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Abstract Annelid chaetae are a superior diagnostic character
on species and supraspecific levels, because of their structural
variety and taxon specificity. A certain chaetal type, once
evolved, must be passed on to descendants, to become characteristic for supraspecific taxa. Therefore, one would expect
that chaetal diversity increases within a monophyletic group
and that additional chaetae types largely result from transformation of plesiomorphic chaetae. In order to test these hypotheses and to explain potential losses of diversity, we take up a
systematic approach in this paper and investigate chaetation in
Eunicida. As a backbone for our analysis, we used a threegene (COI, 16S, 18S) molecular phylogeny of the studied
eunicidan species. This phylogeny largely corresponds to previous assessments of the phylogeny of Eunicida. Presence or
absence of chaetal types was coded for each species included
into the molecular analysis and transformations for these characters were then estimated using the mK1 likelihood model.
Our results show that chaetal type diversity does indeed increase within eunicids and provide possible explanations for
the homology, convergence, and loss of chaetal types in
eunicidan subtaxa.
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Introduction
Chaetae in annelids have attracted the interest of scientist for a
very long time, making them one of the most studied, if not the
most studied structures of annelids. This is partly due to the
significance of chaetal features when identifying annelids,
since chaetal structure and arrangement are highly constant
in species and supraspecific taxa. Aside from being a valuable
source for taxonomists, chaetae have also been the focus of
many studies in functional ecology (Merz and Edwards 1998;
Merz and Woodin 2000; Merz 2015; Pernet 2000; Woodin
and Merz 1987). Furthermore, the cellular mechanisms behind
the chaetal formation process described by Bouligand (1967)
and O’Clair and Cloney (1974) have been an intriguing field
of study. Chaetae are extracellular, chitinous structures formed
within an ectodermal pouch, the so-called chaetal follicle. The
basalmost cell within this follicle is the chaetoblast
(Bartolomaeus 1998; Bouligand 1967; Hausen 2005;
Schroeder 1984; Specht and Westheide 1988). This cell possesses apical microvilli which release N-acetylglucosamine
into the intermicrovillar extracellular space where it subsequently polymerizes to elongate the chaeta. Pattern, diameter,
and number of microvilli continuously change during
chaetogenesis, so that the structure of the chaeta reflects these
temporal changes and are nothing but cell surface dynamics
frozen in time (O’Clair and Cloney 1974).
This dynamic formation modality presumably allowed
the high diversity of chaetal types to evolve. On the
other hand, since chaetal arrangement and structure are
highly taxon-specific, chaetogenesis must be under strict
regulation. Structure, orientation and number of
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microvilli of the chaetoblast, and modulation of these
factors determine chaetal structure, and their regulation
must be conservative enough that, once evolved, a certain chaetal type can be passed on to descendants, becoming characteristic for supraspecific taxa. We therefore
assume that once evolved strong functional constraints
must be responsible for fixing certain chaetal types within species and supraspecific communities. There is some
experimental evidence that such functional constraints
actually exist (Merz 2015). If this were true, one would
expect that certain chaetal types are positively selected
and maintained in a group of descendants and that alteration in functional constraints lead to a partial or complete transformation of chaetae within this group.
Chaetae within a monophyletic annelid taxon should
show (1) that during evolution, chaetal diversity increases within that group and (2) that additional chaetae
types largely result from transformation of chaetae that
are present in basally branching taxa. Since there is also
evidence that certain species secondarily show a rather
uniform and simple chaetation (see for instance Aguado
et al. (2013) for Chryopetalidae), one also has to ask
how chaetal diversity gets lost.
In order to test both hypotheses and to explain potential
losses of diversity, we take up a systematic approach in
this paper to investigate the distribution of different chaetal types in Eunicida. Eunicida (sensu Fauchald 1977) is a
species-rich taxon (over 900 nominal species in 100 genera (Rouse and Pleijel 2001)) of annelids and its monophyly has been established by molecular (Struck et al.
2006) and morphological analyses (Rouse and Fauchald
1997). The characteristic autapomorphy for Eunicida is
the cuticular, prominent jaw apparatus composed of multiple elements (Purschke 1987). Eunicida are presently
classified into five major subtaxa: Lumbrineridae,
Oenonidae, Dorvilleidae, Onuphidae, and Eunicidae, as
well as two minor groups, the obscure Hartmaniellidae
and the symbiotic Histriobdellidae.
Eunicida show a variety of different chaetal types that
range from simple capillaries to more complex hooded
hooked or compound chaetae. We therefore investigated the
chaetae of a range of Eunicida and conducted a thorough
survey of chaetal types described in the literature. As a backbone for our analysis we used a three-gene (mitochondrial
COI, 16S rDNA and nuclear 18S rDNA) molecular phylogeny of Eunicida that includes all species we used to analyze
chaetal diversity and arguably covers the diversity of the
group. We did not include Hartmaniellidae, since no specimens of were available for analysis or sequencing. The position of Histriobdellidae cannot be resolved with certainty due
to the low amount of sequence data available. Histriobdellids
do not bear any chaetae and the loss of chaetation in this taxon
is discussed.
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Material and methods
Animals
Specimens of Lumbrineris tetraura (Schmarda, 1861),
Lumbrineris (Scoletoma) fragilis (O.F. Müller, 1776),
Eunice (Leodice) torquata (Quatrefages, 1866), Marphysa
belli (Audouin & Milne-Edwards, 1833) and Arabella iricolor
(Montagu, 1804) were collected in the intertidal zone during
field trips to Concarneau, France (Brittany). Ophryotrocha sp.
n. was collected from aquaria of the Scripps Institution of
Oceanography. Diopatra neapolitana Delle Chiaje, 1841
was extracted from tubes collected in Zostera beds during
low tide in the bay of Arcachon close to Le Petit Piquey
(France) in 1995.
Scanning electron microscopy
Specimens used for scanning electron microscopy (SEM)
were fixed in Bouin’s fluid. These were dehydrated in an
alcohol series and were kept in a 5 % phosphotungstic acid
solution for an hour to increase the heavy metal content in the
tissue. They were critically point-dried with CO2 in a critical
point dryer (Balzers) and sputtered with gold (Balzers Sputter
Coater). The specimens were examined in Novoscan and
Leitz AMR 1000 scanning electron microscopes. During dehydration, the animals were sonicated to remove debris and
sand particles from the chaetae.
The Arabella iricolor specimen was not treated with phosphotungstic acid and was dehydrated using HMDS, according
to the method described by Nation (1983). This specimen was
analyzed using a Philips XL30 ESEM.
Confocal laser scanning microscopy
The specimens used for confocal laser scanning microscopy
(CLSM) were fixed in 4 % paraformaldehyde. In most of the
studied species, chaetigers were dissected to separate single
parapodia or single segments. The specimens were permeabilized in four 5-min changes of phosphate-buffered saline
(PBS) with 0.1 % Triton X-100 (Fisher Scientific). The
parapodia were then stained overnight in 4 °C with TRITC
phalloidin at a dilution of 1:100. After staining, parapodia
were rinsed in three quick changes and subsequently in two
10-min changes of PBS with 0.1 % Triton and one 10-min
rinse in PBS without Triton. Larger samples were dehydrated
in isopropanol (2 min 70 %, 2 min 85 %, 2 min 95 %, 2 min
100 %, 2 min 100 %), cleared in three 15-min changes of
Murray Clear, and mounted in hollow-ground slides with
Murray Clear. All coverslips were sealed with nail polish. A
Leica TCS SPE laser scanning confocal microscope was used
for the analysis.
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Light microscopy
Chaetae of selected species were isolated by using a 5 %
NaOH solution. After the tissue was completely dissolved,
chaetae were rinsed and studied under an Olympus microscope. Fixed larvae of Lumbrineris sp. and different ontogenic
stages of Ophryotrocha sp. were investigated as whole
mounts.
Phylogenetic analysis and character evolution
reconstruction
Sequences for mitochondrial cytochrome oxidase subunit I
(CO1), 16S rDNA (16S), and 18S rDNA (18S) for 50 eunicid
species were included in this study, with Glycera dibranchiata
(Phyllodocida) used as an outgroup. A complete list of the
species and the GenBank sequence accession numbers are
presented in Table S1.
Sequences of each gene were aligned using MAFFT (QINS-i) (Katoh et al. 2002). The three loci were concatenated
and analyzed using maximum parsimony (MP) and maximum
likelihood (ML) analyses. The MP result was obtained via
PAUP*4.0b10 (Swofford 2002) with the heuristic search option with 1000 random additions. Clade support was assessed
using 1000 jackknife replicates. The ML analysis was completed using RaXML (Stamatakis 2006) and RAxML GUI v.
0.93 (Silvestro and Michalak 2012), with the data partitioned
by gene and, for COI, by codon with GTR plus GAMMA
used for each of the three gene partitions (Silvestro and
Michalak 2012; Stamatakis 2006). Bootstrap support was
assessed via 1000 pseudoreplicates using the same model.
The presence or absence of four kinds of chaetae was coded
for each terminal: Simple and compound hooded hooks,
comb-shaped chaetae, and compound capillary chaetae.
Additional data on chaetation of those species that are not
included into the molecular analysis are added in the
BResults^ section (Table 1). Transformations for these characters were then estimated via the mK1 likelihood model (Lewis
2001) using Mesquite 3.03 (Maddison and Maddison 2015)
on the topology (including branchlengths) of the maximum
likelihood result.

