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A small slug from a tropical greenhouse reveals a new
rathouisiid lineage with triaulic tritrematic genitalia
(Gastropoda: Systellommatophora)
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A small slug found in the tropical greenhouse of the Science Museum (MUSE) of Trento (Italy) turned out to be
a species of the little-known systellommatophoran family Rathouisiidae. We undertook detailed comparative
anatomical and molecular studies using specimens of the MUSE slug, Rathouisia sinensis, and sequences of other
systellommatophoran species deposited in GenBank to conduct a systematic and phylogenetic assessment. Analysis
of the genitalia of the MUSE slug and R. sinensis revealed an unusual triaulic tritrematic structure: two separate
female ducts — one for egg release (oviduct), the other for intake of allosperm (vagina) — and a separate male duct for
autosperm release. Analysis of the nucleotide sequences of several mitochondrial (COI, 16S rDNA) and nuclear (18S
rDNA, ITS2 flanked by 5.8S and 28S rDNA fragments, H3) gene fragments supported assignation of the MUSE slug
to Rathouisiidae, but also its distinction from the other rathouisiid genera Atopos, Granulilimax, Rathouisia and
an undescribed genus from the Ryukyu Islands (Japan). Therefore, we decided to describe the MUSE slug as a new
species in a new genus: Barkeriella museensis gen. et sp. nov. The species is certainly an alien introduced into
the tropical greenhouse of MUSE, but its origin is unknown and calls for further investigation.

ADDITIONAL KEYWORDS: alien species — anatomy — COI mtDNA — Gastropoda — genitalia — 16S rDNA gene —
18S rDNA gene — internal transcribed spacer — new genera — new species.

2014: fungi; Sestdkovd et al., 2017: spiders). Indeed,
in greenhouses, a diverse set of alien or cryptogenic
species may establish communities consisting of
common synanthropic species and occasional outdoor
entities introduced with plants and other substrates
(Kielhorn, 2008; Kolicka et al., 2015; Richling & von
Proschwitz, 2021). Horticulture is one of the pathways
implied in species dispersal and introduction (Pergl
et al., 2017), allowing organisms that are normally

INTRODUCTION

Plant nurseries, greenhouses, open-air garden centres
and other similar facilities host a rich and well-
known xenodiversity (e.g. Komala & Przybos, 2001:
zooplankton; Horsék et al., 2004 and Krumpalova
& Holienkov4, 2018: molluscs; Szczepkowski et al.,

*Corresponding author. E-mail: alesicki@amu.edu.pl;

manganelli@unisi.it

[Version of record, published online 25 July 2022;
http://zoobank.org/urn:lsid:zoobank.org:pub:
20C04023-1BB3-4AE6-787-64E36AC5COF0]

© 2022 The Linnean Society of London.

relatively restricted to spread outside their natural
range (Bergey et al., 2014). Botanical gardens also play
a role in the accidental introduction of foreign species,
because they are final consumers in the worldwide
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circuit of plant commerce involved in the cultivation
and exchange of plants for recreation and research
purposes (Heywood, 2011; Wang et al., 2015).

These travelling organisms also provide readily
accessible fresh material for taxonomists (Sherlock
& Carpenter, 2009), offering the chance to discover
novelties to science or to contribute to the knowledge
of little-known taxa. For example, a new marasmioid
fungus was discovered in the Botanical Garden
of Teplice (Czech Republic) (Antonin, 1992). Two
new species of the genus Leptanilla (Hymenoptera,
Formicidae) were found in the Bogor Botanic Garden,
West Java, Indonesia (Noerdjito & Kahono, 2001). More
recently three new species of freshwater gastrotrichs,
assigned to a new subgenus, were described from
the Poznan Palm House (Kolicka et al., 2013), while
another new species of gastrotrich was discovered in
the Jubilee Greenhouse of the Botanical Garden in
Krakow (Kolicka, 2019). A new mite species of the genus
Phyllocoptes (Acarida: Eriophyidae) was described
from commercial greenhouses for rose production in
Poland (Druciarek & Lewandowski, 2016), and a new
species of Megastylus (Hymenoptera: Ichneumonidae)
reared from larvae of keroplatid fungus gnats (Diptera)
was discovered in 2016 in a Dutch orchid greenhouse
(Humala et al., 2017).

In this paper we report on a small slug found in
the tropical Afromontane greenhouse of the Science
Museum (MUSE) of Trento, northern Italy, which
turned out to be an interesting discovery. A first
superficial examination revealed that its foot had
soleoles (transverse ridges), indicating that this small
slug did not belong to the most diverse and successful
land pulmonate gastropods, the stylommatophorans
(order Stylommatophora Schmidt, 1855), but
to the marginal marine intertidal and land
systellommatophorans (order Systellommatophora
Pilsbry, 1948, known also by an earlier name:
Soleolifera Colosi, 1921).

