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Abstract
Pseudovermidae is the only clade of nudibranchs entirely comprised of mesopsammic species probably resulting from paedo-
morphosis. These minute slugs show a worldwide distribution with most lineages described from European waters. The present
study redescribes the type species of Pseudovermidae, Pseudovermis paradoxus Pereyaslavtzeva, 1891, from the Black Sea with
modern methodology. We provide computer-based 3D reconstructions of all organ systems and ultrastructural data on the
digestive and renopericardial systems. Several aspects of the external morphology and the highly concentrated central nervous
system in P. paradoxus are paedomorphic. The presence of a vestigial pericardium without a heart is interpreted as co-adaptation
to the minute, vermiform bodywith a relatively large surface. The (partially) triaulic hermaphroditic genital system shows a small
penis, suggesting true copulation as mode of sperm transfer. We provide a molecular barcode and a neotype in line with our
detailed 3D microanatomy and ultrastructural data to establish a baseline for revision of Pseudovermidae. The current taxonomy
of Pseudovermidae in European waters is likely artificially inflated, impeding a better understanding of distribution and diver-
sification within the clade. Our study highlights the need for a taxonomic revision of European pseudovermid species based on
molecular data, as traditional taxonomic characters mostly present a higher intraspecific rather than interspecific variation or
might present artifacts (i.e., Bdenticulated^ jaws).
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Introduction

Documentation of the diversity of marine meiofauna dates
back to the nineteenth century but is by far not yet completed.
The mesopsammon still reveals unknown body plans and life
strategies on all different levels of the systematic hierarchy

and challenges taxonomists in giving precise diversity esti-
mates. The taxonomic deficit in meiofauna is especially pro-
nounced in the tropics with the majority of tropical sand hab-
itats still unsampled and many new forms awaiting discovery
(e.g., Snelgrove 1999; Curini-Galletti et al. 2012; Jörger et al.
2014a). In contrast, the meiofauna of the European coasts is
comparably well studied concerning taxonomy and diversity
as well as ecological relationships (see, e.g., Kowalevsky
1901a, b; Remane 1933, 1952; Swedmark 1964; Ax 1969;
Salvini-Plawen 1984; Poizat 1986, 1991) due to a long tradi-
tion of meiofaunal research at several large European research
stations. Nevertheless, even in European waters a recent study
on the diversity of soft-bodiedmeiofauna revealed that 37% of
the discovered lineages were new to science (Curini-Galletti
et al. 2012). Moreover, the application of modern approaches
like advanced microanatomy and ultrastructure (e.g., Jörger
et al. 2009; Leasi and Todaro 2009; Neusser et al. 2011) or
molecular barcoding (e.g., Jörger et al. 2012; Leasi and
Norenburg 2014; Meyer-Wachsmuth et al. 2014) enables a
critical re-evaluation of species boundaries of established
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species adding knowledge to distribution ranges and leading
to more reliable species estimates for conservation attempts.

Several different lineages of sea slugs permanently inhabit
the marine mesopsammon and partially show highly aberrant
body plans, challenging taxonomists in placing them in a sys-
tematic context (see Arnaud et al. 1986; Jörger et al. 2014a).
One of the most unusual worm-shaped representatives of the
mesopsammic malacofauna was first discovered by Sophia
Pereyaslavtzeva in 1884 from Sevastopol (Black Sea)
(Pereyaslavtzeva 1891). Sophia was the head of the marine
biological station at Sevastopol and female pioneer on the
exploration of the Black Sea marine fauna (Koblitz 2000;
Martynov and Korshunova 2011; Shadrin 2011), with a spe-
c ia l focus on Black Sea turbel la r ian f la tworms
(Pereyaslavtzeva 1893). She described the genus
Pseudovermis and its type species P. paradoxus already rec-
ognizing the gastropod nature of this unusual Bworm^
(Pereyaslavtzeva 1891). Shortly later, Kowalevsky (1901a)
reinvestigated P. paradoxus to classify it as a minute nudi-
branch with a potential relationship with the epibenthic
cladobranch Tergipes (Tergipedidae).

To this day, the phylogenetic relat ionships of
Pseudovermidae are still unresolved: Thiele (1931)
established Pseudovermis as a monotypic genus of the family
Pseudovermidae and followed Kowalevsky’s (1901a) as-
sumption in classifying Pseudovermis within the superfamily
Aeolidioidea (Thiele 1929, as Aeolidiacea). Currently,
Pseudovermidae remains as unassigned family among
Cladobranchia (Bouchet et al. 2017) and its phylogenetic re-
lationships have never been tested by cladistic approaches.
The monophyly of Aeolidioidea (in its broader sense) is poor-
ly supported based on comprehensive analyses of morpholog-
ical data (Wägele and Willan 2000) or even rendered
paraphyletic if more taxa (i.e., Hancockia and Embletonia)
were added (Martin et al. 2009, 2010). Moreover, recent mo-
lecular approaches substantially rearranged euthyneuran sys-
tematics: Nudibranchia are placed in a basal position and tra-
ditional BOpisthobranchia^ were uncovered as paraphyletic
(Klussmann-Kolb et al. 2008; Jörger et al. 2010; Wägele
et al. 2014). Within Nudibranchia, Cladobranchia were re-
trieved as monophyletic (with the exclusion ofMelibe, which
might, however, suffer from long-branch attraction) in a phy-
logenetic study based on nuclear and mitochondrial standard
markers, but the relationships among cladobranch clades as
well as a potential monophyly of Aeolidioidea remained un-
resolved (Pola and Gosliner 2010). So far, molecular phylog-
enies of Cladobranchia still lack important taxa to evaluate the
monophyly of major clades (Goodheart et al. 2015, 2017;
Goodhear t 2017) . Mo lecu l a r s t ud i e s i nc lud ing
Pseudovermis are limited to a conference abstract based
on two mitochondrial markers, wherein Embletonia
gracilis Risbec, 1928 (Embletoniidae) and Pseudovermis
sp. clustered basal to all other Aeolidioidea and

Dendronotacea (Alejandrino 2007). The phylogenetic rela-
tionships of Pseudovermidae within Nudibranchia, there-
fore, require further investigation, but molecular data is
still unavailable and phylogenetic analyses based on mor-
phological markers are up to now hindered by a lack of
reliable microanatomical data.

Since the original descriptions, pseudovermid species have
been discovered in temperate and tropical waters worldwide
and the family currently comprises a single genus with 16
valid species (see Hughes 1991; Urgorri et al. 1991;
WoRMS Editor ial Board 2018). Nine species of
Pseudovermis are currently reported from European waters
(mostly from the Mediterranean Sea), but this likely presents
an artificial diversity hot spot due to comparably intense sam-
pling in the area. Species delineation in Pseudovermis is prob-
lematic, being largely based on external morphology and char-
acters of jaws and radula, characters with partially more intra-
specific than interspecific variation (Salvini-Plawen and
Sterrer 1968; Urgorri et al. 1991). To revise species delinea-
tions of European pseudovermids, detailed microanatomical
redescriptions are needed to fill the knowledge gaps in the
original descriptions (e.g., the incomplete description of the
reproductive system inP. paradoxus; see Kowalevsky 1901a).
Jörger et al. (2014b) recently redescribed Pseudovermis
salamandrops Marcus, 1953a: the authors highlighted the
need to thoroughly check and revise original data, pointed
at the intraspecific variability of external features used as
taxonomic characters, such as the number of cerata, and
di scussed the pu ta t ive paedomorph ic or ig in of
Pseudvermidae.

Paedomorphosis is the retention of larval or juvenile mor-
phological features of ancestors in the adult stages of their
descendants due to shifts of sexual development in relation
to the development of other organ systems, either acceleration
(progenesis) or retardation (neoteny) (Gould 1977;
McNamara 1986; Rundell and Leander 2010; Martynov
2012). Paedomorphosis in form of progenesis is considered
as an important principle in the evolution of meiofauna
(Westheide 1987). Paedomorphic features are indeed found
in many meiofaunal slugs (Brenzinger et al. 2013a; Jörger
et al. 2014a), and—unrecognized—can lead to erroneous phy-
logenetic interpretations, which was previously shown, e.g., in
corambid (Martynov and Schrödl 2011) and cuthonid nudi-
branchs (Korshunova et al. 2018).

In the present study, we take a first step toward the taxo-
nomic clarification of European Pseudovermidae by
redescribing the type species, Pseudovermis paradoxus, using
modern 3D imaging technique and providing a molecular
barcode. We present a complete 3D microanatomical rede-
scription of all major organ systems ofP. paradoxus combined
with first ultrastructural data on radula and jaws as well as on
circulatory and excretory systems and cnidosacs. The aims of
the study are (1) to contribute reliable morphological data and
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a molecular barcode to clarify the taxonomic status of
European pseudovermid lineages for future research, (2) to
gather microanatomical data to discuss plesiomorphic charac-
ter states in Pseudovermidae allowing for phylogenetic hy-
potheses on sister group relationships, and (3) to explore mor-
phological adaptations related to the meiofaunal habitat.

