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ABSTRACT
Large parts of the discovered diversity of sea slugs are still undescribed, despite their potential contribution
to a better understanding of the evolution of the group. Here, we describe an enigmatic tiny sea slug that
was discovered in the 1970s on subtidal reef flats on Guam (Mariana Islands, Indo-West Pacific). The slug
presents a long, coiled visceral sac, unique within the highly diverse body plans of sea slugs, which are usu-
ally characterized by different degrees of external body symmetry, linked to the reduction of the shell. Its
initial assignment to the order Acochlidiida is confirmed by our 3D-microanatomical study based on a
histological section series. Helicohedyle dikiki n. gen., n. sp. shows a number of putative plesiomorphic characters
such as a simple excretory system—including a sac-like kidney combined with a short nephroduct—and an
androdiaulic, hermaphroditic reproductive system, which bears an unarmed copulatory organ. Based on
external morphology and microanatomical data it can be assigned to the Hedylopsacea and shows affinities
both with marine and brackish Pseudunelidae, and also with limnic Tantulidae. We discuss the different
potential scenarios of the evolution of a helicoid visceral sac as a secondary adaptation to the benthic marine
lifestyle vs its interpretation as a plesiomorphic character from a coiled and shell-bearing ancestor, predating
the transition to the interstices of sandy habitats associated with (progenetic) modifications in body plans.

INTRODUCTION

The tropical Indo-West Pacific harbours the highest diversity of
marine life, with the ‘Coral Triangle’ in the Indo-Malayan region
recognized as the world’s marine diversity hotspot (e.g.,
Hoeksema, 2007; Carpenter et al., 2011). The dimensions and
location of this hotspot varies slightly between marine clades (Kay,
1995; Hoeksema, 2007; Carpenter et al., 2011). Nevertheless, there
is a general trend for decreasing species diversity eastwards, so
that the oceanic Pacific Islands house an impoverished Indo-
Malayan marine fauna combined with variable proportions of
endemics (Kay, 1995; Hoeksema, 2007; Carpenter et al., 2011).
The island of Guam is the southernmost island of the volcanic
Mariana Islands, located east of the Philippines and northeast of
Palau. Guam and the Marianas have the best documented marine
biotas in Micronesia and, despite their isolated location east of the
‘Coral Triangle’, the Marianas marine fauna currently comprises
over 5,600 recorded species, outnumbering any other area of
comparable size in species diversity (Paulay, 2003). Taxon-based
comparison between Indo-West Pacific islands indicates, however,
that this leading position in overall species diversity of Guam is
likely due to the comparatively lower sampling effort in the diver-
sity hotspot of the ‘Coral Triangle’ (Paulay, 2003). Unfortunately,

due to a lack of exploratory and descriptive work, there is still too
little data for an evaluation of regional endemism.

Based on the most recent overall species counts of heterobranch
sea slugs in the Indo-West Pacific, there are currently 3,000 spe-
cies recorded, with large percentages of up to 56% of the regional
sea slug fauna undescribed (Gosliner, Valdés & Behrens, 2015). In
Guam and the Marianas, Carlson & Hoff (2003) listed 485 species
of heterobranch sea slugs and, despite a series of descriptions
(Marcus, 1965; Carlson & Hoff, 1974, 1993; Hoff & Carlson,
1990; Avila et al., 1998), nearly 50% of the discovered Marianas
heterobranch fauna still remains undescribed (Gosliner &
Draheim, 1996; Carlson & Hoff, 2003). New lineages need to be
at least briefly described, because only named and published spe-
cies really exist for scientific purposes, i.e. are included in biodiver-
sity assessments and conservation approaches (Jörger et al., 2012;
Jörger & Schrödl, 2013). Some new findings, however, are excit-
ingly different from anything else; these are new lineages suggest-
ing a special evolutionary history and merit a more profound
investigation and a ‘deep description’ (Schrödl, 2016).