Results
Results of the phylogenetic analysis
The maximum parsimony analysis was based on 1599 informative characters in the aligned data of the concatenated three
genes (COI, 16S, 18S). There were six most parsimonious
trees with a length of 9699 steps (trees not shown). The families of Eunicida were all recovered as well-supported clades,
except for Onuphidae, which was paraphyletic with respect to
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Eunicidae. The maximum likelihood tree (Fig. 4), largely
matched the maximum parsimony analysis in topology and
support, except for Onuphidae, which it showed to be monophyletic. Lumbrineridae was the sister group to a wellsupported clade that comprised the remaining Eunicida.
Within this group Oenonidae and Dorvilleidae were sister
taxa, though with low support (less than 50 %), and they
formed the sister group of a taxon consisting of Onuphidae
and Eunicidae, which were reciprocally monophyletic.
Notably, Onuphidae had bootstrap support of only 67 %,
while all other family-ranked taxa had bootstrap support of
95 % or greater (Fig. 4). Our ML results largely correspond
to previous assessments of the phylogeny of Eunicida using
multiple loci (Struck et al. 2006; Zanol et al. 2010), but ours
differs in having Oenonidae and Dorvilleidae as sister taxa
rather than a grade. As noted above, this result had low support and needs further assessment and data (next-gen) but is
used here for the purposes of assessing chaetal evolution in
Eunicida.
Distribution of chaetal types
In Eunicida, all chaetae that arise from the body surface and
that are externally visible are neuropodial. Notopodial chaetae
are normally reduced, and if present, they do not extend beyond the surface of the animals (Figs. 1 and 2). In addition to
the externally visible chaetae all members of Eunicida possess
internalized aciculae. Aciculae are generally large and robust
chaetae that are always internal and attached to the parapodial
musculature in such a manner that they function as the
Bskeletal^ rods of parapodia.
We indentify six morphologically different types of chaetae
in Eunicida. In the literature, these are generally specified by
adding different adjectives such as limbate, winged, pectinate,
spiniger, or falciger (Fauchald 1977; Hartman 1968).
Although this enhances accuracy in species description and
identification, it tends to cause confusing terminology on
higher hierarchical levels, due to a high number of synonymies and uncertain homologies. The main reason is that the
attributes are not clearly defined (Fauchald 1977), which
poses difficulties in coding prior to redefining them. Often,
depending on the authors and timing of the publication, different names have been used to describe the same structure
and the same name has been used for different things. To
overcome these potential problems, we restrict our analysis
to acicula and the six general chaetal types that are easily
distinguished: simple and compound capillary chaetae,
comb-shaped chaetae, furcate chaetae, simple hooded hooks,
and compound hooded hooks. Simple capillary chaetae are
thin apically tapering cylinders. Compound capillary chaetae
are simple capillary chaetae with a joint-like element
connecting the apical portion of the chaeta to the shaft.
Comb-shaped chaetae are simple capillary chaetae that
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Complete dataset on chaetation of eunicid species included in this study

Higher Taxon

Species

HH

CC

Cbc

CHH

CCC

FC

NC

Literature

Lumbrineridae

Lumbrineris tetraura

+

+

−

−

−

−

+

Tilic et al. 2014

Lumbrineris fragilis

+

+

−

−

−

−

+

Tilic et al. 2014

Lumbrineris acuta
Lumbrineris bassi

+
+

+
+

−
−

−
−

−
−

−
−

?
?

Hartman 1968
Hartman 1968

Lumbrineris bicirrata
Lumbrineris bifilaris

+
+

+
+

−
−

−
−

−
−

−
−

?
?