Material and methods

Sampling and fixation

In June 2009, sand samples were collected via scuba diving by
Julia Habel at a depth of 14 m close to the type locality of
P. paradoxus near Sevastopol on the Crimea Peninsula
(Olenevka, Cape Tarkhankut: 45°20.53′N, 32°30.48′E).
Eleven specimens of P. paradoxus and several egg masses
were extracted from coarse sand samples and shell grit apply-
ing a decantation technique with a MgCl2-seawater solution
(see Jörger et al. 2014a). P. paradoxus co-occurred with other
interstitial molluscs such as the littorinomorph Caecum sp.
and the acochlidian Pontohedyle milaschewitchii
(Kowalevsky 1901b). Prior to fixation specimens were re-
laxed with a solution of isotonic MgCl2. All specimens were
observed alive and external characteristics were noted. Five
specimens were fixed in 99% ethanol for molecular analyses.
For microanatomical examination six specimens were pre-
served in 4% glutardialdehyde in 0.2 M sodium cacodylate
buffer. All material of the present study is deposited in the
Bavarian State Collect ion of Zoology, Mollusca
Section (accession numbers ZSM Mol-20100565, Mol-
20100566 and Mol-20100567).

In July and August 2007 and 2009 TatianaKorshunova and
Alexander Martynov collected and observed several addition-
al specimens (including egg mass, mentioned in Martynov
and Korshunova 2011) of P. paradoxuswithin Sevastopol city
area, Crimea (Chersonesus Bay, at 10-m depth, close to the
original type locality in Boen Bay, presently Martynova Bay,
Pereyaslavtzeva 1891; Martynov et al. 2007). Three speci-
mens from the latter sampling are registered at the
Zoological Museum of the Moscow State University
(ZMMU Op-178) and were used for comparison on external
morphology, radula ultrastructure and ecological
observations.

Embedding and histology

The glutardialdehyde-fixed specimens were post-fixed in
buffered 1% OsO4 for 1.5 h in the laboratory, decalcified in
1% ascorbic acid overnight, dehydrated in an acetone series
(30, 50, 70, 90, 100%), and embedded in Epon epoxy resin. A
series of ribboned semithin sections of 1.5 μm (ZSM Mol-
20100567) and two series of 1 μm (ZSM Mol-20100565 and

Mol-20100566) were prepared with an RCM MT7000 ultra-
microtome using a diamond knife (Histo Jumbo, Diatome,
Biel, Switzerland), following the protocol of Ruthensteiner
(2008). The sections were stained with methylene blue-azure
II according to Richardson et al. (1960) and scanned with an
Olympus® dotSlide microscope using the ×20 objective.
Scanned images (.vsi format) were loaded into the image
viewer software OlyVIA® (Olympus Soft Imaging
Solutions GmbH) and each section was recorded as a digital
image with the ×10 (ZSM Mol-20100567) and ×22 magnifi-
cation (ZSMMol-20100565). Subsequently, all digital images
were editedwith Adobe Photoshop® by batch processing; i.e.,
images were contrast enhanced, unsharp masked, and convert-
ed to a greyscale format (8 bit). The 3D-rendering software
Amira® 5.4.4 (FEI, Visualization Sciences Group, USA) was
used to create a 3D reconstruction of the microanatomy of
P. paradoxus following the outline of Ruthensteiner (2008).
All organ systems of the specimen with the number ZSM
Mol-20100567 were reconstructed. The specimen ZSM
Mol-20100565 was used for further examination of the
digestive and reproductive systems and for 3D reconstruc-
tion of the central nervous system. Microanatomical char-
acters were investigated comparatively on all section
series.

Scanning electron microscopy

One specimen of P. paradoxus (ZSM Mol-20090476) was
dissolved for radula preparation. The tissue was lysed by a
Proteinase K solution in lysis buffer (Quiagen GmbH,
Hilden, Germany). Radula and jaws were documented via
light microscopy with the LEICA DMBRE Microscope
(Leica Mikrosysteme Vertrieb GmbH, Germany) during the
maceration process. The remaining tissue of the pharynx was
removed manually with the fine dissection pins under a dis-
secting microscope. After three rinsing steps in distilled water,
radula and jaws were mounted on a stub and sputter coated
with gold for 180 s using the Polaron SEM Coating System
(Quorum Technologies Ltd., East Sussex, Great Britain).
Radula and jaws were analyzed using a scanning electron
microscopy (SEM) LEO 1430VP (Carl Zeiss Microscopy
GmbH, Jena, Germany). The stub with radula and jaws is
deposited at the ZSM (ZSM Mol-20110752).

Transmission electron microscopy

For ultrastructural investigation of pericardium and cnidosacs
of the specimens ZSM Mol-20100565 and ZSM Mol-
20100566, ultrathin sections (approx. 80 nm, pale gold reflec-
tion) were prepared alternating to the semithin sections using a
diamond knife (Ultra 35°, Diatome, Biel, Switzerland) in the
RCM MT7000 ultramicrotome. We picked up the ultrathin
sections using copper slot grids (Agar ScientiWc G2500C),
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covered with a thin layer of formvar. They were subsequently
stained with uranyl acetate and lead citrate after Reynolds
(1963) to enhance the contrast under the transmission electron
microscopy (TEM). We analyzed the sections using an FEI
Morgagni transmission electron microscope.

Molecular barcode

DNA of one specimen of P. paradoxus (ZMMU Op-178) was
extracted based on the manufacturer’s protocol of Diatom™

DNA Prep 100 Kit by Isogene Lab. For an initial analysis on
the genetic distances between Pseudovermis species, we ad-
ditionally extracted DNA of the specimens Pseudovermis
mortoni Challis, 1969 (ZSM Mol-20080753) and
P. salamandrops (ZSM Mol-20180090) based on a protocol
combining CTAB extraction with binding the DNA via silica
columns (Nucleo Spin, Macherey & Nagel). The barcoding
region of the mitochondrial cytochrome c oxidase subunit 1
(COI) was amplified via the universal COI primers (Folmer
et al. 1994), following a standard protocol previously outline
(see Jörger et al. 2010; Korshunova et al. 2017a, b).
Sequencing was performed on an ABI 3730 capillary se-
quencer by the Genomics Service Unit of the Ludwig-
Maximilians University, Munich, and with the Applied
Biosystems 3730 DNA Analyzer, Moscow, respectively. We
edited the genetic barcode via Geneious v.7.0.6 and checked
via BLAST searches (Altschul et al. 1990) against the
GenBank database (https://www.ncbi.nlm.nih.gov/genbank/)
for putative contamination. The reference barcode of P.
paradoxus (GenBank accession MK059477) and for
comparison of two congeners P. mortoni (MK059478) and
P. salamandrops (MK059476) are available through
GenBank. We used the program Mega7 (Kumar et al. 2016)
to calculate the p distances between sequences of
Pseudovermis.

Results

Taxonomy.
Class Gastropoda Cuvier, 1795.
Subclass Heterobranchia Burmeister, 1837.
Superorder Nudipleura Wägele and Willan, 2000.
Order Nudibranchia Blainville, 1814.
Suborder Cladobranchia Willan and Morton, 1984.
Family Pseudovermidae Thiele, 1931.
Genus Pseudovermis Pereyaslavtzeva, 1891.
Type species. P. paradoxus Pereyaslavtzeva, 1891, by

monotypy.
Type locality. Sevastopol, Boen Bay at that time (nowadays

it is called Martynova Bay, near Sevastopol Bay), Crimea
Peninsula, Black Sea.

Type material. Unfortunately, no type material of the spe-
cies was officially deposited neither by Pereyaslavtzeva
(1891), nor by Kowalevsky (1901a) who subsequently de-
scribed the species in further detail. We checked the collection
at the Marine Station of Sevastopol and the Zoological
Institute of Russian Academy of Science (St. Petersburg) but
no remaining original material was found. To stabilize the
taxonomic status of P. paradoxus, a neotype is designated
herein.

Neotype: Histological section series of one adult specimen,
four object slides (thickness of sections 1.5 μm), ZSM Mol-
20100567. Sevastopol on the Crimea Peninsula (Olenevka,
Cape Tarkhankut: 45°20.53´N; 32°30.48´E).

External Morphology.
Adult and crawling representatives of P. paradoxus mea-

sure approx. 2 mm in length, the largest observed individual
measured 6 mm. The vermiform body is highly flexible, con-
tractible and lacks any head appendages on the acorn-shaped,
flattened head, i.e., bears neither rhinophores nor labial tenta-
cles (see Fig. 1a–e). The weakly developed foot has a narrow,
ciliated sole and is not clearly separated from the remaining
body. P. paradoxus has weak external pigmentation (body
color grayish to light yellowish) and its body is slightly trans-
lucent, with internal structures such as the darkly pigmented
eyes and parts of digestive and reproductive system visibly
externally (Fig. 1a–e).