Remarkable among the heterobranch discoveries from Guam
was the finding of a sand-dwelling helicoid slug, which was prelim-
inary assigned to the order Acochlidiida and whose photograph
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was posted on the ‘Sea Slug Forum’ nearly 20 years ago (Carlson
& Hoff, 1998, 2003). The Acochlidiida are a comparatively small
clade of Panpulmonata, which encompass an extraordinary mor-
phological and ecological diversity. While most acochlidians are
minute and inhabit the marine mesopsammon (Schrödl &
Neusser, 2010; Jörger et al., 2010), this clade also includes one
recently discovered benthic species in the deep-sea (Neusser et al.,
2016), one brackish species (Neusser & Schrödl, 2009), several
lineages of slugs that have invaded freshwater systems (Wawra,
1974, 1979, 1980; Haynes & Kenchington, 1991; Neusser &
Schrödl, 2007; Brenzinger et al., 2011a, 2011b) or even colonized
land (Swennen & Buatip, 2009; Neusser et al., 2011a, 2015; Kano
et al., 2015). All known aquatic acochlidian species are character-
ized by the subdivision into a head-foot complex and a shell-less,
short, elongated, free and straight visceral sac, inspiring Strubell’s
(1892) original generic name Acochlidium. Recently discovered (semi-)
terrestrial Aitengidae deviate from this typical acochlidian bauplan,
but their compact body was interpreted as a secondary adaption to
the amphibious lifestyle, achieving better stability and a smaller body
surface (Neusser et al., 2011a). The acochlidian discovered in Guam
appears to be a unique lineage in this already highly diverse slug
clade, because it is the first representative with a very long and coiled
visceral sac. To our knowledge it is, moreover, the only sea slug with
a coiled visceral sac; usually the loss of the shell is combined with
various degrees of detorsion and, typically, with the formation of a
compact slug shape (e.g. Gosliner, 1994; Wägele et al., 2008).

In the present study we investigate this enigmatic and externally
unique slug (Carlson & Hoff, 1998, 2003) using modern 3D-imaging
techniques. Based on a series of histological semithin sections, we pre-
pared 3D reconstructions (Amira®) of all organ systems and describe
this novel lineage in microanatomical detail. Preliminary results were
presented at the World Congress of Malacology 2016 (Drainas et al.,
2016). Based on our microanatomical data, we discuss the phylogen-
etic affinities of the novel lineage and different scenarios for the evolu-
tion of the first helicoid acochlidian.

MATERIAL AND METHODS

Sampling and embedding

Originally, five specimens were collected from two localities from
the subtidal reef flat and shallow-water sandy areas in south-
western Guam between 1972 and 1981 by C.H. Carlson. Three
specimens are unfortunately lost, but two specimens were available
for detailed analyses (Table 1). They were documented by photo-
graphs while alive and subsequently relaxed in MgCl2 solution,
prior to fixation in 70% ethanol. Recently, specimen no. 5 (see
Table 1) was decalcified in Bouin’s solution overnight and dehy-
drated in a graded series of acetone in distilled water (30, 50, 70,

3 ×100%). This specimen was embedded in Spurr’s low viscosity
resin (Spurr, 1969).

Sectioning and 3D reconstruction with Amira®

We prepared a complete series of ribboned semithin sections
(thickness 1.5 μm) using a RCM MT 700 ultramicrotome with a
diamond knife (Histo Jumbo, Diatome, Biel, Switzerland) and con-
tact cement at the lower cutting edge, according to Ruthensteiner
(2008). The sections were stained with methylene blue-azure II
(Richardson, Jarett & Finke, 1960) and are deposited at the State
Collection of Zoology, Munich (ZSM Mol 20160232). The micro-
scope slides were scanned using an Olympus® dotSlide microscope
with 20× magnification and saved as .vsi files. Digital images of every
section were prepared using the image-viewer software OlyVia®.
Images were converted to 8-bit greyscale format, then contrast-
enhanced and unsharp-masked with standard image-editing soft-
ware. All organ systems were three-dimensionally reconstructed with
Amira®, largely following Ruthensteiner (2008).

Molecular data

Unfortunately, the specimen no. 4 (see Table 1) was dried up. We
nevertheless attempted to generate molecular data and extracted
DNA with the NucleoSpin Tissue Kit (Macherey and Nagel), fol-
lowing the manufacturer’s protocol and the elution procedure for
high DNA yield. We tried to amplify mitochondrial cytochrome c
oxidase subunit I (COI) and 16 S rRNA genes, as well as nuclear
28 S rRNA and 18 S rRNA, using a variety of primers and proto-
cols established for Acochlidiida and related heterobranch gastro-
pods (see e.g. Klussmann-Kolb et al., 2008; Jörger et al., 2010,
2014a). Unfortunately, we obtained no or only contaminated
PCR products for all markers, thus it is likely that the DNA is too
degenerated for direct PCR-based approaches.

SYSTEMATIC DESCRIPTION

Heterobranchia sensu Haszprunar, 1985
Panpulmonata sensu Jörger et al., 2010

Acochlidiida sensu Bouchet et al., in press
Hedylopsacea sensu Wawra, 1987

Family incertae sedis

Helicohedyle new genus

Type species: Helicohedyle dikiki n. sp., here designated.