Hartman 1968
Hartman 1968

Lumbrineris californiensis

+

+

−

+

−

−

?

Hartman 1968

Lumbrineris cruzensis
Lumbrineris erecta

+
+

+
+

−
−

+
−

−
−

−
−

?
+

Hartman 1968
Hartman 1968

Lumbrineris index
Lumbrineris inflata

+
+

+
+

−
−

+
+

−
−

−
−

+
?

Hartman 1968
Hartman 1968

Lumbrineris japonica

+

+

−

+

−

−

?

Hartman 1968

Lumbrineris latreilli
Lumbrineris linguata

+
+

+
+

−
−

+
+

−
−

−
−

?
?

Hartman 1968
Hartman 1968

Lumbrineris limicola
Lumbrineris longensis

+
+

+
+

−
−

+
−

Lumbrineris minima
Lumbrineris moorei
Lumbrineris pallida
Lumbrineris zonata

+
+
+
+

+
+
+
+

−
−
−
−

−
−
+
−

−
−
−

−
−
−

?
?
?

Hartman 1968
Hartman 1968
Hartman 1968

−
−
−

−
−
−

?
?
?

Hartman 1968
Hartman 1968
Hartman 1968

Ninoe fusca
Ninoe gemmea
Ninoe nigripes
Arabella iricolor
Arabella geniculata

+
+
+
−
−

+
+
+
+
+

−
−
−
−
−

−
−
−
−
−

−
−
−
−
−

−
−
−
−
−

?
?
?
+
?

Hartman 1968
Hartman 1968
Carrera-Parra 2006
This paper
Hartman 1968

Arabella mimetica
Arabella semimaculata
Biborin ecbola

−
−
−

+
+
+

−
−
−

−
−
−

−
−
−

−
−
−

?
?
?

Hartman 1968
Hartman 1968
Hartman 1968

Drilonereis falcata
Drilonereis longa

−
−

+
+

−
−

−
−

−
−

−
−

?
?

Hartman 1968
Hartman 1968

Dirlonereis nuda
Labidognathus forcipes
Notocirrus attenuatus
Notocirrus californiensis
Ophryotrocha sp.
Ophryotrocha puerilis

−
−
−
−
−
−

+
+
+
+
+
+

−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
+
+

−
−
−
−
−
−

?
?
?
?
−
−

Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968
This paper
Hartman 1968

Parapodrilus psammophilus
Protodorvillea gracilis
Protodorvillea kefersteinii
Dorvillea moniloceras
Dorvillea atlantica
Dorvillea articulata
Dorvillea erucaeformis
Schistomeringos rudolphi
Eunice torquata
Eunice americana
Eunice antennata
Eunice aphroditois

−
?
−
−
−
−
−
−
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+

−
−
−
−
−
−
−
−
+
+
+
?

−
−
−
+
+
+
−
+
+
+
+
+

−
+
+
+
+
+
+
+
−
−
−
−

−
+
+
+
+
+
+
+
−
−
−
−

−
+
?
+
+
+
?
+
+
+
?
?

Hartmann-Schröder et al. 1996
Hartman 1968
Jumars 1974
Hartman 1968
Hartman 1968
Hartman 1968
Hartmann-Schröder et al. 1996
Jumars 1974
This paper
Hartman 1968
Hartman 1968
Hartman 1968

Oenonidae

Dorvilleidae

Eunicidae
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Table 1 (continued)
Higher Taxon

Species

HH

CC

Cbc

CHH

CCC

FC

NC

Literature

Eunice biannulata
Eunice multipectinata

+
+

+
+

?
+

+
+

−
−

−
−

?
+

Hartman 1968
Hartman 1968

Eunice valens

+

+

?

+

−

−

?

Hartman 1968

Eunice vittata
Eunice tenuis

+
+

+
+

?
+

+
+

−
−

−
−

+
?

Hartman 1968
Fauchald 1992

Eunice thomasiana

+

+

+

+

−

−

?

Fauchald 1992

Eunice antarctica
Eunice norvegica

+
+

+
+

+
+

+
+

−
−

−
−

?
?

Fauchald 1992
Fauchald 1992

Eunice filamentosa
Eunice lucei

+
+

+
+

+
+

+
+

−
−

−
−

+
+

Fauchald 1992
Fauchald 1992

Eunice rubra

+

+

+

+

−

−

+

Fauchald 1992

Eunice fucata
Eunice implexa

+
+

+
+

+
+

+
+

−
+

−
−

?
?

Fauchald 1992
Fauchald 1992

Eunice cariboea
Eunice amoureuxi
Eunice mutilata

+
+
+

+
+
+

+
+
+

+
+
+

−
−
−

−
−
−

?
?
+

Fauchald 1992
Fauchald 1992
Fauchald 1992

Eunice notata
Eunice harassii

+
+

+
+

+
+

+
+

−
−

−
−

?
?

Fauchald 1992
Fauchald 1992

Eunice roussaei

+

+

+

+

−

−

+

Fauchald 1992

Marphysa belli

+
+

+
+

+
+

+
+

+
+

−
−

−
−

This paper
Hartman 1968

+
+

+
+

+
+

+
+

+
+

−
−

?
?

Hartman 1968
Hartman 1968

Marphysa mortensi
Marphysa sanguinea
Marphysa stylobranchiata
Marphysa fallax
Palolo viridis

+
+
+
+
+

+
+
+
+
+

?
+
+
+
−

+
+
+
+
+

+
+
+
+
−

−
−
−
−
−

?
?
?
+
?

Hartman 1968
Hartman 1968
Hartman 1968
Fauchald 1992
Fauchald 1992

Palolo siciliensis
Palolo paloloides
Lysidice ninetta

+
+
+

+
+
+

−
+
+

+
+
+

−
+
−

−
−
−

?
?
+

Fauchald 1992
Hartman 1968
This paper

Nematonereis unicornis
Lysidice collaris
Diopatra neopolitana
Diopatra ornata
Diopatra splendidissima
Diopatra tridentata
Diopatra dentata
Diopatra aciculata
Diopatra chilienis
Hyalinoecia juvenalis
Hyalinoecia tubicola stricta
Nothria conchylega
Nothria elegans
Nothria geophiliformis
Nothria hiatidentata
Nothria iridescens
Nothria pallida
Nothria stigmatis

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
−
+
−
+
+
+
−
+
+
+
+
+
+
+
+

+
+
−
−
−
−
−
−
−
−
−
−
−
−
−
+
+
+

−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
+

−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−

?
?
+
?
?
?
+
+

Day 2967
Fauchald 1992
This paper
Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968

+
?
?
?
?
?
?
?
?
+

Paxton 1998
Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968
Hartman 1968

Marphysa belli oculata
Marphysa conferta
Marphysa disjuncta

Onuphidae
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Table 1 (continued)
Higher Taxon

Species

HH

CC

Cbc

CHH

CCC

FC

NC

Literature

Nothria stigmatis intermedia
Onuphis eremita

+
+

+
+

+
+

+
+

+
?