The adult animal has 11 pairs of very weakly developed
knob-shaped cerata in dorso-lateral position, partially visible
as slight bumps on contracted specimens, but not visible ex-
ternally in fully extended specimens. The mouth opens
subterminally on the ventral side of the head. The gonopore,
nephropore and anus (from anterior to posterior, respectively)
open separately to the exterior on the right side of the body.

Microanatomy

All major organ systems of P. paradoxus were reconstructed
based on the histological section series of the neotype (ZSM
Mol-20100567, except for CNS: ZSM Mol-20100565).

Epidermis

Our ultrastructural investigations reveal a densely ciliated foot
sole and a highly glandular epidermis, but also confirm a total
lack of so-called special-vacuolized cells otherwise typical for
aeolid nudibranchs (Schmekel 1982; Wägele 1998; Wägele
andWillan 2000), but also known from some lineages outside
Aeolidoidea, e.g., in Dotidae (see Moles et al. 2016).

Central nervous system

The highly concentrated central nervous system (CNS) is lo-
cated in the posterior region of the pharynx (Fig. 2a). It
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consists of the paired cerebropleurovisceral ganglia, pedal
ganglia, and buccal ganglia (Fig. 3) (for the terminology of
the ganglia, see discussion). Sensory organs are paired stato-
cysts and eyes (Figs. 2b–e and 3). The cerebropleurovisceral
ganglia (90 × 50 μm; all measurements based on specimen
ZSM Mol-20100565) are of an oval shape (Fig. 2c, e) and
interconnected dorsally by a thick cerebral commissure
(width: approx. 44 μm). Each cerebropleurovisceral ganglion
is connected to the pedal ganglion via a short and thin con-
nective (Figs. 2e and 3) and with the buccal ganglion via the
cerebro-buccal connective (Fig. 3). The latter could only be
detected on the right side. We could trace four major cerebral
nerves arising from each ganglion and passing forward (Fig.
3). The innermost cerebral nerve (N1 in Fig. 3) is comparably
thin and arises from a basal ganglion-like swelling only par-
tially separated from the cerebropleurovisceral ganglion
anterodorsally. N2 and N3 are thick nerves arising
anteroventrally, respectively, ventrolaterally (Fig. 3). A fourth
n e r ve eme rg e s f r om th e po s t e r i o r end o f t h e
cerebropleurovisceral ganglion (Fig. 3) and passes anteriorly
in its further course. For the terminology on the cerebral
nerves, see discussion. The ovally shaped pedal ganglia
(approx. 76 × 40 μm) are situated slightly posterior and ven-
trally of the cerebropleurovisceral ganglion and bear a long
commissure (approx. 54 μm) (Fig. 3). Four pedal nerves arise
from each ganglion and pass forward, two emerging ventrally
and two dorsally, the latter bifurcating in their further course.
The small buccal ganglia (59 × 33 μm) are located postero-
ventrally of the pedal ganglia and the cerebropleurovisceral

ganglia and are interconnected by a short and thick commis-
sure (Fig. 2f). Two thin buccal nerves emerge ventrally of the
left buccal ganglion (not detected in the right one) (Fig. 2e).

The statocysts (24 × 18 μm) lie closely attached to the
cerebropleuro-pedal connective, each containing one statolith
(Fig. 2d). A pair of dark-pigmented eyes (24 × 19 μm) (Fig.
2e) is located between the cerebropleurovisceral and the pedal
ganglia. Supplying nerves of eyes and statocysts could not be
detected.

Digestive system (including cnidosacs)

The digestive system comprises the oral tube, the pharynx
with paired strong jaws, radula and a Bcuticular ring^, paired
salivary glands, esophagus, stomach, digestive gland and in-
testine (Fig. 4a). Moreover, there are 22 cnidosacs filled with
nematocysts located dorsolaterally in the inconspicuous,
knob-shaped cerata, which are arranged more or less symmet-
rically over the entire body length (Fig. 4a). The mouth is a
small slit located anteroventrally in the mid-head region. The
oral tube is short (Fig. 4a) and bears a ciliated epithelium. At
the transition to the pharynx, there is a crescent-shaped, cu-
ticular lining (Bcuticular ring^ in Figs. 4c and 5c, d). The
muscular pharynx is situated anteroventrally of the CNS
and contains the strong jaws and the hook-shaped radula
(Figs. 4a and 5). The chitinous jaws are paired and elongated
(Fig. 5c) with the inner surfaces thickened and bend dorsally.
The SEM micrographs reveal that the anterior ends of the
jaws are not denticulated (as suggested via light-

Fig. 1 External morphology of
Pseudovermis paradoxus. a-e
Light-microscopic images of
living specimens, dorsal view. a
Curled-up specimen. b Extended
specimen. c Extended specimen.
d Head with buccal mass and
sense organs. e Head and ovary. c
ceras, dg digestive gland, ey eye,
h head, j jaw, oc oocyte, r radula,
sc statocyst
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microscopic examination; Fig. 5b), but lined with small
(approx. 5 μm), spherical depressions (Fig. 5c–e). The radula
comprises 28 rows of teeth; each row is comprised by one
rhachidian tooth and one lateral tooth on each side (radula
formula: 28 × 1.1.1) (Fig. 5f). The broad rhachidian tooth
bears one large central cusp flanked by six to seven lateral
denticles on each side, which increase in size progressively
from the inside outward (see Fig. 5f). The lateral teeth are
elongated, narrow, and slightly curved toward the center, each
with one single-pointed and sharp denticle (Fig. 5f). The short
esophagus (Figs. 2d and 4a) connects the pharynx with the
stomach by passing through the nerve ring of the CNS. The

paired salivary glands are composed of clusters of dark blue
stained, refractive cells laterally of the esophagus and the
CNS (Figs. 2d–f and 4b) and discharge via short ducts later-
ally into the posteriormost part of the pharynx at the transition
to the esophagus. The stomach is a large sac lined with a thick
epithelium of glandular appearance (Fig. 4b). Ventrally to the
stomach branches the voluminous, sac-like, holohepathic di-
gestive gland. It extends to the posterior end of the animal
and occupies most of the posterior body cavity in the inves-
tigated specimens. The digestive gland has a large lumen
(Fig. 4b) and a glandular white-yellowish staining epithelium
with blue droplets. Within the digestive cells, some refractive

Fig. 2 Central nervous system
(CNS) of P. paradoxus. a, b 3D
reconstructions. a Postpharyngeal
position of the organ system, right
view. b Dorsal view. c–f
Histological cross sections. c
Cerebropleurovisceral ganglia
and buccal mass, anterior facing
to the right. d Pedal ganglia with
nerves, statocyst and cerebral
nerves, anterior facing upward. e
Buccal ganglia with nerve and
eye, asterisk marks the
cerebropleuro-pedal connective,
anterior facing upward. f Buccal
commissure, anterior facing to the
right. bcm buccal commissure, bg
buccal ganglion, bn buccal nerve,
cc cerebral commissure, cn cere-
bral nerve, cs cnidosac, cpvg
cerebropleurovisceral ganglion,
cr cuticular ring, dg digestive
gland, ey eye, i intestine, j jaw, mo
mouth opening, oe esophagus, ot
oral tube, pcm pedal commissure,
pg pedal ganglion, ph pharynx, pn
pedal nerve, r radula, sc statocyst,
sgl salivary gland, st stomach
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vacuoles can be found. The short, densely ciliated intestine
(Fig. 4a, b) emerges dorsally from the stomach and opens via
the anus posterolaterally of the nephropore on the right side
of the body.

Each of the 22 inconspicuous cerata contains one muscular
cnidosac (Figs. 4d and 6a). The first ceras to the right is situ-
ated dorsolaterally to the stomach and its enclosed cnidosac is
connected with the stomach via a short duct. Only for some
cnidosacs tiny ducts connecting with the digestive gland could
be detected, most are unconnected. Some of the cnidosacs are
ripped open at the tip of the ceras (Fig. 4d) and several free
nematocysts are visible near the torn tips. TEM examination
reveals that the cnidosacs are lined by multiple layers of mus-
cular cells orientated in different angles (Fig. 6a, b). No un-
ambiguous perforation zone could be detected on an intact
cnidosac; however, the muscular tissue seems to be thicker
at the lateral sides than toward the tip (see Fig. 4d). The
cnidosacs bear a dense epithelium of cnidophages, which
form microvilli towards the small lumen of the cnidosac
(Fig. 6a, b). Within the cnidophages, we detected several nem-
atocysts of various types (Fig. 6b–d) and sizes. Some are
found within conspicuous vacuoles and seem to be degraded
in shape (Fig. 6d).