The systellommatophorans are slug-like
eupulmonates without external or internal shell.
They have a dorsal mantle forming the notum, which
covers the head and sides of the body, and a reduced
or absent mantle cavity. They are hermaphrodite with
genitalia presumed to be diaulic and ditrematous (the
male and female genital ducts are distinct and open
independently of each other) (Climo, 1980; Stanisic,
1998; Barker, 2001). They have a complex systematic
nomenclatural history (e.g. Climo, 1980; Bouchet
et al.,2017), but are now recognized as a monophyletic
group that has been regarded as the sister-group
of the ellobioideans (Holznagel et al., 2010; Jorger
et al., 2010; Dayrat et al., 2011; Romero et al., 2016).
Teasdale (2017) suggested that they have sister-
group relationships with stylommatophorans and

constitute a clade — Geophila Férussac, 1819 — which
in turn has a sister-group relation with ellobioideans.
Consequently, Geophila was accepted by Bouchet et al.
(2017) and Ponder et al. (2020) as an unranked taxon in
molluscan classification, including Stylommatophora
and Systellommatophora.

The systellommatophorans comprise three groups
ranked as families: Onchidiidae Rafinesque, 1815,
Rathouisiidae Heude, 1885 and Veronicellidae Gray,
1840. Based on their phylogenetic relationships,
the onchidiids are assigned to the superfamily
Onchidioidea, and the rathouisiids and the
veronicellids to the superfamily Veronicelloidea
(Bouchet et al., 2017).

The onchidiids are a group of mainly marine slugs
with an almost cosmopolitan distribution. According
to MolluscaBase (2021) they include at least 84
species in 14 genera [or in 13, according to recent
revision of the family by Goulding et al. (2022)] and
are found in all oceans except polar waters; maximum
diversity is reached in the tropical and subtropical
Indo-Pacific, especially between the eastern Indian
Ocean (Andaman Sea) and the tropical western Pacific
(New Caledonia). Most onchidiids are amphibious
and linked to marine coastal habitats, where they
are found in the intertidal zone of rocky, sandy or
muddy shores, coral rubble deposits and estuaries
with mangrove forests. Two species of onchidiids are
linked to brackish environments [Onchidium typhae
Buchannan, 1800 and O. stuxbergi (Westerlund,
1883)] and tolerate fresh water, while three are
considered fully terrestrial molluscs: Onchidina
australis (Semper, 1880) always lives above the tidal
zone, while Semperoncis montanus (Plate, 1893) and
S. ponsonbyi (Collinge, 1901) have been described
from high-elevation rainforests in the Philippines and
Borneo, respectively. Onchidiid members are small to
large slugs (maximum length usually not exceeding
70 mm, exceptionally reach 250 mm). Their body is
usually oval, sometimes rounded, the foot is large,
without soleoles, they have a single pair of tentacles
bearing terminal eyes but the notum of some species
bears accessory photoreceptors known as dorsal eyes.
Major references to the onchidiids include Stanisic
(1998), Barker (2001), Dayrat (2009) and Goulding
et al. (2022).

The veronicellids are a group of terrestrial slugs
with a pantropical distribution, commonly known
as leatherleaf or leather-back slugs. According to
MolluscaBase (2021) they include at least 123 species
in 24 genera and are widespread in tropical and
subtropical regions of the world, with some species
having a pantropical distribution. The veronicellids
generally occur in tropical and subtropical areas with
a moist climate, especially in primary and secondary
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forests, but can also live in drier habitats like
savannas or in cooler environments such as mountain
forests. Introduced species are usually synanthropic,
frequently being found in gardens and suburban
areas, occasionally in rural habitats with disturbed
vegetation. Some are considered agricultural pests.
They are medium-sized to large slugs (50-120 mm
long). Their body is flattened dorsoventrally, elongated
but not slender, and the notum is leathery, more or less
smooth and relatively dry to the touch in comparison to
most slugs; the perinotum carries repugnatory glands.
The foot is large with many soleoles. They have two
pairs of short tentacles: the upper one is contractile
and bears terminal eyes; the lower has tactile function.
Major references to veronicellids include Stanisic
(1998), Barker (2001), Herbert & Kilburn (2004),
Robinson & Fields (2010) and South (2012).