ZooBank registration: urn:lsid:zoobank.org:act: F3800B4F-D45E-43B7-
9329-A9A1421DBEBF

Table 1. Collection data and body length of living specimens of Helicohedyle dikiki n. sp. from Guam.

No Locality Collection date GPS data Body length (mm) Status of specimen ZSM registration no.

1 Anae Island 12 April 1972 13°21.429′N 5.5 Lost

144°38.290′E
2 Anae Island 15 April 1972 13°21.429′N 5.5 Deteriorated in the fridge after sampling

144°38.290′E
3 Anae Island 16 April 1972 13°21.429′N 5.5 Lost

144°38.290′E
4 Bile Bay 8 May 1977 13°16.487′N 4.0 DNA extraction ZSM Mol 20170072

144°39.763′E
5 Bile Bay 1 June 1981 13°16.487′N 6.0 Section series Holotype ZSM Mol 20160232

144°39.763′E

Abbreviation: ZSM, Bavarian State Collection of Zoology.
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Figure 1. A, B. Living specimens of Helicohedyle dikiki n. sp. A. Anae Island, Guam; with pinkish-brown digestive gland; length 5.5 mm. B. Holotype; Bile
Bay, Guam; with grayish digestive gland; length 6 mm. C, D. 3D reconstructions of holotype. C. Voluminous digestive gland. D. Ovotestis and kidney.
Abbreviations: cns, central nervous system; dg, digestive gland; f, foot; fgl, female gland; gs, genital system; k, kidney; lt, labial tentacle; ov, ovotestis; pc,
pericardial swelling; rh, rhinophore; sgl, salivary gland; t, tail; vs, visceral sack. Scale bars: C, D = 1 mm.
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Etymology: From Latin, helica referring to coiled snail shells, and
Hedyle, one of the first genus names among Acochlidiida.

Diagnosis: Marine sand-dwelling hedylopsacean Acochlidiida with
two pairs of cephalic tentacles of equal length, foot slightly broader
than body, unpigmented eyes, unarmed copulatory organs, simple
sac-like kidney and a unique, highly coiled visceral sac.

Helicohedyle dikiki new species
(Figs 1–6)

Type material: Holotype (ZSM Mol 20160232, a series of semithin
sections), Bile Bay, southwestern Guam, Mariana Islands

ZooBank registration: urn:lsid:zoobank.org:act: 3766A856-C4BE-44B3-
9794-4C22279BBE38

Etymology: The specific epithet dikiki refers to the word ‘small’ or
‘minute’ in the Chamorro language of the native inhabitants of Guam.

Diagnosis: as for genus.

External morphology and integument: Body divided into anterior head-
foot complex and posterior long, highly coiled, visceral sac in
which head can be (partially) retracted (Fig. 1B). Head-foot com-
plex with broad connection to free visceral sac. Length of resting
and crawling slugs 3.5–6 mm, respectively, measuring from head
to tip of visceral sac/end of coiled visceral sac. Body coloration
translucent with pinkish-brown (Fig. 1A) or greyish (Fig. 1B)
digestive gland showing through epidermis in specimens from
Anae Island and Bile Bay, respectively. Head with two pairs of
cephalic tentacles of same length. Labial tentacles slightly flat-
tened, broad at base, pointed. Solid rhinophores digitiform,
pointed, curved and held forward in crawling specimens. Eyes not
visible externally. Anterior part of foot slightly broader than head
(Fig. 1A). Tail (i.e. free posterior foot) long, tapered (Fig. 1B). Gills
and mantle cavity absent. Epidermis highly glandular (Fig. 1B).
Pericardial swelling visible externally (Fig. 1A). Subepidermal calcar-
eous spicules present in head-foot complex and anterior of visceral
sac. Visceral sac with thin, subepidermal muscle fibres ventrally.

Central nervous system (CNS): CNS euthyneurous and prepharyngeal
with paired cerebral, optic, rhinophoral, pedal, pleural, buccal and
gastro-oesophageal ganglia and three distinct ganglia plus presumed

osphradial ganglion on visceral loop (Figs 2, 3B). Accessory ganglia
absent. Ganglia identified and named according to pentaganglionate
hypothesis of Haszprunar (1985) and in agreement with recent studies
of acochlidians (see e.g. Neusser & Schrödl, 2007; Neusser, Martynov &
Schrödl, 2009b). Size of ganglia given as approximate diameter.