Renopericardial system

The renopericardial system is located at the right side of the
middle of the body and lies next to the intestine and the
prostate (Fig. 7b). The circulatory system consists of the tiny
pericardium, which we could not detect on the semithin
sections. However, the examination by TEM reveals a min-
ute thin-walled pericardium most likely composed only of a
few cells (shown in Fig. 7a for the relative position but not

Fig. 4 Digestive system of
P. paradoxus (including
cnidosacs and nematocysts). a 3D
reconstruction, right view, slightly
rotated. b–d Histological cross
sections, anterior facing to the
right. b Salivary glands, stomach,
and digestive gland. c Pharynx
with jaws and cuticular ring. d
Cnidosac with nematocysts. ag
atrial gland, cpvg
cerebropleurovisceral ganglion,
cr cuticular ring, cs cnidosac, dg
digestive gland, ep epidermis, ey
eye, i intestine, j jaw, ml muscular
lining, mo mouth opening, nc
nematocyst, oe esophagus, ot oral
tube, ph pharynx, r radula, sgl
salivary gland, st stomach

Fig. 3 Schematic drawing of the central nervous system of P. paradoxus
(not to scale). bcm buccal commissure, bg buccal ganglion, bn buccal
nerve, cc cerebral commissure, cpvg cerebropleuralvisceral ganglion, ey
eye, N1-N4 cerebral nerves, pcm pedal commissure, pg pedal ganglion,
pn pedal nerve, sc statocyst
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to scale). Our ultrathin sections reveal that a heart is absent
(Fig. 7c–f). The site of ultrafiltration is the pericardial wall
containing podocytes with the typical pedicels and
diaphragmal slits for ultrafiltration (Fig. 7e, f). The
renopericardioduct connects the pericardium with the re-
maining excretory system consisting of the kidney and the
nephroduct (Fig. 7a). Histologically, the epithelium of the
sac-like kidney consists of cells with light blue and white
droplets (Fig. 7b). The nephrocytes bear large nuclei and
microvilli (Fig. 7d). The short nephroduct emerges ventrally
from the kidney and opens via the nephropore anterodorsally
of the anus.

Reproductive system

P. paradoxus is a simultaneous hermaphrodite with a triaulic
reproductive system, i.e., showing three separate ducts for
autosperm (vas deferens), allosperm (vagina), and fertilized eggs
(oviduct) (Fig. 8b, c). The reproductive system is located poste-
rior of the CNS and ventrally of the digestive gland and occupies
together with the latter most of the posterior body cavity (Fig.
8a). In general, the reproductive system is composed of the her-
maphroditic gonad, hermaphroditic duct, ampulla, receptaculum
seminis, vagina, oviduct, three nidamental glands, vas deferens,
prostate, penis, atrial gland, and genital atrium (Fig. 8a–c).

Fig. 5 Jaws and radula of
P. paradoxus. a, b Light-
microscopic images, dorsal view.
c–f Scanning electron
microscopic images, dorsal view.
a Position of jaws and radula in
the head with statocysts and eyes.
b Jaws and radula. c–e Jaws with
depressions, arrows indicating the
not denticulated part of the jaws. f
Rhachidian tooth with central
cusp, lateral denticles, and lateral
tooth. ccp central cusp, cr
cuticular ring, d depression, ey
eye, j jaw, ld lateral denticle, lt
lateral tooth, r radula, sc statocyst
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The hermaphroditic gonad is separated into a female
and male part (Fig. 8c). The ovary is much larger than
the testis and consists of four, dark blue stained folli-
cles, which are densely filled with roundish oocytes in
various stages of maturation (Fig. 9f). The male follicles
are less tightly filled with lighter stained droplets (Fig.
9f). Mature spermatozoa could not be detected within
the follicles. Ovary and testis lead into the muscular
hermaphroditic duct (Figs. 8b, c and 9c, d). The large,
sac-like ampulla splits off just anterior to the gonads
(Fig. 8c) and is filled with irregularly orientated
autosperm (Fig. 9d). It is partly surrounded by a thick,
glandular tissue with unknown function (Fig. 9e).
Subsequently, a duct leads to the small receptaculum
seminis (Fig. 9c). It is packed with allosperm, which
are orientated with the nuclei of the sperm cells toward
the epithelium of the wall of the receptaculum seminis.
Anterior to the receptaculum seminis the hermaphroditic
duct divides into vagina and vas deferens (Figs. 8c and
9b). The vas deferens continues into the large, tubular
prostate gland; its epithelial cells contain a few blue-
stained droplets (Fig. 9a). The prostate leads into the
small, inconspicuous penis (80 μm × 57 μm) which lies
within the large lumen of the genital atrium (Fig. 9a).
The tubular vagina extends from the receptaculum

seminis to the genital atrium. Before connecting to the
atrium, the vagina shows strong muscular lining and its
epithelium is ciliated.

Anterior of the ampulla the oviduct branches off from
the hermaphroditic duct and leads into three, histologi-
cally different nidamental glands, i.e., from proximal to
distal the albumen gland, the membrane gland, and the
mucus gland (Fig. 8c). The oviduct lumen could not be
followed entirely through the mass of all female glands.
The large albumen gland (length approx. 385 μm) is
located ventro-laterally of the membrane gland and has
a glandular epithelium with purple staining cell content
(Fig. 9c, d). The small sac-like membrane gland (length
220 μm) (Fig. 8b) is situated to the right of the albu-
men gland. The cells of its glandular epithelium are
filled with very dark droplets (Fig. 9c, d). The
medium-sized mucus gland (length 360 μm) is located
dorso-laterally of the albumen gland (Figs. 8b and 9a,
d). The oviduct discharges into the spacious genital atri-
um. Additionally, a sac-like atrial gland, being com-
posed of glandular cells with few dark blue stained
droplets (Figs. 8c and 9a), connects to the large atrium
(Fig. 9a). The large genital atrium opens via the her-
maphroditic gonopore, which is located anteroventrally
to the nephropore and the anus. The epithelium of the

Fig. 6 Cnidosacs and
nematocysts. a–d Transmission
electron microscopic images,
longitudinal sections. a Overview
of an entire cnidosac. b Close-up
of nematocysts. c Intact
nematocyst. d Degraded
nematocyst and muscular lining.
clw cell wall, cp cnidophage, cw
capsule wall, dnc degraded
nematocyst, fi filament thread, ha
harpoon, inc intact nematocyst, lu
lumen, m mitochondrion, ml
muscular lining, mv microvilli, nc
nematocyst, nu nucleus, vac
vacuole
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atrium is ciliated and its cells contain few blue droplets
of different sizes.

In the sand samples, egg masses attached to sand grains
were collected together with the specimens of P. paradoxus.
Due to the vicinity of the adult specimens of Pseudovermis
and in absence of other mesopsammic gastropods, we assume
that the egg masses belong to P. paradoxus even though we
were unable to directly observe egg deposition. The encoun-
tered egg masses are roundish, gelatinous, translucent, and
contain five to eight eggs (Fig. 8d). The eggs have a size of
approximately 80 μm and each contains a well-developed
veliger larva (approx. 50 μm) (Fig. 8e). Velum, body and

larval shell of the veliger larva are shining through the trans-
parent egg (Fig. 8e).

Molecular barcode

A molecular COI barcode of P. paradoxus (ZMMU Op-178)
of 658 bp was generated as reference barcode of the species
and is available through GenBank (GenBank accession
MK059477). P. paradoxus showed a high genetic divergence
of 18.96% on mitochondrial COI from the Indo-Pacific
P. mortoni (Solomon Islands) and 19.11% from the Western
Atlantic P. salamandrops (Brazil).

Fig. 7 Circulatory and excretory
systems of P. paradoxus. a 3D
reconstruction, dorsolateral view
(pericardium not to scale). b
Histological cross section of
kidney and renopericardioduct,
anterior facing to the left. c–f
Transmission electron
microscopic images of kidney and
pericardium. c Kidney, hemocoel
and pericardium. d Kidney. e
Pericardium and podocytes. f
Podocytes with pedicels and
diaphragmal slits. ds diaphragmal
slit, ecm extracellular matrix, he
hemocoel, i intestine, k kidney,
mv microvilli, n nucleus of
podocyte, nd nephroduct, nuc
nucleus of nephrocyte, pc
pericardium, pd pedicel, po
podocyte, pr prostate, rpd
renopericardioduct, va vagina
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Discussion

Redescription of P. paradoxus

The lack of original type material of P. paradoxus hinders
reinvestigation of ambiguous characters in Kowalevsky’s de-
scription (1901a) and required the recollection of new and
adequately fixed material. The specimens of Pseudovermis
described in the present study were collected near the type
locality of P. paradoxus, which is so far the only
pseudovermid species reported from the Black Sea. We
identified P. paradoxus because the external morphology of
the examined specimen corresponds to the original description
by Pereyaslavtzeva (1891) and redescription in Kowalevsky
(1901a) with the exception of a different number of cerata
(seven pairs in the redescription (Kowalevsky 1901a) vs. 11
pairs herein). However, most of Kowalevsky’s specimens

were immature (Kowalevsky 1901a) and the number of cerata
in Pseudovermis is known to depend on the maturity and
increases during ontogenesis (Fize 1961). Furthermore, the
external visibility of the inconspicuous cerata of
P. paradoxus highly depends on the stage of contraction of
the animal; thus, individual cerata might have been easily
overlooked in previous examinations. The present redescrip-
tion of P. paradoxus corrects and widens the redescription by
Kowalevsky (1901a) benefiting from advanced 3Dmicroanat-
omy and supplements new data especially on the CNS, the
jaw morphology, and the reproductive system.