The rathouisiids are a relatively small group of
terrestrial slugs with East Asian and Australasian
distribution. According to Kimura et al. (2020a) and
MolluscaBase (2021) they include at least 24 species
in three genera and are found in China (Rathouisia
Heude, 1884), Japan (Granulilimax Minato, 1989) and
from South-East Asia to New Guinea and Australia
(Atopos Simroth, 1891); an unassigned rathouisiid
(of an undescribed genus) has been found in Ryukyu
Islands, Japan (Kimura, 2020; Kimura et al., 2020b).
The rathouisiids are small to medium-sized slugs
(maximum length rarely exceeding 50 mm, but up to
85 mm). Their body is slender, tapering to both ends;
the notum is dry, leathery, weakly pustulous and
usually has a central keel. The foot is narrow with
many soleoles. They have two pairs of short tentacles:
the upper one, contractile but not invaginable, bears
terminal eyes; the lower is bifid and has a tactile
function. The anterior part of the notum covers the
head and only the upper tentacles emerge from it.
They are oviparous and lay spherical to ellipsoidal
eggs. Rathouisiids generally occur in tropical and
subtropical rainforests from sea level to high elevations,
deep in leaf litter, under rotting wood or in crevices
of limestone rocks; Atopos species may climb trees.
Rathouisiid’s carnivorous diet is mainly composed of
snails (they reportedly avoid other slugs), but they
also consume fungi and decomposing plant matter. The
prey is eaten either via the shell aperture or by boring
holes into the shell surface by means of the radula.
Major references to the rathouisiids include Stanisic
(1998), Barker (2001), Barker & Efford (2004), Wu
et al. (2006) and South (2012).

The aim of the present paper is to define the
systematic setting of this systellommatophoran
slug found in the tropical greenhouse of the Science
Museum of Trento (Fig. 1) and to investigate its
morphology and phylogenetic relationships based on
nucleotide sequences of selected gene fragments.

Figure 1. Live specimen of Barkeriella museensis gen. et
sp. nov. from the tropical greenhouse of the Science Museum
(MUSE) of Trento, Italy, Debora Barbato leg. 4.5.2019 (FGC
51191).

MATERIAL AND METHODS

TAXONOMIC SAMPLING

The MUSE slug underwent morphological and molecular
examination to establish its taxonomic setting and
relationships. Morphological features were compared with
those of the rathouisiids known in the literature and with
the results of our re-examination of Rathouisia sinensis
(Heude, 1882). Nucleotide sequences of selected genes
from the slug were compared with the corresponding
sequences of systellommatophorans deposited in
GenBank. The stylommatophoran agriolimacid Deroceras
reticulatum (Miller, 1774) or the hygromiid Monacha
pantanellii (De Stefani, 1879) were used as outgroup.

MATERIAL EXAMINED

The material of the MUSE slug and Rathouisia
sinensts is listed in Table 1. All specimens examined
are kept in the F. Giusti collection (Dipartimento di
Scienze Fisiche, della Terra e dell’Ambiente, Universita
di Siena, Italy) (FGC) and in the Natural History
Collections of Adam Mickiewicz University (Poznan,
Poland) (NHC). The gene sequences from GenBank
used for molecular research are listed in Supporting
Information, Tables S1-S5, S9.

MORPHOLOGICAL STUDY

Live specimens were prepared by immersion in water
to which drops of 70% spirit were slowly added until
death, then fixed in 70% spirit buffered with sodium
carbonate (slow drowning in pure water caused bodies
to explode). The bodies were dissected by opening the
upper surface of the notum under a light microscope
(Wild M5A) using fine-pointed watchmaker’s forceps.
Anatomical organs were drawn using a Wild camera
lucida. Some parts of the genitalia were measured
using callipers (0.01 mm).
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Table 1. Material used in research

No. Species Coordinates Country and site Collector/ date/ no. of speci- Used in research
(lat., long.) mens (collection) of anatomy
(ANA)/ nucleotide
sequences (GEN)
1 MUSE slug 46°03’45.03’'N, Italy, Trento, Debora Barbato, Gregorio ANA/ GEN
11°06’°50.26’E Museo delle Bolzonella/ 04.01.2019/
Scienze 2/ FGC 51205; Debora
Barbato, Gregorio
Bolzonella/ 10.02.2019/7/
FGC 51206; Debora
Barbato, Gregorio
Bolzonella/ 10.02.2019/ 2/
NHC/MOLL-2022-
001 — 002; Danio
Miserocchi/ 02.03.2019/
6/ FGC 51168; Debora
Barbato/ 04.05.2019/ 15/
FGC 51191
2 Rathouisia sinensis  32°07°30.0°N, China, Nanjing Ye Bin, Takahiro Hirano, GEN
118°4712.2°E City Kazuki Kimura/
20.04.2018/ 1/ KKC4481
(Kim1)
3 Rathouisia sinensis ~ 32°06’27.7TN, China, Jiangsu Min Wu/ 21.09.2021/ 8/ ANA/ GEN
118°57°37.7TE Province, Nanl-Nan8
Nanjing,
Nandaheyuan,
100 m a.s.l.