Prepharyngeal nerve ring formed by cerebral, pleural and pedal
ganglia (Figs 2, 3B–D, 4B). Large cerebral ganglia (91 μm) con-
nected through thick cerebral commissure (Figs 2, 3C, D). Small
rhinophoral ganglia (Figs 2, 3C) (37 μm) attached to cerebral gan-
glia anteriorly. Just posteriorly, small optic ganglia nestled on cere-
bral ganglia (39 μm) (Figs 2, 3B, C). Small, unpigmented eye (Figs 2,
3C, F) (35 μm) posterior to optic ganglia. Rhinophoral and optic
ganglia and eye closely attached laterally to cerebral ganglia
(Fig. 3C). Rhinophoral, labial tentacular and optic nerves and
Hancock’s organ not detected due to withdrawn head of examined
specimen and resulting compressed state of nervous tissue. Pedal
ganglia (91 μm) connected through thick, short commissure; para-
pedal commissure not detected (Figs 2, 3C). Statocysts attached
posteriorly to pedal ganglia (Figs 2, 3D, E). Pleural ganglia
(48 μm) connected to visceral loop ganglia (Figs 2, 3D, E, 4B, C),
i.e. left parietal ganglion (52 μm), fused subintestinal/visceral gan-
glion (85 μm), fused supraintestinal/right parietal ganglion
(72 μm); presumed unpaired osphradial ganglion (Figs 2, 3D, 4C)
(42 μm) connected to last-named. Buccal ganglia (44 μm) (Figs 2,
3B, D, F) linked by short commissure ventral to oesophagus.
Cerebrobuccal connectives not detected. Small gastro-oesophageal
ganglia (Figs 2, 3B, D) (30 μm) connected to buccal ganglia.

Digestive system: Mouth opening between labial tentacles. Oral tube
short (Fig. 3A, B), unciliated, leading to muscular pharynx (Figs
3A, B, E, F). Radula J-shaped and c. 100 μm long (Fig. 3A).
Radula formula not determined from histological sections.
Gizzard and jaws lacking. Large, paired salivary glands (Figs 3A,
E, F, 4B, C), secretory cells with dark blue-stained granules.
Salivary glands discharging via paired, short salivary gland ducts
into posterior pharynx. Proximal salivary gland ducts developed as
muscular salivary pumps (Fig. 3A, F). Oesophagus long, ciliated
(Fig. 3A, B, E), emerging posterodorsally from pharynx. Stomach
(Fig. 3A) developed as anterior lobe of digestive gland, separated
only by deep groove; histologically as for digestive gland. Highly
coiled and voluminous holohepatic digestive gland without diver-
ticula (Figs 1C, 4D). Digestive gland dorsal to ovotestis (Fig. 1C).
Intestine short, densely ciliated (Figs 3A, 4B, C). Anus (Fig. 4B)
opens ventrolaterally on right side, slightly anterior to, but sepa-
rated from, nephropore.

Circulatory and excretory systems: Circulatory and excretory systems
positioned on right side of body (Fig. 1D). No heart could be
detected. Thin-walled pericardium nearly collapsed (Fig. 4A, C).
Renopericardial duct (Fig. 4A, C) highly ciliated connecting pericar-
dium with anterior of kidney. Kidney sac-like (Figs 1D, 4A), epithe-
lial cells appear vacuolized histologically (Fig. 4C, D). Nephroduct
short (Fig. 4A, B). Nephropore (Fig. 4B) opens ventrolaterallly on
right side, just posterior to, but separated from, anus.

Reproductive system: Reproductive system hermaphroditic and andro-
diaulic (Fig. 5). Ovotestis sac-like (Figs 5, 6A) with follicles, posi-
tioned ventrally to digestive gland. No mature oocytes developed.
Preampullary gonoduct (Fig. 6C) leading to tube-like ampulla
(Fig. 6C, E) filled with autosperm. No receptaculum seminis devel-
oped at least at this ontogenetic stage. Different tube-like female
glands (Fig. 6C, E) not distinguished histologically, stained light
blue over entire length. Hermaphroditic duct glandular, dividing
into vas deferens (Fig. 6C, E) and female distal gonoduct (Figs 4B,
C, 5, 6C). Female gonopore (Fig. 5) opening ventrally on right side,
considerably anterior to anus. Large bursa copulatrix (Figs 4B, C, 5,
6C) connected to female gonoduct via bursa stalk. Vas deferens
leading anteriorly on right side of body to male copulatory organs