Epidermis

So far known (Schmekel 1982; Wägele 1998; Wägele and
Willan 2000), the observed entire lack of specialized
vacuolized epidermal cells in Pseudovermis is unique

Fig. 8 Reproductive system and
eggs of P. paradoxus. a, c 3D
reconstructions. a Relative
position of the organ system, right
view. c Dorsolateral view. b
Schematic drawing (not to scale),
arrows indicate the path of the
zygote (white circle), allosperm
(white square), autosperm (black
square) and oocyte (black circle).
d Egg masses. e Eggs containing
veliger larvae. ag atrial gland, alg
albumen gland, am ampulla, at
atrium, e egg, gf female gonad,
gm male gonad, gs gelatinous
substance, hd hermaphroditic
duct, ls larval shell, mgmembrane
gland, mug mucus gland, od
oviduct, p penis, pr prostate, rs
receptaculum seminis, v velum,
va vagina, vd vas deferens, vl
veliger larva
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among Nudibranchia. It is improbable that the lack of
specialized vacuolized cells is due to paedomorphosis
since these cells occur very early in ontogenesis
(Schmekel and Wechsler 1967). These cells only occur
in the epidermis of rhinophores of non-aeolid nudibranchs,
but are also found in the epidermis of the whole notum in
Aeolidioidea (Schmekel 1982; Wägele 1998; Wägele and
Willan 2000). Since Pseudovermis entirely lacks
rhinophores, a phylogenetic position outside the
Aeolidioidea would explain the entire lack of specialized
vacuolized cells in the epidermis.

Central nervous system

The CNS of P. paradoxus as redescribed herein corresponds to
the typical organization of the nervous system of other
pseudovermid species (Challis 1969; Salvini-Plawen 1991;
Huber 1993). However, it differs from the original description
given by Pereyaslavtzeva (1891) and the redescription by
Kowalevsky (1901a). Kowalevsky (1901a) observed paired ce-
rebral, pedal, and pleural ganglia, but no visceral or buccal
ganglia. Our 3D reconstruction from serial semithin sections
clearly reveals the connectives between ganglia, and based on

Fig. 9 Histological cross sections
of the reproductive system of
P. paradoxus, anterior facing to
the right. a Penis with prostate,
atrium and gonopore. b Vas
deferens, vagina and oviduct. c
Receptaculum seminis and
hermaphroditic duct. d Ampulla
and nidamental glands. eAmpulla
with glandular tissue. f
Hermaphroditic gonad. alg
albumen gland, am ampulla, at
atrium, cs cnidosac, dg digestive
gland, gf female gonad, gm male
gonad, gp gonopore, gt glandular
tissue, hd hermaphroditic duct, i
intestine, k kidney, mg membrane
gland, mug mucus gland, oc
oocyte, od oviduct, p penis, pr
prostate, rs receptaculum seminis,
va vagina, vd vas deferens
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our data, Kowalevsky (1901a) potentially misidentified the buc-
cal ganglia as the pleural ganglia. In concordance with the recent
redescription of P. salamandrops (see Jörger et al. 2014b), we
adopted the term Bcerebropleurovisceral ganglia^ for the main
pair of dorsal ganglia. This terminology is based on the
Pentaganglionata hypothesis (Schmekel 1985; Haszprunar
1985) and assumes that the cerebral ganglia fused with the pleu-
ral ganglia and all five ganglia of the visceral loop, which is
supported by ontogenetic studies on the related aeolid nudi-
branch Aeolidiella alderi (Cocks, 1852) by Tardy (1970).
Tardy (1970) recognized one developmental stage in A. alderi
as externally closely resembling Pseudovermis and the nervous
system of this developmental stage is characterized by fused
cerebral and pleural ganglia. This fusion of the two ganglia could
still be traced in P. salamandrops through a double
cerebropleural-pedal connective (Jörger et al. 2014b).
However, in P. paradoxus only a single (probably fused)
cerebropleural-pedal connective is present, which represents a
slightly later stage in the development of related nudibranchs
(Tardy 1970). Pseudovermis thompsoni Salvini-Plawen, 1991
represents an intermediate stage with partially fused
cerebropleural-pedal connectives (Salvini-Plawen 1991). Based
on the hypothesis of a paedomorphic origin of Pseudovermidae,
the fused cerebropleural-pedal connective in P. paradoxusmight
indicate slightly further development of the central nervous sys-
tem in P. paradoxus in comparison to P. salamandrops. The
redescription of P. paradoxus (see Kowalevsky 1901a) depicts
two strong, bifurcating cerebral nerves emerging anteroventrally
from the cerebropleurovisceral ganglion and a thin third one on
the inner side of the ganglion, which emerges from a basal swell-
ing (Kowalevsky 1901a; Fig. 4, plate 1). This setting of cerebral
nerves is confirmed by our study, but we detected one additional
fourth nerve emerging posteriorly. In general, identification and
homologization of cerebral nerves among different groups of
opisthobranch slugs is problematic (Edlinger 1980; Huber
1993; Klussmann-Kolb et al. 2013) and becomes further com-
plicated, if head appendages are lost as in pseudovermids.
According to Huber (1993), the dorsolateral nerve presents the
oral nerve (nervus oralis); the ventrolateral nerve, the
rhinophoral nerve (nervus rhinophoralis); and the ventral nerve,
the labiotentacular nerve (nervus labiotentacularis). An alterna-
tive terminology was established by Edlinger (1980), which was
thoroughly revised and modified by Klussmann-Kolb et al.
(2013) based on axonal projection patterns. Based on this revised
terminology, the cerebral nerves of P. paradoxus were identified
herein as N1 corresponding to the dorso-lateral oral nerve, N2
corresponding to the ventral labiotentacular nerve, and N3 as the
ventro-lateral rhinophoral nerve (Fig. 3). A fourth nerve emerges
in an unusual position dorsally from the posterior end of the
cerebropleurovisceral ganglion. Unfortunately, we were unable
to trace this nerve, but according to our hypothesis of fused
cerebropleurovisceral ganglia, this nerve might represent the thin
remainder of the visceral loop. This hypothesis also applies to a

similar, yet unnamed and undiscussed posterior nerve found in
P. salamandrops (Jörger et al. 2014b; see Fig. 3). Kowalevsky
(1901a) detected foliaceous groups of nervous tissue anterior to
the cerebral ganglia of immature P. paradoxus (see Fig. 4 in
Kowalevsky 1901a). In contrast, we could not detect any ner-
vous structures anterior to the cerebral ganglia neither in form of
foliaceous groups of cells, nor Baccessory ganglia,^ as described
for P. salamandrops (see Jörger et al. 2014b) and P. thompsoni
(Salvini-Plawen 1991). Accessory ganglia have been recognized
as a characteristic adaptation to the mesopsammic environment
and have been previously discussed as Boutsourcing^ of nervous
tissue due to the minute body size in combination with the re-
quirements of processing stimuli of a three-dimensional habitat
(Brenzinger et al. 2013a). Differences of this character in
Pseudovermis (as in other mesopsammic slugs) might present
a variability in the degree of adaptation to the interstitial environ-
ment, as it is still unknown if all species extracted from sand
samples truly inhabit permanently the interstitial spaces in be-
tween sand grains or rather live (at least temporarily) epibenthic.
The observed differences to the older redescription potentially
present an ontogenetic variability reflecting different ecological
niches of juvenile and mature P. paradoxus (i.e., truly interstitial
vs. epibenthic sand-dwelling).