−
−

+
+

Hartman 1968
Hartman 1968

Onuphis litoralis

+

+

+

+

?

−

+

Hartman 1968

Onuphis microcephala
Onuphis nebulosa

+
+

+
+

+
+

−
+

?
+

−
−

+
?

Hartman 1968
Hartman 1968

Onuphis parva

+

+

+

+

?

−

?

Hartman 1968

Onuphis vexillaria
Rhamphobranchium langisetum

+
+

+
+

+
+

−
−

?
+

−
−

+
?

Hartman 1968
Hartman 1968

Onuphis iridescens
Onuphis elegans

+
+

+
+

+
+

−
−

−
−

−
−

?
?

Fauchald 1982
Fauchald 1982

Onuphis similis

+

+

+

−

−

−

?

Fauchald 1982

HH hooded hooks, CC capillary chaetae, CbC comb-shaped chaetae, CHH compound hooded hooks CCC compound capillary chaetae, FC furcate
chaeta, NC internalized notopodial chaetae

broaden apically to form a fork- or comb-like end. Furcate
chaetae are simple capillary chaetae with two prongs at the
apical end. Simple hooded hooks are simple capillary chaetae
with a perpendicularly bent rostrum and with one or several
Fig. 1 Confocal z-projections of
phalloidin-stained preparations: a
Lumbrineris tetraura, b
Lumbrineris fragilis, c Eunice
torquata, d Lysidice ninetta. Red,
phalloidin; blue, chaetal
autofluorescence; arrow,
internalized notopodial chaetae.
HH hooded hooks, CHH
compound hooded hooks, AC
acicula, CC capillary chaetae,
CCC compound capillary
chaetae, CbC comb-shaped
chaetae, eg eggs, gu gut

smaller adrostral teeth. A large hood surrounds these apical
structures. Compound hooded hooks are simple hooded hooks
with a joint-like element connecting the manubrium to the
apical section of the chaeta. The presence or absence of
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addition to these externally visible chaetae, both species had
aciculae and internalized notopodial chaetae (Fig. 1a, b). The
number of aciculae inside the parapodia increased gradually
along the posterior-anterior axis. In adult L. tetraura, the
anteriormost segments contained up to five aciculae, while
in L. fragilis, there were maximally two aciculae in the
anteriormost parapodium. Ninoe nigripes, which was also included in the phylogenetic analysis (Fig. 4), has simple capillaries and simple hooded hooks (Carrera-Parra 2006).
Hartman (1968) describes the same three chaetal types—
aciculae, capillary chaetae, and simple hooded hooks—for
Lumbrineris zonata, but also mentions compound hooded
hooked chaetae in Lumbrineris latreilli and Lumbrineris
zonata (Table 1). Hartman (1968) also mentions aciculae, capillary chaetae, and simple and compound hooded hooks in
further Lumbrineris species, like L. californiensis,
L. cruzensis, L. index, L. inflata, L. japonica, L. linguata,
L. limicola, and L. pallida. In these, the hood includes the
hinge in compound hooded hooks. Representatives of the latter lumbrinerids were not included in the phylogenetic analysis (Table 1).

Fig. 2 a Azan-stained histological section of the parapodium of Arabella
iricolor. Note the arrows pointing the internalized notopodial chaetae. AC
acicula, CC capillary chaetae. b TEM Eunice torquata (Eunicidae)
formation of hooded hook. A single row of flat microvilli (mv) forms
the template of the hood. CB chaetoblast, ECM extracellular matrix, FC
follicle cell (for TEM preparation, see Tilic et al. 2014)

different chaetal types are mapped on the phylogenetic tree
and also presented in Fig. 4.

Lumbrineridae In the adult specimen of Lumbrineris fragilis
chaetation of neuropodia was uniform throughout the entire
body. Each chaetiger only bore ~4 simple hooded hooks. In
Lumbrineris tetraura, only the posterior parapodia showed
such uniformity by bearing simple hooded hooks only. Our
SEM studies show that simple and compound hooded hooks
of lumbrinerid species are multidentate with a hood fully
surmounting the apical portion of the chaetae; only some of
the teeth are externally visible (Tilic et al. 2014). The anterior
parapodia additionally had simple capillary chaetae. In

Oenonidae The studied oenonid species Arabella iricolor only bore simple capillary chaetae throughout the entire body
(Fig. 3b). The parapodial structure is also uniform, with a
conical postchaetal lobe and a small dorsal cirrus. The dorsal
cirrus actually is a reduced notopodium, since histological
sections of Arabella iricolor show the numerous vestigial
chaetae inside (Fig. 2a). Hartman (1968) mentions the simple
capillary chaetae and aciculae as the only chaetal types for the
oenonid species Arabella geniculata, Arabella mimetica,
Arabella semimaculata, Biborin ecbola, Drilonereis falcata,
Drilonereis longa, Drilonereis nuda, Labidognathus forcipes,
Notocirrus attenuates, and Notocirrus californiensis. The
chaetation of the three members of Oenonidae that were included into the molecular analysis can therefore be regarded
as representative for the entire group (Table 1).
Dorvilleidae Except for Parapodrillus psammophilus, all
dorvilleids included into the molecular study bear simple
and compound capillary chaetae. P. psammodrilus which
groups with two Ophryotrocha species in our analysis lacks
compound capillary chaetae. The remaining three dorvilleid
species we included into our analysis, Protodorvillea
kefersteinii, Schistomeringos rudolphi, and Dorvillea
erucaeformis, additionally bear furcate chaetae. This type of
chaetae is unique within Eunicida and absent in other
eunicidan families (Hartmann-Schröder et al. 1996; Jumars
1974). Furcate chaetae are also present in Dorvillea australiensis
(Fig. 4) and further species, like Protodorvillea gracilis,
Dorvillea moniloceras, Dorvillea atlantica, and Dorvillea
articulata (Hartmann-Schröder et al. 1996; Jumars 1974).
Vestigial chaetal elements of the notopodia were neither
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Fig. 3 SEM micrographs of the
parapodia of a Lumbrineris
fragilis, b Arabella iricolor, d
Eunice torquata, e Lysicidice
ninetta, and f Marphysa bellii.
Extended focus digital
micrograph of c Diopatra
neapolitana. HH hooded hooks,
CHH compound hooded hooks,
CC capillary chaetae, CCC
compound capillary chaetae, CbC
comb-shaped chaetae