Figure 2. Schematic drawing of the central nervous system of Helicohedyle
dikiki n. sp. (dorsal view). Abbreviations: bg, buccal ganglion; cg, cerebral
ganglion; ey, eye; gog, gastro-oesophageal ganglion; og, optic ganglion;
osg, osphradial ganglion; pag, parietal ganglion; pg, pedal ganglion; plg,
pleural ganglion; rhg, rhinophoral ganglion; st, statocyst; subg, subintestinal
ganglion; supg, supraintestinal ganglion; vg, visceral ganglion. Not to scale.
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Figure 3. 3D reconstructions (A–D) and histological sections (E, F) of the digestive system and central nervous system (CNS) of Helicohedyle dikiki n. sp. A.
Anterior digestive system, digestive gland omitted (right view). B. Prepharyngeal CNS (left view). C. CNS (anterior view). D. Visceral loop ganglia (poster-
ior view). E. Radula and oesophagus. F. Salivary pump and ganglia. Abbreviations: bg, buccal ganglion; cg, cerebral ganglion; dg, digestive gland; ey, eye;
fgl, female gland; gog, gastro-oesophageal ganglion; i, intestine; oe, oesophagus; og, optic ganglion; osg, osphradial ganglion; ot, oral tube; p, penis; pag,
parietal ganglion; pg, pedal ganglion; ph, pharynx; plg, pleural ganglion; pr, prostate; r, radula; rhg, rhinophoral ganglion; s, stomach; sc, spicule cavity; sd,
salivary gland duct; sgl, salivary gland; sp, salivary pump; st, statocyst; subg, subintestinal ganglion; supg, supraintestinal ganglion; vd, vas deferens; vg, vis-
ceral ganglion; vn, visceral nerve. Scale bars: A, F = 100 μm; B = 75 μm; C, D = 50 μm; E = 40 μm.
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(Figs 5, 6B). Vas deferens not traced over entire length. Posterior-
leading vas deferens closely attached to penial sheath (Figs 4B, 5,
6B). Prostate tube-like (Figs 5, 6B), highly glandular (Figs 3E, F,
6D). Ejaculatory duct (Figs 5, 6B, D) connecting to muscular penis
(Figs 3F, 5, 6B, D) surrounded by thin-walled penial sheath (Figs 5,
6B, D). Penis simple, without cuticular stylets or thorns. Muscular
basal swelling at base of penis and second paraprostatic glandular
system absent. Male gonopore (Fig. 5) opening posterior to right
rhinophore.

Distribution and habitat: Known from type locality and Anae Island
(Table 1). Sandy patches of reef flat.

DISCUSSION

Phylogenetic placement of Helicohedyle

Intuitively, this novel sea slug was assigned to the heterobranch
order Acochlidiida based on external characters, despite its
unique, coiled visceral hump (Carlson & Hoff, 1998, 2003). The
subdivision of the body into head-foot complex and separated vis-
ceral hump and the ability to retract the head-foot complex at
least partially into the latter has been discussed as a potential apo-
morphy of Acochlidiida (Schrödl & Neusser, 2010), while modifica-
tions in limnic and terrestrial lineages have been interpreted as
secondary adaptations to these novel environments (e.g., Brenzinger
et al., 2011a, b; Neusser et al., 2011a). Helicohedyle shows this typical

body subdivision and direct observations indicate that animals can
at least partially retract into the visceral hump. Furthermore, our
microanatomical study reveals additional characters which, though
not unique to, are nevertheless typical for marine Acochlidiida, such
as the presence of calcareous subepidermal spicules, the reduction of
the mantle cavity and the presence of solid rhinophores innervated
by the rhinophoral nerve only (Sommerfeldt & Schrödl, 2005;
Schrödl & Neusser, 2010).

Initially, the enigmatic slug was classified as ‘Microhedyle sp.’
(Carlson & Hoff, 1998) and thus considered part of the
Microhedylacea. Our data however, suggest that it is related to
the other major acochlidian lineage, the Hedylopsacea sensu
Wawra (1987), because of the presence of male anterior copula-
tory organs (Schrödl & Neusser, 2010), which are absent in all
Microhedylacea (Neusser et al., 2006, 2009b; Jörger et al., 2008,
2009, 2014a). Additionally, Helicohedyle lacks accessory ganglia,
which are absent in Hedylopsacea (except Tantulum elegans) and
typically present in Microhedylacea. Hedylopsacea comprise mar-
ine mesopsammic Hedylopsidae (Wawra, 1989; Sommerfeldt &
Schrödl, 2005) and Pseudunelidae (Challis, 1970; Neusser, Heß &
Schrödl, 2009a; Neusser, Jörger & Schrödl, 2011b), deep-sea ben-
thic Bathyhedylidae (Neusser et al., 2016), limnic interstitial
Tantulidae (Rankin, 1979; Neusser & Schrödl, 2007), limnic ben-
thic Acochlidiidae (Wawra, 1979, 1980; Haynes & Kenchington,
1991; Brenzinger et al., 2011a, b) and (semi)terrestrial Aitengidae
(Swennen & Buatip, 2009; Neusser et al., 2011a; Kano et al.,
2015). Externally, Helicohedyle dikiki resembles most closely mem-
bers of the marine Pseudunelidae by its relatively small body size