Digestive system and cnidosacs

Differences in jaw and radula morphology between the pres-
ent study and the original description of P. paradoxus can be
easily explained by the advanced methodology including ul-
trastructural examination applied herein. We confirm the orig-
inal radula formula (1.1.1) with a central rhachidian tooth with
large central cusp bordered by smaller lateral denticles and a
one-pointed lateral tooth on each side (Kowalevsky 1901a).
But we observed a larger number of rows in relation to the
original description (i.e., 35 vs. 28) and we found 6–7 (instead
of only 5) lateral denticles bordering the central cusp in the
rhachidian tooth. The number of radula rows is known to vary
during development and the present study underlines earlier
observations on intraspecific variation of rhachidian denticles
in Pseudovermis (Salvini-Plawen and Sterrer 1968; Urgorri
et al. 1991). What appears as a denticulate border of the jaws
via light microscopy is revealed as a series of depressions via
SEM. These depressions might present an age-degradation
phenomenon (i.e., due to abrasion during feeding) and thus
of little taxonomic value, since this Bcharacter^ was lacking in
juvenile specimens of Pseudovermis schulzi Marcus and
Marcus, 1955 (Salvini-Plawen and Sterrer 1968) (for conse-
quences for species delineation in Pseudovermis, see discus-
sion below).

All Pseudovermis are known to feed on soft-bodied prey,
i.e., mainly on cnidarians. Direct reports exist from
Pseudovermis boadeni Salvini-Plawen and Sterrer, 1968,
which feeds on the interstitial medusa Halammohydra
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vermiformis Swedmark and Teissier, 1957 (see Boaden 1963).
Pseudovermis hancocki Challis, 1969 predates on the polyp
Euphysa (Challis 1969) and P. salamandrops feeds on the
hydrozoan Psammohydra nanna Schulz, 1950 (Marcus
1953a); thus, cnidarivory is assumed for all other species as
well based on cnidocysts in their digestive tract. Some line-
ages, however, seem to additionally prey on representatives of
interstitial Acochlidimorpha (Gastropoda). For instance, Fize
(1961) observed Pseudovermis setensis Fize, 1961 feeding on
Microhedyle and Challis (1969) reported P. mortoni feeding
on Paraganitus ellynae Challis, 1968. Some features of the
digestive tract of pseudovermids can be interpreted as an ad-
aptation to deal with the potentially harmful nematocysts from
the cnidarian prey. P. paradoxus bears a Bcuticular ring^ at the
transition of oral tube to pharynx, interpreted as protective
structure against nematocysts. A similar structure is known
from P. salamandrops (see Jörger et al. 2014b), P. mortoni
(see Challis 1969, as Bcuticular tube^), and Pseudovermis
axi Marcus and Marcus, 1955 and P. schulzi (see Marcus
and Marcus 1955, as Bcuticular buccal cavity^), and it might
present a general characteristic of all pseudovermid digestive
systems. Typically, cnidarivore sea slugs have evolved differ-
ent protective mechanisms to prevent injuries during feeding
(Martin 2003), i.e., external protection via epidermal vesicles
from exploding nematocysts and mucous glands functioning
as cleansing agent (Edmunds 1966), as well as internal pro-
tection of the epithelial cells of the stomach via a chitinous
layer (Martin et al. 2007).

The further fate of the ingested cnidocysts in Pseudovermidae
andwhether they are stored for defense against potential enemies
as known for almost all other Aeolidioidea (Greenwood and
Mariscal 1984; Wägele and Klussmann-Kolb 2005), but also
the non-aeolid genera Hancockia or Embletonia (Martin et al.
2009, 2010), is still not fully understood. In general, aeolid nu-
dibranchs transport masses of undischarged nematocysts by peri-
staltic contractions of the ceratal muscles or ciliary action from
the stomach, respectively, digestive gland to the cnidosacs, in
which they are stored (Martin 2003; Martin et al. 2009). In
Pseudovermis, the cnidosac of the first right ceras (e.g.,
P. paradoxus, P. axi (Marcus and Marcus 1955)) or the first left
ceras (e.g., P. setensis), or even the first pair of cnidosacs (e.g.,
Pseudovermis artabrensis Urgorri et al. 1991), is connected di-
rectly to the stomach. In some species narrow ducts could be
detected connecting the remaining cerata with the digestive
gland (e.g., in P. schulzi (Marcus and Marcus 1955), P. setensis
(Fize 1961), P. artabrensis (Urgorri et al. 1991), and P. mortoni
(Challis 1969)).

However, in P. paradoxus, we observed cnidosacs filled
with cnidophages with cnidocysts, but several cnidosacs clear-
ly lacked connection with the digestive gland, suggesting that
the ducts are only formed temporarily. In the cnidosacs of
related sea slugs, nematocysts can be stored over long periods
of time (Martin 2003) and immature nematocysts can undergo

maturation (see, e.g., Greenwood and Mariscal (1984) on
Spurilla neapolitana Delle Chiaje, 1841). In the cnidosacs of
P. paradoxus we found several cnidophages containing nem-
atocysts. Our ultrastructural data reveals, however, that some
of the nematocysts are not intact but presenting different
stages of degeneration. Thus, our data indicate that the nema-
tocysts in pseudovermid cnidosacs might not be matured and
kept intact for future defensive purposes, but rather be
inactivated and potentially digested. The cnidosacs observed
in P. paradoxus consist of multi-layered muscle cells and a
lumen filled with disorderly distributed cnidophages. A per-
foration zone at the tip of the cerata characterized as a thin part
without a muscle layer and with undifferentiated cnidophages
(Kälker and Schmekel 1976), as described for several other
aeolid species (Martin et al. 2010), could not be detected in the
present pseudovermid species. It seems that in case of disrup-
tion, the tips of the pseudovermid cerata are ripped open en-
tirely and the nematocysts (likely within the cnidophages) are
released. This indicates that the release of nematocysts
through the cerata may serve to get rid of indigestible food.
This has been suggested as the original function in the evolu-
tion of cnidosacs before their development as defensive de-
vises (Martin et al. 2009; Wägele and Klussmann-Kolb 2005)
and is also suspected for Embletonia (Martin et al. 2010). Our
first ultrastructural data on pseudovermid cnidosacs support
previous histological data on, e.g., P. salamandrops (Jörger
et al. 2014b) and confirms the absence of a perforation zone
at the tip of cnidosacs and ceras, which is usually considered
characteristic for Aeolidioidea (Martin et al. 2010). Moreover,
the absence (i.e., potentially only temporary formation of
connecting ducts between cnidosacs and digestive gland) at
least in some species of Pseudovermis deviates from the typ-
ical aeolidiod bauplan. This could potentially indicate a basal
phylogenetic position of Pseudovermidae among cladobranch
Aeolidioidea.

Renopericardial system

Kowalevsky’s (1901a) description of the circulatory and ex-
cretory systems of P. paradoxus agrees with our data in de-
tecting a small pericardium and lack of heart. At the current
stage of knowledge, this reflects typical conditions for
Pseudovermis (Marcus 1953a; Marcus and Marcus 1955;
Challis 1969; Salvini-Plawen 1991; Jörger et al. 2014b).
Kowalevsky (1901a) histologically investigated several spec-
imens of P. paradoxus in search of a trace of a heart and
discussed some infolding of the pericardial wall visible in
one specimen as the putative heart. Indeed, several other
meiofaunal slugs were primarily described as heartless, until
redescriptions with advanced methodology reveal the pres-
ence of a heart (e.g., in the microhedylid Pontohedyle
milaschewitchii (see Jörger et al. 2009) or Asperspina
murmanica (Kudinskaya and Minichev 1978) (see Neusser
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et al. 2009)). Our ultrastructural investigation clearly confirms
the absence of a heart in P. paradoxus, which suggests that it
might be truly absent in other pseudovermids as well. Due to
their minute and highly elongated body size a well-developed
circulatory system might be unnecessary since regular move-
ments could move the blood through the narrow body. Plus,
the highly elongated and small body enables simple diffusion
of oxygen and nutrients.

The presence of a two-chambered, monotocardian heart,
which is surrounded by a spacious pericardium is discussed
as a plesiomorphic feature for nudibranchs (Fahrner and
Haszprunar 2002a). The pericardial wall of the auricle is the
site of ultrafiltration with the pericardium representing a sec-
ondary body (coelomic) cavity and the heart lumen the prima-
ry body cavity (Bartolomaeus 1997). In heartless
P. paradoxus, the pericardial (coelomic) wall lined with
podocytes obviously functions as the site of ultrafiltration,
but in contrast to heart-bearing nudibranchs, the hemolymph
is filtered into the pericardium directly from the hemocoel
without previous canalization and the support of a pumping
mechanism of the heart. Themollusk-typical subsequent mod-
ification of the primary urine, the pericardial fluid, in the
renopericardioduct via reabsorption and secretion (Martin
1983), is likely similar in heartless pseudovermids.