observed in the studied Ophryotrocha species nor mentioned
in the literature (Table 1). Other dorvilleid species, namely
Protodorvillea gracilis, Dorvillea moniloceras, Dorvillea
atlantica, Dorvillea articulata, Dorvillea erucaeformis, and
Schistomeringos rudolphi (Hartman 1968; HartmannSchröder et al. 1996; Jumars 1974) still possess notopodial chaetal
elements inside the dorsal cirrus. Aciculae are present in all
dorvilleids.
Onuphidae Like Diopatra neapolitana, all onuphid species
included in our analysis possess simple capillary chaetae,
simple hooded hooks, and comb-shaped chaetae (Figs. 3c
and 4). The hooded hooks are bidentate, and the hood
only covers the apical portion of the chaetae partially.
Hartman (1968) also mentions compound hooded hooks
in the onuphid species Nothria iridescens, Nothria
stigmatis, Nothria pallida, Onuphis eremita, Onuphis

litoralis, Onuphis parva, Onuphis nebulosa, and compound capillary chaetae in Nothria stigmatis, Onuphis
nebulosa, and Rhamphobranchium langisetum (Table 1).
In compound hooded hooks, the hinge is basal to the
hood. These species were not part of the molecular analysis. Drawings in the literature (Hartman 1968; Paxton
1998) indicate that there are rudimentary notopodial chaetae internalized in the dorsal cirri of Onuphis vexillaria,
Nothria stigmatis, Onuphis eremita, Onuphis litoralis,
Onuphis microcephala, Diopatra dentate, Diopatra
aciculata, Diopatra chilienis, and Diopatra neopolitana
(Table 1). Aciculae are present in all onuphids.
Eunicidae Eunicidae is the largest eunicidan subtaxon and
is represented with 28 species in our analysis. The group
displays the highest diversity of chaetal types. Except for
furcate chaetae, all described chaetal types are present in
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Fig. 4 Best maximum likelihood
(ML) tree of the RAxML analysis
of the data set comprising 50 taxa
and 3 genes (COI, 16S, 18S).
Indent, ML tree topology
including branchlengths (scale
5.0). * Bootstrap support=100.
HH hooded hooks, CHH
compound hooded hooks, CC
capillary chaetae, CCC
compound capillary chaetae, CbC
comb-shaped chaetae, FC furcate
chaetae. Absence and presence of
chaetae types in a species are
mapped on to the tree with boxes
(black present, white absent)

Eunicidae. In Eunice torquata and Lysidice ninetta simple
capillary chaetae, simple and compound hooded hooks
and comb-shaped chaetae are present (Fig. 1c, d).
Simple hooded hooks are bidentate, and the hood only
partially covers the apical portion of the chaetae. In
Eunice torquata, the hood is preformed by a single
horseshoe-shaped row of flattened and broad microvilli
arising from the apical most portion of the chaetoblast
(Fig. 2b). In compound hooded hooks, the hinge is basal
to the hood. In Palolo viridis and Palolo siciliensis,
comb-shaped chaetae are absent (Fauchald 1992).
Compound capillary chaetae are present in Eunice
implexa (Fig. 4), Palolo paloloides (Fauchald 1992;
Hartman 1968), and all Marphysa species and can be seen
in the SEM images of Marphysa bellii (Fig. 3f).
Notopodial chaetae are present in Eunice torquata nested
inside the dorsal cirrus but are absent in Lysidice ninetta

and Marphsa bellii (Fig. 1d, c). Aciculae are present in all
eunicids.
Larval chaetae
Larvae of Lumbrineris sp. and different ontogenetic
stages of Ophryotrocha sp. were studied in order to document ontogenetic changes in chaetation. Larval stages
of Lumbrineris sp. initially only possess simple capillary
chaetae (Fig. 5b). Hooded hooked chaetae only appear
later in the ontogeny. In Ophryotrocha, however, all larval stages had the same set of chaetae as adult animals.
No variations or changes in chaetation were observed
throughout the ontogeny (Fig. 5a). Early larval stages
of Diopatra sp. only bear capillary chaetae as well, indicating that additional chaetal types are added later in the
ontogeny (Fig. 5c)
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Fig. 5 Micrographs showing
larval chaetae. a Confocal zprojection of phalloidin-stained
Ophryotrocha sp. larva. b
Confocal z-projection of
phalloidin-stained of Lumrineris
sp. larva. Red, phalloidin; blue,
chaetal autofluorescence. c SEM
micrograph of Diopatra sp. larva.
CC capillary chaetae, CCC
compound capillary chaetae, AC
acicula

Character transformations
Maximum likelihood transformations are shown for simple (Fig. 6a) and compound hooded hooks (Fig. 6d),
comb-shaped chaetae (Fig. 6b), and compound capillary
chaetae (Fig. 6c). Since furcate chaetae only appear within
Dorvilleidae, the maximum likelihood transformation suggests that this chaetal type evolved once within
dorvilleids. Simple capillaries are present in all Eunicids
and the outgroup.
Among Eunicidae, simple hooded hooks are only absent in Oenonidae and Dorvilleidae. The maximum likelihood transformation shows that the last common ancestor of these two taxa had no hooded hooks with a proportional likelihood of 0.86. Hooded hooks are not present in
the outgroup, and the maximum likelihood transformation
shows some ambiguity for the evolution of hooded hooks
(Fig. 6a). Their absence in the last common ancestor of
Eunicida has a low proportional likelihood value of 0.62,
and absence in the last common ancestor of all nonlumbrinerid Eunicida has a proportional likelihood value
of 0.66. This scenario reflects the most likely possibility
that simple hooded hooks evolved independently in