Figure 4. 3D reconstruction (A) and histological sections (B–D) of the circulatory and excretory systems of Helicohedyle dikiki n. sp. A. Right view. B.
Nephroduct and nephropore. C. Pericardium and renopericardioduct. D. Kidney. Abbreviations: a, anus; bc, bursa copulatrix; bs, bursa stalk; cg, cerebral
ganglion; dg, digestive gland; fgl, female gland; gd, gonoduct; i, intestine; k, kidney; nd, nephroduct; np, nephropore; osg, osphradial ganglion; pag, parietal
ganglion; pc, pericardium; pg, pedal ganglion; pgl, pleural ganglion; ph, pharynx; pr, prostate; ps, penial sheath; rpd, renopericardioduct; sgl, salivary
gland; supg, supraintestinal ganglion; vd, vas deferens. Scale bars: A = 150 μm; B = 50 μm; C, D = 100 μm.
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and a clearly visible pericardial swelling (Table 2). The more or
less digitiform head tentacles have the same shape in
Pseudunelidae and Tantulidae, but differ in length, whereas the
cephalic tentacles are of the same length in H. dikiki and the rhino-
phores are shorter than the labial tentacles in Pseudunelidae
(Neusser & Schrödl, 2009; Neusser et al., 2009a, 2011b) and
Tantulidae (Rankin, 1979). In contrast, the labial tentacles of
members of marine Hedylopsis are flattened, rounded lobes
(Sommerfeldt & Schrödl, 2005).

The internal microanatomy of H. dikiki does not entirely resem-
ble that of Pseudunelidae; instead there is a mosaic of features
shared with marine and brackish Pseudunelidae and with fresh-
water Tantulidae (Table 2). Helicohedyle shares the marine habitat,
the absence of accessory ganglia, the presence of three visceral
loop ganglia and the short nephroduct with Pseudunela. On the
other hand, the unpigmented eyes, the presence of salivary pumps,
the stomach separated by a groove and the unarmed reproductive
system suggest an affinity of Helicohedyle with Tantulum. The most
eye-catching and unique external characteristic of H. dikiki is the
very long and highly coiled visceral sac (Table 2) with thin ventral
muscle fibres. This is usually considerably shorter and simply elon-
gated in all aquatic, mesopsammic as well as benthic, acochlidians.
In the brackish Pseudunela espiritusanta the elongated visceral sac is
bent forward in living specimens, but never coiled or forming
whorls (Neusser & Schrödl, 2009).

A cladistic analysis based on morphological characters (data on
H. dikiki added to character set of Schrödl & Neusser, 2010) did
not reveal the family affiliation of the present species. With the
present state of anatomical knowledge, Helicohedyle is a new hedy-
lopsacean taxon with a completely new shape of the visceral sac,
which does not fit within any known family- or genus-level acochli-
dian lineage; this justifies the erection of a new species and new
genus. Future molecular analyses and additional morphological
investigation of the mature female reproductive system and ultra-
structure of the radula will reveal if the new species should be
assigned to one of the existing acochlidian families or represents a

novel evolutionary lineage. Until new material is available, H. dikiki is
provisionally considered incertae sedis, but with affinity to Pseudunelidae
and Tantulidae.

Interpretation of the evolution of a helicoid acochlidian

In the absence of a phylogenetic tree, we can only hypothesize
the relationships of the new genus Helicohedyle based on the avail-
able microanatomical data and speculative evolutionary scenarios
that need to be tested once molecular and additional morpho-
logical data are available. Based on current knowledge, there
are two evolutionary scenarios that could account for a helicoid
acochlidian. Helicohedyle dikiki was collected from coarse sand sam-
ples and, in the absence of direct behavioural observations, we
conclude from the external morphology and microanatomical
characters that this species is sand-dwelling and not truly mesop-
sammic, i.e. it does not inhabit the interstitial spaces between sand
grains. Helicohedyle dikiki exceeds the typical size of interstitial
organisms and shows none of the adaptations considered as char-
acteristic for mesopsammic slugs, i.e. worm-shaped body, adhesive
glands or modifications in the reproductive system towards rapid
modes of sperm transfer via hypodermic injection and spermato-
phores (Swedmark, 1968; Jörger et al., 2014b). Observations of liv-
ing specimens showed no tendency towards unwinding the large
and clumsy coiled visceral sac and we found no indication of a dis-
tinct musculature in the coiled visceral hump that could allow for
complex movements. Thus, we consider it unlikely that H. dikiki
extends into a worm-like shape in the interstitial spaces and only
coils up occasionally.