The lack of a heart and reduced stage of the pericardium
may be interpreted as a paedomorphic feature resulting from a
shift in development in the evolution of Pseudovermidae.
Potentially, the heart has already been reduced in evolution
along the pseudovermid stemline and this heartless stage with
reduced pericardium and the related mode of ultrafiltration
might be plesiomorphic for the family. Other similar-sized
meiofaunal slugs sharing the mesopsammic environment bear
a fully developed circulatory system (e.g., the cephalaspidean
sea slugs Pluscula cuica Marcus, 1953b (Brenzinger et al.
2013b) and Philinoglossa helgolandica Hertling, 1932
(Bartolomaeus 1997) or the acochlidian Hedylopsis
ballantinei Sommerfeldt and Schrödl, 2005 (as Hedylopsis
sp. in Fahrner and Haszprunar 2002b)). Rhodopemorphs even
entirely lack circulatory organs and have a uniquely modified
excretory systems resembling a (pseudo-) protonephridial
stage (see the various conditions in rhodopemorphs;
Haszprunar 1997; Brenzinger et al. 2013a). Moreover, the
conditions of Pseudovermis strongly resemble those of
scaphopods, again showing a small pericardium with
podocytes and an entire lack of a true heart (Reynolds
1990). It is unlikely that the scaphopod condition is caused
by progenesis, but might be the result of an elongated body,
where body contractions produce satisfying blood movement.
In any case, the current data once more demonstrate the value
of detailed comparative morphological analyses of the
meiofaunal lineages to trace their different evolutionary path-
ways into the interstitial environment and the role of
progenesis via miniaturization in their evolution.

Reproductive system

The reproductive system of P. paradoxus is described for the
first time herein in full detail. P. paradoxus is considered a
simultaneous hermaphrodite with a (partial) triaulic reproduc-
tive system; however, the position of the receptaculum
seminis and the lack of spermatozoa in the follicles of a spec-
imen with mature oocytes might indicate a slight protandry. In
general, nudibranchs can have an (andro)diaulic or triaulic
genital system, with the diaulic condition interpreted as the
plesiomorphic state (Wägele and Willan 2000). The putative
derived reproductive system in Pseudovermidae is character-
ized by three disjoined ducts, the vagina for allosperm, vas
deferens for autosperm, and the oviduct transporting oocytes,
which corresponds to a partial triauly condition according to
Ghiselin (1966). Among Pseudovermidae, P. thompsoni,
P. schulzi, and P. axi show a diaulic condition of the reproduc-
tive system (Marcus and Marcus 1955; Salvini-Plawen 1991)
and might, thus, represent basal l ineages within
Pseudovermidae, while all other species investigated in detail
present the (partial) triaulic genital system described above
(i.e., P. paradoxus (present study), P. salamandrops (Jörger
et al. 2014b) and P. mortoni (Challis 1969)), whichmight have
evolved later in the evolution of Pseudovermidae. This evolu-
tionary hypothesis is not supported or even contradicted by
further differences among pseudovermid reproductive sys-
tems, which refer to (1) the organization of the gonad and
(2) the presence and structure of a penis. (1) The hermaphro-
ditic gonad of Pseudovermis is described with the production
of spermatogonia and oogonia either combined within the
same follicle (e.g., in P. axi; see Marcus and Marcus 1955)
or separated in distinct follicles (e.g.,P. paradoxus; Figs. 8 and
9). A combination of spermatogonia and oogonia production
in the same (truly hermaphroditic) follicle is considered as
plesiomorphic for Nudibranchia (Wägele and Willan 2000).
However, in Pseudovermis the putative derived stage of sep-
arated male and female follicles is not strictly restricted to the
(apomorphic) triaulic genital system but also present in diaulic
forms such as P. schulzi (Marcus and Marcus 1955). Thus,
under this hypothesis this feature evolved earlier and is not
directly correlated with the acquisition of a more complex
triaulic system. (2) Only some lineages of Pseudovermidae
have a penis developed, which differs in histology:
P. paradoxus bears a small and rather inconspicuous penis,
potentially either used for sperm transfer via copulation or
the transfer of spermatophores; however, no additional
spermatophore-storing structure was detected. In contrast,
P. salamandrops bears a muscular penis with a one-sided,
cuticular lining, which is surrounded by a penial sheath which
could function as copulatory organ or might be used for hy-
podermic injection of sperm (Jörger et al. 2014b). Triaulic
P. mortoni possesses just a simple, but muscular duct
(Challis 1969), which might resemble a penis, but
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reinvestigation is needed. Aphallic pseudovermid species
(e.g., P. thompsoni and P. axi (Marcus and Marcus 1955;
Salvini-Plawen 1991)) bear blind-ending tubular sacs filled
with acidophilic secreting cells attached to the genital atrium,
which might serve as storage site for spermatophores. This
condition seems to correlate with a diaulic reproductive sys-
tem. Even though the sister group of Pseudovermidae among
cladobranch Nudibranchia is still unknown, copulation by
penial structures is probably the plesiomorphic mode of sperm
transfer, whereas sperm transfer via spermatophores or hypo-
dermic injection can be interpreted as adaptation to the
mesopsammic habitat (Jörger et al. 2014a). At present stage
of knowledge, this implies however that the diauly found in
Pseudovermis would be secondary derived rather than
plesiomorph, as potential evolutionary consequence of the
modification of sperm transfer. Consequently, the triaulic
stage would represent a plesiomorphic feature originating
from paedomorphosis.

Kowalevsky (1901a) observed a seasonal variation in the
pseudovermid reproductive system with mature individuals
with fully developed oocytes occurring in summer time.
This is consistent with our findings, as we encountered egg
masses of P. paradoxus at the same time of the year. We found
small numbers of eggs (10–75) packed in cocoons and fixed to
sand grains, which is typical for meiofaunal slugs (see
Swedmark 1959). Due to the comparably low number of eggs,
free hatching pseudovermid veliger larvae are thought to re-
main in the interstitial or bottom-near water during the free-
swimming phase rather than entering the free water column
(Swedmark 1959). These conditions likely result in quite poor
dispersal abilities when compared to other nudibranch taxa
with truly planktonic larval stages.

Species delineation in Pseudovermis

Externally, two main forms of Pseudovermis can be directly
distinguished: species with prominent digitiform cerata
(=BP. papillifer form^ derived from Pseudovermis papillifer
Kowalevsky, 1901a) and such with inconspicuous and button-
or knob-shaped cerata (=BP. paradoxus form^). While the
P. papillifer form is known from nine valid species distributed
in temperate waters of the European Coast as well as the
tropical Atlantic and Indo-Pacific (Kowalevsky 1901a;
Marcus 1953a; Challis 1969; Hamatani and Nunomura
1973; Salvini-Plawen and Rao 1973; Urgorri et al. 1991),
the P. paradoxus form comprises currently seven species all
restricted to the Mediterranean and Northeastern Atlantic.
Species delineation among the P. paradoxus forms, so far only
based on traditional taxonomic characters, is problematic: Our
study on P. paradoxus in conjunction with the previous work
by Kowalevsky (1901a) shows that the number of cerata can
only be used as taxonomic character when comparing truly
mature/adult species, as the number of cerata increases during

ontogeny, but some species descriptions are based on imma-
ture specimens only. Moreover, previous studies showed in-
traspecific variability in the number of cerata also in adult
specimens, e.g., of 14–21 cerata in total in P. thompsoni
(Salvini-Plawen 1991), weakening its reliability for species
delineation. Based on this data, P. kowalevskyi Salvini-
Plawen and Sterrer, 1968 likely resembles a junior synonym
of P. paradoxus (see Table 1). It was collected by Kowalevsky
(1901a) in the Eastern Mediterranean near Mytilini (Lesbos,
Greece) and was mentioned in a short note as putative addi-
tional species due to its higher number of cerata (13 vs. 7–8
pairs), without further examination or depiction of the speci-
mens. Later on, Salvini-Plawen and Sterrer (1968) erected the
species P. kowalevskyi based on this note of Kowalevsky’ in
absence neither of new material nor via re-examination of the
original one. The description of P. setensis is also solely based
on external morphology and radula characteristics. This
Western Mediterranean species only differs from
P. paradoxus in its smaller size and a consequent lower num-
ber of cerata (i.e., 5 pairs in adult forms only) (see Fize 1961).
Re-examination and molecular comparison are badly needed,
because this species may represent a junior synonym of
P. paradoxus, which would imply a broader distribution range
of the latter beyond the Black Sea widespread throughout the
Mediterranean. Pseudovermis schulzi is an even smaller rep-
resentative of the genus with only one to five cerata in total in
mature specimens, which additionally differs from the species
discussed above in a minute detail of the radula, i.e., a two-
pointed vs. a one-pointed lateral denticle (see Table 1). In
general, the radula of Pseudovermis are quite uniform (formu-
la 1.1.1) and present minor diagnostic differences: (1) most
species bear 5–6 lateral denticles (increasing in size) on each
side of the central cusp of the rhachidian tooth (see Urgorri
et al. 1991; Table 1). Indeed, the number of denticles might
only be diagnostic in the few lineages where it deviates from
this general setting (e.g., P. mortoni with only three denticles
(Challis 1969)). (2) The lateral tooth bears one- or two-pointed
denticles, which might be useful to distinguish some of the
externally identical European Pseudovermis species (see
Table 1), but its variability still needs to be examined and
tested against molecular markers. The number of rows in-
creases during ontogeny and varies intraspecifically, thus be-
ing little reliable for species delineation. As highlighted above
the Bdenticulation^ of the jaws might present a degeneration
artifact (Salvini-Plawen and Sterrer 1968) and, thus, maybe of
limited value for species delineation. Pseudovermis axi clearly
differs from all other P. paradoxus forms in the absence of
eyes. It remains to be investigated, however, whether the lack
of eyes is a constant characteristic across the population, as
eyes in meiofaunal slugs are prone to reduction and show high
intraspecific plasticity (Neusser et al. 2011; Jörger et al. 2012).
Potential synonyms among the European Pseudovermis spe-
cies of the P. paradoxus form based on traditional taxonomy
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(i.e., external morphology and radula/jaw characteristics) are
summarized in Table 1. We refrain from formally synonymiz-
ing these lineages, until molecular data is available to confirm
species identities and boundaries. Meiofaunal slugs are prone
to cryptic speciation (Jörger et al. 2012), and for the sake of
taxonomic stability, an integrative approach is needed in the
near future.