Lumbrineridae and Eunicidae/Onuphidae and that the absence in Dorvilleidae/Oeononidae is not a loss.
With regard to comb-shaped chaetae, the transformation (Fig. 6b) suggests that the plesiomorphic condition
for Eunicida is the lack of such chaetae and that they
evolved once in the stem lineage for Onuphidae and
Eunicidae (proportional likelihood > 0.99). Within
Eunicidae, these comb-shaped chaetae have been lost in
Palolo viridis and Palolo siciliensis (proportional likelihood>0.97).
A relatively high proportional likelihood value (prop.
likelihood>0.90) indicates that the absence of compound
capillary chaetae is plesiomorphic for Eunicida (Fig. 6c).
This is shown across most other nodes. The distribution of
compound capillaries within Eunicida suggests that these
have evolved at least three times within this taxon; once
within Dorvilleidae, once in a lineage including Eunice
implexa and Palolo paloloides, and once in the
Marphysa lineage.
The transformation analysis and the distribution of compound hooded hooks suggest that this chaetal type evolved
once within Lumbrineridae (Fig. 6d) and once for the
Eunicidae (prop. likelihood>0.98).
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Fig. 6 Maximum likelihood
transformations for the absence
and presence of a hooded hooks,
b comb-shaped chaetae, c
compound capillary chaetae, and
d compound hooded hooks.
Scores (for the most likely states)
are provided when the estimated
proportional likelihood was lower
than 95 %. black present, white
absent. Colored boxes
surrounding the clades as in Fig. 4

Discussion
Homology of hooded hooks and the evolution of Bjoints^
in hooded hooks
Hooded hooked chaetae are not unique to Eunicida;
Capitellida and Spionida also possess such chaetae with a
hood-like structure. Based on current phylogenetic hypotheses, these would appear to have evolved separately in these
two clades (Andrade et al. 2015; Struck et al. 2015) and so are
convergent. The formation of the hood differs between them,
further supporting their nonhomology (Tilic et al. 2014).
Our study shows that hooded hooks within Eunicida differ
in their apical structure. Irrespective of being simple or

compound, hooded hooks of lumbrinerid species are
multidentate, while those of onuphid and eunicid species are
bidentate (Fig. 7a–d). These differences may either result from
transformation (multidentate to bidentate or vice versa and
simple to compound or vice versa), so that all eunicidan hooded hooks are homologous (Fig. 7) or may indicate convergent
evolution. The latter is slightly supported by the proportional
likelihood values that indicate primary absence of hooded
hooks in the last common ancestor of Eunicida as well as in
the last common ancestor of Eunicida excluding
Lumbrineridae (Fig. 6a). According to these values, one could
expect that formation of hooded hooks in lumbrinerids differs
from that in Eunicidae/Onuphidae. Our preliminary data indicate that there are actually differences in the formation of the
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hood. In Lumbrineris tetraura, multiple rows of microvilli
form the template of the hood which thus consists when fully
developed of an inner and an outer layer with irregularly arranged chitinous tubes in between (Tilic et al. 2014) while it is
a simple sheath in Eunice torquata, preformed by a single row
of modified microvilli (Fig. 2b). The question on how often a
hinge evolved, however, remains to be solved. Provided the
observed differences turn out to be representative, a hinge
evolved at least twice, once within the Lumbrineridae and
once in Eunicidae.
Comb-shaped chaetae
Comb-shaped chaetae or similar looking forked chaetae are
not only present Eunicida, they occur in a variety of other
polychaete taxa such as Orbiniidae, Scalibregmatidae,
Paraonidae, and Nephtyidae (Hausam and Bartolomaeus
2001; Hausen 2005).
Orbiniid forked chaetae are characterized by two tines that
fuse toward the base forming the shaft. In between these tines
several spines originate. Hausam and Bartolomaeus (2001)
described the chaetogenesis of forked chaetae in Orbinia
latreilii (Orbiniidae). During chaetal formation, both tines
are formed by two separate bundles of microvilli on the
chaetoblast surface. Later, additional microvilli occur at intervals on the inner margins of the tines to form the spines. In
contrast to the tines, each spine is formed by a single large
microvillus (Hausam and Bartolomaeus 2001). A study of the
ultrastructure and chaetal formation of comb-shaped chaetae
in Euncidae is currently underway (Tilic and Bartolomaeus, in
progress).
In Eunicida, comb-shaped chaetae are restricted to species
of Onuphidae and Eunicidae and are absent in the remaining
taxa (Fig. 6b). The proportional likelihood value for their
presence is 0.99 in the last common ancestor of Eunicidae
and Onuphidae, clearly supports their convergent evolution
with those seen in other annelids, which are phylogenetically
distant (Andrade et al. 2015; Struck et al. 2015).

E. Tilic et al.

and are therefore often also referred to as pseudocompound chaetae with double ligaments (Merz and
Woodin 2006; Rouse and Fauchald 1997). Compound
capillary chaetae can also be found in certain members
of the paedomorphic meiofaunal taxon Nerillidae
(Worsaae 2014). However, interestingly, the basally
branching taxa w ithin N erillidae (e.g., N erilla,
Meganerilla) only possess simple capillary chaetae
(Worsaae 2005). According to the recent phylogenomic
analysis by Struck et al. (2015), Nerillidae are placed
within Sedentaria in a clade together with Orbiniidae
and Parergodrilidae. Other taxa within Sedentaria like
Flabelligeridae and Acrocirridae also posses similar chaetal elements, where the chaetal shaft is interrupted by a
thinning (Caullery and Mesnil 1898; Hartman and
Fauchald 1971; Osborn and Rouse 2011). The compound
chaetae of these sedentary annelids lack a socket and ligament, which also appears to be the case in Nerillidae
(Worsaae et al. 2005).
Merz and Edwards’s (1998) experimental study provides
important insights into the possible functionality of jointed
chaetae in Ophiodromus pugettensis (Hesionidae:
Phyllodocida). Herein, they show that flexible joints in chaetae significantly increase the locomotory performance of the
worm. Considering this clear functional gain and the distribution of compound chaetae within Eunicida (Figs. 6c, d and 7),
as well as in the outgroups, a convergent evolution of joints
and similar structures that form a segmented shaft seems
plausible.
However, as stated in Rouse and Fauchald (1997) and
Merz and Woodin (2006), the details of the morphology of
compound chaetae have not been explored thoroughly. Until
there is evidence from ultrastructural and developmental data
for detailed similarity or even identity of these joints, we assume that they evolved several times independently.