In the first evolutionary scenario, Helicohedyle originated from a
common mesopsammic acochlidian ancestor with Pseudunelidae
and Tantulidae, and secondarily inhabited benthic sandy habitats.
The helicoid visceral sac of Helicohedyle is then interpreted as a
derived character—whether achieved by ‘reactivation’ of a nonex-
pressed ancestral condition, or as a novel secondary coiling, pos-
sibly achieved late in development. Switching to a benthic
lifestyle, the coiled visceral sac might be advantageous for stability
and movement, or as strategy against benthic predators, minimiz-
ing visible length and surface, in contrast to an elongated worm-
shape. The new species does rather resemble a faecal coil, which
may be biologically relevant as a kind of mimesis. The coiled vis-
ceral sac of Helicohedyle encloses a highly voluminous digestive sys-
tem and provides space for comparably enlarged gonads. It might
thus be related to the acquisition of a different food source requir-
ing an enlarged digestive gland and/ or indicate a high reproduct-
ive output. So far, histological sections of the digestive gland do
not allow for inferences on the food source and collection of speci-
mens in the mature female phase is needed to measure egg sizes
and count the number of eggs to evaluate reproductive output
and larval type.

In the second evolutionary scenario, the coiled visceral sac of
Helicohedyle is a plesiomorphic character retained from a shelled
and coiled panpulmonate ancestor. Most established families
among Acochlidiida are well supported monophyla in current
molecular phylogenetic hypotheses, but the basal interrelationships
between hedylopsacean clades are still poorly resolved and the dis-
covery and inclusion of novel evolutionary lineages might change
previous phylogenetic hypotheses (Jörger et al., 2014a). The origin
of Acochlidiida among Panpulmonata was ambiguous (Jörger
et al., 2010, 2014a; Schrödl, 2014), but recent phylogenomic ana-
lyses by Teasdale (2017) recovered Acochlidiida as sister to a com-
bined clade of limnic Hygrophila and largely terrestrial (but also
marine or limnic) Eupulmonata. While details await future ana-
lyses, it appears that Acochlidiida evolved from aquatic, benthic
snails which bore a helicoid shell with an accordingly coiled vis-
ceral hump. Thus, the evolution of Acochlidiida involved reduc-
tion of the shell and the transformation of a coiled visceral hump
towards a short and straight one, which has usually been

Figure 5. Schematic drawing of the reproductive system of Helicohedyle
dikiki n. sp. Abbreviations: am, ampulla; bc, bursa copulatrix; bs, bursa
stalk; ed, ejaculatory duct; fgl, female gland; fgo, female gonopore; mgo,
male gonopore; ov, ovotestis; p, penis; pr, prostate; ps, penial sheath; vd,
vas deferens. Not to scale.
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interpreted as a result of progenesis correlated with the invasion of
the supposedly ancestral interstitial habitat (Jörger et al., 2010,
2014a). However, Helicohedyle exhibits a series of likely plesiomorphic
characters, i.e. a simple sac-like kidney with short nephroduct and

an unarmed copulatory organ; with its coiled visceral sac and argu-
ably benthic lifestyle it might thus represent a basal acochlidian off-
shoot prior to the invasion of the interstitial environment. According
to this scenario, an early juvenile could have lost its coiled shell and

Figure 6. 3D reconstructions (A–C) and histological sections (D, E) of the reproductive system of Helicohedyle dikiki n. sp. A. Position of the reproductive
system (lateral view). B. Anterior male copulatory organs (ventral view). C. Posterior reproductive system without ovotestis (ventral view). D. Penis and
prostate. E. Ampulla and female gland. Abbreviations: am, ampulla; amc, anterior male copulatory organs; bc, bursa copulatrix; bg, buccal ganglion; bs,
bursa stalk; dg, digestive gland; ed, ejaculatory duct; fgl, female gland; gd, gonoduct; oe, oesophagus; ov, ovotestis; p, penis; ph, pharynx; pr, prostate; pre,
preampullary duct; prs, posterior reproductive system; ps, penial sheath; sgl, salivary gland; sp, salivary gland pump; vd, vas deferens; vs, visceral sac. Scale
bars: A = 500 μm; B, D = 75 μm; C, E = 150 μm.
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then developed a coiled and hypertrophied visceral hump, which
was later reduced in mesopsammic acochlidians.

