxonomic characters in
Polygordius. These might especially be of importance where
only access to a limited number of individuals can be achieved
or for other reasons, molecular finger prints may not be available. Especially in character-poor taxa, new characters appear
to be of high importance for taxonomy. However, compared
with molecular methods, TEM investigations are much more
time consuming. In order to apply an easier and faster microscopic method, an attempt was made to stain the ciliated sense
organs with antibodies against α-tubulin which could then be
viewed using cLSM. This method was expected, in the very
least, to allow the number of sense organs to be determined as
shown previously (e.g., Purschke and Müller 1996; Wilkens
and Purschke 2009b). Unfortunately, staining with antibodies
unexpectedly failed in P. lacteus. This is likely due to the
strong extracellular matrix present around the sensory organs
in this species which may have blocked access of the primary
and secondary antibodies. Similar problems with low/
insufficient permeability of the body wall have often occurred
in clitellates which are known for their thick collagenous cuticle (see Yoshida-Noro et al. 2000; Hunnekuhl et al. 2009).
Moreover, the immunological signal obtained from
P. appendiculatus only indicated a general presence of ciliated
sensory organs rather than their accurate counting, thus this
method appears unsuitable for species discrimination in the
Polygordius spp. Finally, the ultrastructural differences observed between Polygordius individuals either identified as
P. lacteus or as P. erythrophthalmus are in the range of intraspecific or interindividual differences and, therefore,
P. erythrophthalmus should be regarded as invalid and synonymized with P. lacteus, thus reducing the total of valid
Polygordius species to 14.
Molecular sequencing of the COI gene corroborated the
finding that P. erythrophthalmus and P. lacteus represent a
single species (divergence values of 0.4 ± 0.1 %).
Divergence values among different species of invertebrates
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(including polychaetes and amphipods) are generally >3–
4 % (Witt et al. 2006; Carr et al. 2011). Moreover, the variation
between individuals of these two presumed morphospecies
was even less than between individuals of P. appendiculatus
(divergence values of 1.6 ± 0.3 %). Similar intraspecific and
interspecific variations have been described between species
of Ophelina Örsted, 1843 by Neave and Glasby (2013), another polychaete taxon with limited morphological characters
likewise resulting in a difficult taxonomy.
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