Evolution of compound chaetae
Compound or Bjointed^ chaetae are found in a variety of
polychaete taxa. Jointed chaetae, with a real joint-like
structure, consisting of a socket and a ligament, are only
known from several families within Phyllodocida
(Bartolomaeus 1998; Merz and Woodin 2006; O’Clair
and Cloney 1974). This type of jointed chaetae only has
a single ligament (Rouse and Fauchald 1997).
Chaetogenesis of these jointed chaetae were studied and
described in detail by Gustus and Cloney (1973) and
O’Clair and Cloney (1974) in larval and adult Nereis
vexillosa (Phyllodocida). In contrast to Phyllodocida compound chaetae in eunicidan species do not have a socket

Fig. 7 Homology hypotheses of hooded hooks in Eunicida. a, b
Multidentate hooded hooks of lumbrinerid species; c, d bidentate
hooded hooks of onuphid and eunicid species
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Increasing diversity of chaetal types
Except for a subgroup of Euncidae and in Ophryotrocha species, internalized notopodial chaetae are present in all
Eunicida. Since notopodial chaetae without a notopodium
can hardly be explained, we assume that the notopodium
was reduced in the eunicidan stem lineage while the aciculae
were kept (Tilic et al. 2014). To our understanding of chaetal
function, it seems likely that the aciculae are included into a
new functional context, so that their presence was positively
selected. Studies into the parapodial muscular system and into
the locomotion could help analyze the function of these remaining notopodial chaetae.
When we started our study, we expected increasing diversity of chaetal types. This assumption could actually be largely
confirmed (Fig. 8). Without doubt, aciculae and capillary
chaetae are present in the last common ancestor. This condition is retained in Oenonidae, whereas in the remaining
groups, chaetal type diversity increases. Some chaetae are
specific for subgroups, like furcate chaetae, that are restricted

Fig. 8 Maximum likelihood
transformations for the number of
chaetal types (aciculae and
vestigial notopodial chaetae not
included) coded as character
states. Scores (for the most likely
states) are provided in eunicidan
lineages when the estimated
proportional likelihood was lower
than 95 %. Colored boxes
surrounding the clades as in Fig. 4
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to Dorvilleidae or multidentate hooded hooks that are restricted to Lumbrineridae. In the stem lineage of Onuphidae and
Eunicidae most likely comb-shaped chaetae and probably
bidentate hooded hooks were added to the primary set of
chaetae. There is also some evidence that hinges evolved repeatedly in hooded hooks and capillary chaetae.
Generally, the diversity of chaetal types increases during
ontogeny of polychaete worms. In Lumbrineris and Diopatra,
for example, the early larval stages and juveniles only bear
capillary chaetae (Fig. 5b, c) and additional chaetal types like
the hooded hooks only appear in later stages. Okuda (1946)
describes the development of Lumbrineris laterilli with regard
to chaetae in great detail. Here, hooded hooks appear only
after the seven-chaetiger stage. Increasing of chaetal diversity
during development has also been described outside the
Eunicida. In Neanthes sp. (Phyllodocida), the first two
chaetiger stages only bear ordinary jointed homogomph
falcigers, from the third chaetiger onward, heterogomph
falcigers and later heterogomph spinigers appear (Okuda
1946). These observations also provide a framework to
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explain secondary loss of chaetal diversity. Provided that a
species gets fertile at an early developmental stage as a result
of progenetic evolution, it should retain the simple (larval)
chaetation as a result of truncated chaetal diversification.
Progenesis thus could be a proper explanation for secondary
loss of chaetal diversity. In Histrobdellidae, which group together with Dorvilleidae (not shown) chaetation is lost
completely, most probably as an adaptation to their symbiotic
lifestyle. This shows that drastic changes in lifestyle (e.g.,
symbiotism and parasitism) can also be a further explanation
for the loss of chaetation and chaetal diversity.
The distribution of different chaetae within Eunicida and
this increasing diversity of chaetal types (Fig. 8) support the
idea of a radiation and diversification of chaetae within this
taxon from a more Bsimple^ set of chaetae, whereby additional chaetal types are added during ontogeny and are not present
from the first larval stages onward. We therefore expect that
chaetal diversity is underlain by a gene regulatory network
and suggest taking a closer look into it.
Acknowledgments This work has been carried out during a research
visit of ET to the Scripps Institution of Oceanography, which was funded
by the German Academic Exchange Service (DAAD) (Grant No.
91536193-57044987). Our thanks are also due to the staff of the
Laboratoire de Biologie Marine Concarneau (France, Brittany).

Compliance with ethical standards All applicable international, national, and/or institutional guidelines for the care and use of animals were
followed.
Conflict of interest The authors declare that they have no conflict of
interest.

References
Aguado, M. T., Nygren, A., & Rouse, G. W. (2013). Two apparently
unrelated groups of symbiotic annelids, Nautiliniellidae and
Calamyzidae (Phyllodocida, Annelida), are a clade of derived
chrysopetalid polychaetes. Cladistics, 29, 610–628.
Andrade, S. C. S., Novo, M., Kawauchi, G. Y., Worsaae, K., Pleijel, F.,
Giribet, G., & Rouse, G. W. (2015). Articulating Barchiannelids^:
phylogenomics and annelid relationships, with emphasis on
meiofaunal taxa. Molecular Biology and Evolution. doi:10.1093/
molbev/msv157.
Bartolomaeus, T. (1998). Chaetogenesis in polychaetous Annelida: significance for annelid systematics and the position of the
Pogonophora. Zoology, 100, 348–364.
Bouligand, Y. (1967). Les soies et les cellules associées chez deux
Annélides Polychètes. Zeitschrift für Zellforschung und
mikroskopische Anatomie, 79(3), 332–363.
Carrera-Parra, L. (2006). Revision of Lumbrineris de Blainville, 1828
(Polychaeta: Lumbrineridae). Zootaxa, 1336, 1–64.
Caullery, M., & Mesnil, F. (1898). Les formes épitoques et l'évolution des
cirratuliens. Annales de l'Université de Lyon, 39, 1–200.