Conclusion and outlook

Additional specimens allowing for molecular analyses and place-
ment within a phylogenetic framework are needed to confirm or
reject our hypotheses on the evolution of this uniquely helicoid sea
slug. During the evolution of heterobranch gastropods the shell

has been reduced various times independently, usually accompan-
ied by different degrees of decoiling (Gosliner, 1994; Wägele et al.,
2008). As a putative secondary development, the coiled visceral
sac of Helicohedyle represents yet another example of the flexibility
of a slug’s body plan or—if plesiomorphic—a ‘missing link’ on the
evolutionary pathway from coiled panpulmonate snails to their
uncoiled slug descendants.

Our study shows how even shallow and easily accessible habitats
in the Indo-Pacific still harbour novel genus- or family-level

Table 2. Comparison of external and internal anatomical characteristics of Helicohedyle dikiki n. sp. with species of Pseudunela and Tantulum.

Helicohedyle

dikiki

Pseudunela

cornuta Challis,

1970

Pseudunela viatoris

Neusser et al.,

2011b

Pseudunela marteli

Neusser et al.,

2011b

Pseudunela espiritusanta

Neusser & Schrödl, 2009

Tantulum elegans

Rankin, 1979

Type locality Bile Bay,

Guam

Guadalcanal,

Solomon Is

Viti Levu, Fiji Guadalcanal,

Solomon Is

Espiritu Santo, Vanuatu St Vincent I.

Data source this study Neusser et al.

(2009a)

Neusser et al.

(2011b)

Neusser et al.

(2011b)

Neusser & Schrödl (2009) Rankin (1979),

Neusser &

Schrödl (2007)

Habitat Marine Marine Marine Marine Brackish Freshwater

Body size (mm) 3.5–6 3 3 3 9 2.5

Cephalic tentacles Of same

length

rh shorter than lt rh shorter than lt rh shorter than lt rh shorter than lt rh shorter than lt

Eyes visible externally No No No, weakly Well, weakly Well No

Foot width Slightly

broader

than body

As broad as

body

As broad as body As broad as body Broader than body As broad as body

Visceral hump Very long,

highly

coiled

Elongated Elongated Elongated Bent, recurved Elongated

Pericardial swelling/heart

bulb visible

Yes Yes Yes Yes Yes No

Subepidermal calcareous

spicules

In head-foot,

anterior vh

Few in vh In cephalic tentacles,

foot and vh

In cephalic tentacles,

foot, vh

Bean-shaped; in cephalic

tentacles, foot, vh, around

CNS

Around CNS

Accessory ganglia − − − − − +

Origin of optic nerve ? Rhinophoral

nerve

Optic ganglion Optic ganglion Optic ganglion Optic ganglion

Eye pigment − − −, + + + −

Eye diameter (μm) 20 20 30−35 30−35 45 20

Hancock’s organ ? ? + + + +

Common opening of

digestive and excretory

system

− − + + − −

Salivary pumps + − − − − +

Stomach anterior lobe of

dg

+ − − − + +

Heart ? Atrium and

ventricle

Ventricle Ventricle Ventricle Atrium and ventricle

Kidney Sac-like Long, internally

divided

Long, internally

divided

Long, internally

divided

Long, internally divided Long, internally

divided

Nephroduct Short Long, looped Short Short Long, looped Long, looped

Hollow curved penial

stylet (μm)

− + + + + −

Penis associated

structure

− − − − − +

Basal finger with stylet − + + + + −

Paraprostate − + + + + −

Abbreviations: CNS, central nervous system; dg, digestive gland; lt, labial tentacle; rh, rhinophore; vh, visceral hump; +, present; −, absent; ?, no data available.
Characters in bold are unique for H. dikiki.
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lineages which might play a key role in our understanding of the
evolution of certain taxa and their morphologies. This highlights
the urgent need to describe formally the already discovered diver-
sity to make the taxa accessible to further scientific study.
Extraordinarily exciting species which require deep species
descriptions are of course just the tip of the iceberg of all unde-
scribed species, especially in the Indo-Pacific hotspot of marine
biodiversity; funding of systematics, streamlining of description,
and recognizing the merit of modern, integrative α-taxonomy is a
crucial challenge—not only for malacology.
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