Comparative 3D microanatomy among Pseudovermis spe-
cies (see Jörger et al. 2014b; present study) has uncovered a
wealth of anatomical characters potentially useful to support
species delineation among externally cryptic Pseudovermis:
Features in the nervous system such as the presence/absence
of gastro-oesophagial ganglia and the setting of cerebral
nerves, characters of the reproductive system, e.g., diaulic
vs. triaulic condition, presence/absence of a penis which can
be enforced via a cuticular lining. However, the intraspecific
and ontogenetic variability of most microanatomical charac-
ters has received little attention so far with most studies limit-
ed to few specimens investigated in full depth. Until technical
advances help to speed up microanatomical approaches, e.g.,
via nano-CT devices with computer-supported automated la-
beling of organ systems, comparative microanatomy will re-
main limited to few key species of central interest in taxonomy
and systematics. To resolve the taxonomic ambiguities in the
validity of the European Pseudovermis species (i.e., minimum
of two to maximum of nine different species; see Table 1 and
the resulting uncertainties in distribution ranges and dispersal
abilities of the established species), a molecular species delin-
eation based on recollected material from the type localities is
urgently needed. First molecular approaches on other
meiofaunal slugs with likely similar dispersal abilities re-
vealed that the European species have suffered from taxonom-
ic over-splitting in the past and rather consist of few species
widespread throughout the Black Sea, Mediterranean and
along the Atlantic Coast (Eder et al. 2011). As a first step
towards a barcoding library of Pseudovermidae useful for mo-
lecular species delineation in the future, we will deposit a
reference barcode of P. paradoxus collected at the type local-
ity to GenBank. No molecular data is available so far for other
European pseudovermids, but our data from two congeners
P. mortoni and P. salamandrops from the Indo-Pacific and
Western Atlantic showed high genetic divergence of 18–
19% between species on the fast evolving COI barcoding
gene, which likely provides a reliable marker to investigate
species boundaries in Pseudovermis.

Paedomorphic origin impeding phylogenetic
placement

Despite its unusual, worm-shaped appearance, Kowalevsky
(1901a) already correctly recognized the relationship of
Pseudovermis among nudibranch sea slugs. However, the di-
rect sister group relationships within the cladobranch

Nudibranchia still remain ambiguous (Bouchet et al. 2017).
Ontogenetic studies on Aeolidioidea revealed that their early
juvenile stage after metamorphosis resembles external major
features of Pseudovermis (including absence of rhinophores
and oral tentacles and a single row of small cerata (see Tardy
1970, Fig. 12; Korshunova et al. 2017b), which clearly sug-
gests a paedomorphic origin from a sand-dwelling macrofau-
nal nudibranch (Jörger et al. 2014a). Shifts in ontogeny result
in either paedomorphosis (the appearing of juvenile features
of the ancestors in the adult stages of the descendants) or
peramorphosis (the development of new features in the de-
scendants compared to the ontogeny of their ancestors)
(Gould 1977; McNamara 1986; Martynov 2012).
Paedomorphosis may result from either progenesis (an earlier
maturation in descendants compared to their ancestors and an
early arrest of development, which in general results in small-
sized organisms) or neoteny (a comparably slower maturation
and a rather extended development of other characters that
usually result in large-sized organismwith not fully developed
ancestral features) (e.g., Gould 1977; McNamara 1986).
Whereas paedomorphosis and peramorphosis concern fea-
tures, respectively, characters, progenesis, and neoteny refer
to evolutionary processes. Unfortunately, Bprogenesis^ and
Bpaedomorphosis^ are often referred to as synonyms by au-
thors on marine meiofauna (e.g., Westheide 1987). While
Pseudovermis displays a potentially paedomorphic absence
of oral tentacles and rhinophores, the elongated worm shape
is indeed an apomorphy for this family and probably repre-
sents a peramorphic trait. Notably, juveniles of P. paradoxus
are shorter and bear just one to two pairs of rudimentary cerata
(Martynov and Korshunova 2011) and are therein more sim-
ilar to the early juveniles of other aeolidaceans than to the long
worm-shaped Pseudovermis adults. The paedomorphic origin
of Pseudovermidae is also reflected in features of the nervous
system (e.g., fused cerebro-pedal connective; see discussion
above), and it might also explain the holohepathic digestive
gland, therein not contradicting a placement among
Cladobranchia (which usually bear a cladobranch, i.e.,
branching digestive gland). Moreover, the cnidosac structures
found herein, might represent precursor stages in the evolution
of the more complex aeolid cnidosacs. Since our histological
and ultrastructural data on the cnidosacs of Pseudovermis
could neither detect a pore for terminal expulsion of the
nematocysts nor a connecting duct between cnidosac and di-
gestive gland, which are both typical features of the aeolid
cnidosacs (Martin et al. 2009; Martin et al. 2010). A
connecting duct might only be formed temporarily. In some
aspects, the pseudovermid cnidosacs more closely resemble
those of Hancockia (Martin et al. 2009; Jörger et al. 2014b),
another cladohepatic genus (family) of uncertain affinities.
The reduced renopericardial system lacking a heart and with
only a vestigial pericardium developed, likely presents an ad-
aptation to the minituarized meiofaunal body size or the
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elongated body, thus, probably lacking phylogenetic signal.
The absence of a robust phylogenetic hypothesis on sister group
relationships of Pseudovermidae and the possible heterochronic
effects hinder interpretations on the plesiomorphic character
states in genital system of Pseudovermis (e.g., diauly vs. triauly,
absence/presence of a penis, separate or combined male and
female gonad follicles) and vice versa. However, the general
pattern of the triserial pseudovermid radula closely resembles
that of many other Aeolidioidea and supports a phylogenetic
placement of the family Pseudovermidae close or even within
Aeolidioidea. According to the most recent aeolid phylogeny
(Korshunova et al. 2017a), a triserial radula characterizes both
related families (e.g., Coryphellidae, Flabellinidae,
Flabellinopsidae) as well as only distantly related (such as
Samlidae and Eubranchidae), which indicates the plesiomorphic
condition of the triserial radula for aeolid nudibranchs.

In summary, microanatomical characters might be insuffi-
cient to settle the debate on the phylogenetic relationships of
Pseudovermidae, as the reviewed and comparatively analyzed
microanatomical data presents a mosaic of putative
plesiomorphic vs. apomorphic characters, which is further
complicated via the presence of paedomorphic structures
and adaptations to a life between sand grains. Additional mo-
lecular approaches capable to resolve cladobranch relation-
ships are needed in future research to finally place the only
entirely mesopsammic clade of Nudibranchia within a phylo-
genetic context.

Conclusions and outlook

Our present study demonstrates the value of in-depth taxo-
nomic redescriptions of key species, of establishing neotypes
and connecting the morphological knowledge to a reference
barcode to stabilize and clear up taxonomy. We show that
traditional characters of external morphology, jaws and largely
also radula ultrastructure are insufficient for reliable species
delineation in Pseudovermidae. This highlights the need for
taxonomic revision of European species of Pseudovermidae
with several currently valid species likely presenting junior
synonyms of P. paradoxus, which need to be recollected and
barcoded to retrieve reliable estimates on the true species di-
versity as well as distribution ranges in European waters.
While the diversity of European Pseudovermidae is likely
artificially inflated, the global species diversity is still poorly
explored with most tropical sandy habitats untouched by
meiofauna research. The wealth of still undiscovered
Pseudovermis lineages requires additional microanatomical
characters (especially from the reproductive system) for reli-
able species delineation and description, but ideally, also mo-
lecular data as the vast majority of the global diversity most
likely presents morphologically highly cryptic forms of the
already established lineages.
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