E. Tilic et al.
Fauchald, K. (1977). The polychaete worms: definitions and keys to the
orders, families and genera. Los Angeles: Natural History Museum
of Los Angeles County.
Fauchald, K. (1982). Revision of onuphis, nothria,
and paradiopatra (Polychaeta: Onuphidae) based upon type material. Washington DC: Smithsonian Institution Press.
Fauchald, K. (1992). A review of the genus Eunice (Polychaeta:
Eunicidae) based upon type material. Washington, DC:
Smithsonian Institution Press.
Gustus, R. M., & Cloney, R. A. (1973). Ultrastructure of the larval compound setae of the polychaete Nereis vexillosa Grube. Journal of
Morphology, 140, 355–366.
Hartman, O. (1968). Atlas of the errantiate polychaetous annelids from
California. Los Angeles: Allan Hancock Foundation, University of
Southern California Press.
Hartman, O., & Fauchald, K. (1971). Deep-water benthic polychaetes off
New England to Bermuda and other North Atlantic areas. Allan
Hancock Monographs in Marine Biology, 6, 1–327.
Hartmann-Schröder, G., Dahl, F., & Schumann, H. (1996). Teil:
Annelida- Borstenwürmer - Polychaeta (Vol. 58). Jena: Gustav
Fischer Verlag.
Hausam, B., & Bartolomaeus, T. (2001). Ultrastructure and development
of forked and capillary setae in the polychaetes Orbinia bioreti and
Orbinia latreillii (Annelida: Orbiniidae). Invertebrate Biology,
120(1), 13–28.
Hausen, H. (2005). Chaetae and chaetogenesis in polychaetes (Annelida).
Hydrobiologia, 535–536(1), 37–52.
Jumars, P. A. (1974). A generic revision of the Dorvilleidae (Polychaeta),
with six new species from the deep North Pacific. Zoological
Journal of the Linnean Society, 54(March), 101–135.
Katoh, K., Misawa, K., Kuma, K., & Miyata, T. (2002). MAFFT: a novel
method for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Research, 30(14), 3059–3066.
Lewis, P. O. (2001). A likelihood approach to estimating phylogeny from
discrete morphological character data. Systematic Biology, 50(6),
913–925.
Maddison, W. P., & Maddison, D. R. (2015). Mesquite: a modular system
for evolutionary analysis. http://mesquiteproject.org.
Merz, R. A. (2015). Textures and traction: how tube-dwelling polychaetes
get a leg up. Invertebrate Biology, 134(1), 61–77.
Merz, R. A., & Edwards, D. R. (1998). Jointed setae—their role in locomotion and gait transitions in polychaete worms. Journal of
Experimental Marine Biology and Ecology, 228, 273–290.
Merz, R. A., & Woodin, S. A. (2000). Hooked setae: tests of the anchor
hypothesis. Invertebrate Biology, 19, 67–82.
Merz, R. A., & Woodin, S. (2006). Polychaete chaetae: function, fossils,
and phylogeny. Integrative and Comparative Biology, 46(4), 481–
496.
Nation, J. L. (1983). A new method using hexamethyldisilazane for preparation of soft insect tissues for scanning electron microscopy.
Biotechnic & Histochemistry, 58(6), 347–351.
O’Clair, R., & Cloney, R. (1974). Patterns of morphogenesis mediated by
dynamic microvilli: chaetogenesis in Nereis vexillosa. Cell and
Tissue Research, 151(2), 141–157.
Okuda, S. (1946). Studies on the Development of Annelida Polychaeta I
(With 17 Plates and 33 Textfigures). Journal of the Faculty of
Science Hokkaido Imperial University Series VI. Zoology, 9(2),
115–219.
Osborn, K. J., & Rouse, G. W. (2011). Phylogenetics of Acrocirridae and
Flabelligeridae (Cirratuliformia, Annelida). Zoologica Scripta,
40(2), 204–219.
Paxton, H. (1998). The Diopatra chiliensis confusion—redescription of
D. chiliensis (Polychaeta, Onuphidae) and implicated species.
Zoologica Scripta, 27(1), 31–48.
Pernet, B. (2000). A scaleworm’s setal snorkel. Invertebrate Biology,
119(2), 147–151.

Chaetal type diversity increases during evolution of Eunicida
Purschke, G. (1987). Anatomy and ultrastructure of ventral pharyngeal
organs and their phylogenetic importance in Polychaeta (Annelida).
IV. The pharynx and jaws of the Dorvilleidae. Acta Zoologica,
68(2), 83–105.
Rouse, G. W., & Fauchald, K. (1997). Cladistics and polychaetes.
Zoologica Scripta, 26(2), 139–204.
Rouse, G. W., & Pleijel, F. (2001). Polychaetes. Oxford, New York:
Oxford University Press.
Schroeder, P. (1984). Chaetae. In J. Bereiter-Hahn, A. G. Matoltsy, & K.
S. Richards (Eds.), Biology of the integument (pp. 297–309). Berlin:
Springer.
Silvestro, D., & Michalak, I. (2012). raxmlGUI: a graphical front-end for
RAxML. Organisms Diversity & Evolution, 12(4), 335–337.
Specht, A., & Westheide, W. (1988). Intra-and interspecific ultrastructural
character variation: the chaetation of the Microphthalmus listensis species group (Polychaeta, Hesionidae). Zoomorphology, 107, 371–376.
Stamatakis, A. (2006). RAxML-VI-HPC: maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics, 22(21), 2688–2690.
Struck, T. H., Purschke, G., & Halanych, K. M. (2006). Phylogeny of
Eunicida (Annelida) and exploring data congruence using a partition
addition bootstrap alteration (PABA) approach. Systematic Biology,
55(1), 1–20.
Struck, T. H., Golombek, A., Weigert, A., Franke, F. A., Westheide, W., &
Purschke, G., et al. (2015). The evolution of annelids reveals two
adaptive routes to the interstitial realm. Current Biology, 25(15),
1993–1999.

119
Swofford, D. L. (2002). PAUP* version 4.0. Phylogenetic analysis using
parsimony (and other methods). Sinauer Associates, Sunderland,
MA.
Tilic, E., Hausen, H., & Bartolomaeus, T. (2014). Chaetal arrangement
and chaetogenesis of hooded hooks in Lumbrineris (Scoletoma)
fragilis and Lumbrineris tetraura (Eunicida, Annelida).
Invertebrate Biology, 133(4), 354–370.
Woodin, S. A., & Merz, R. A. (1987). Holding on by their hooks: anchors
for worms. Evolution, 41(2), 427–432.
Worsaae, K. (2005). Phylogeny of Nerillidae (Polychaeta, Annelida) as
inferred from combined 18S rDNA and morphological data.
Cladistics, 21, 143–162. doi:10.1111/j.1096-0031.2005.00058.x.
Worsaae, K. (2014) Nerillidae Levinsen, 1883. In Westheide, W., &
Purschke, G. (Eds.), Annelida polychaetes, handbook of zoology
online. De Gruyter. http://www.degruyter.com/view/Zoology/bp_
029147-6-10. Accessed 16 Nov 2015.
Worsaae, K., Nygren, A., Rouse, G. W., et al. (2005). Phylogenetic position of Nerillidae and Aberranta (Polychaeta, Annelida), analysed by
direct optimization of combined molecular and morphological data.
Zoolgica Scripta, 34, 313–328. doi:10.1111/j.1463-6409.2005.
00190.x.
Zanol, J., Halanych, K. M., Struck, T. H., & Fauchald, K. (2010).
Phylogeny of the bristle worm family Eunicidae (Eunicida,
Annelida) and the phylogenetic utility of noncongruent 16S, COI
and 18S in combined analyses. Molecular Phylogenetics and
Evolution, 55(2), 660–676.