Specimens at different maturity stages were
examined to collect reliable data on their external
characters and on the position and structure of
their internal organs. The study of most organs was
relatively easy, that of the genitalia was particularly
difficult due to the small dimensions and to the fact
that the structures of the medial part of the genitalia
were embedded in a large glandular structure,
possibly consisting of a small, whitish albumen gland
proximally and a large, subtransparent gelatinous
uterine oviduct medium-distally. Interpretation of
the structure of the genitalia was based only on gross
morphology. Unfortunately, the scarcity of specimens
prevented histological study, which would have been
useful for interpretation of the proximal and medial
sections of the genitalia.

Anatomical nomenclature usually followed the
standard references for eupulmonates (e.g. Barker, 2001;
Gomez, 2001; Ponder et al., 2020). The proximal genitalia
include the hermaphrodite gonad, the hermaphrodite
duct, the albumen gland and the spermoviduct (uterine
oviduct and prostate). The genitalia then divide into
two separate female ducts and a male distal duct. In
the monoaulic and diaulic reproductive systems, the
female distal genitalia include the free oviduct (the duct

between the distal end of the spermoviduct and the base
of the bursa copulatrix duct) and the vagina (the duct
between the base of the bursa copulatrix duct and the
genital atrium or the female opening). In the triaulic
type, the female distal genitalia include the free oviduct
(the duct between the distal end of the spermoviduct
and the oviductal opening) and the vagina (the duct
between the oviduct and the vaginal opening). The male
distal genitalia include the vas deferens (the thin duct
between the distal end of the prostate and the proximal
end of the penis) and the penis (the duct between the
distal end of the vas deferens and the genital atrium
or the male opening, often containing a penial papilla).
In the systellommatophorans, with regard to the male
distal genitalia, some authors use this terminology
(e.g. Baker, 1925; Barker, 2001; Wiktor, 2003), but
others prefer to name the penis as penial sheath and
the penial papilla as penis (e.g. Odhner, 1917; Laidlaw,
1940; Dayrat et al., 2016).

The descriptive terms (e.g. short vs. long, slender vs.
wide, etc.) refer to comparisons of the same section of
the genitalia in different taxa. The directional terms
proximal, basal and initial denote the part closer to
the gonad, whereas distal, apical, final and terminal
denote the part closer to the gonopore in the case of the
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ducts of the main axis of the genitalia (e.g. free oviduct,
vagina, vas deferens, penis, etc.). The same terms
denote the part closer to (proximal, basal or initial) or
further from (distal, apical, final or terminal) the main
axis of the genitalia in the case of blind structures
radiating from the main axis of the genitalia (bursa
copulatrix, penial/vaginal/atrial appendix, etc.).

Abbreviations: AG, albumen gland; BB, buccal bulb;
BC, bursa copulatrix (gametolytic gland); BS, body side;
BW, body wall; CF, carrefour; CG, carbonate granule;
CM, cephalic retractor muscle; DSG, distal portion
of Simroth’s gland; F, foot; FO, free oviduct; H, head;
HD, hermaphrodite duct; HG, hermaphrodite gonad,;
HP, hepatopancreas; In, intestine; ISG, intermediate
portion of Simroth’s gland; LG, lateral groove; LLB,
large lobed body; LSG, left salivary gland; LT, lower
tentacle; MGA, male genital atrium; N, notum; NR,
nervous ring; OD, oviduct; Oe, oesophagus; OO,
oviductal opening; Pb, proboscis; PC, pericardium; Pe,
penis; PM, penial retractor muscle; PO, penial opening;
PP, penial papilla; Pr, prostate; PSG, proximal portion
of Simroth’s gland; PV, prostatic vescicle; Re, rectum;
RPC, renal-pulmonary complex; RSG, right salivary
gland; RUT, right upper tentacle; SD, sperm duct/
seminal duct; SG, Simroth’s gland; SGD, salivary
gland duct; SR, seminal receptacle; St, stomach; UOD,
uterine oviduct; UT, upper tentacle; V, vagina; VD, vas
deferens; VO, vaginal opening.

MOLECULAR ANALYSIS

Small fragments of foot tissue from four MUSE slugs
and seven Rathouisia sinensis alcohol-preserved
specimens were used for total DNA extraction by
Tissue Genomic DNA extraction mini kit (Genoplast)
following the manufacturer’s instructions. The purified
DNA was used for analysis of the gene fragments listed
in Table 2. Sequences of these gene fragments were
obtained by polymerase chain reaction (PCR) with the
use of the primers also listed in Table 2.

All amplifications were performed in a volume
of 10 pL with the thermal regimes described in the
Supporting Information, Table S6. The purity of
the PCR products was verified by 1% agarose gel
electrophoresis. Prior to sequencing, samples were
purified with thermosensitive Exonuclease I and
FastAP Alkaline Phosphatase (Fermentas, Thermo
Scientific). The amplified products were sequenced
in both directions using the BigDye Terminator v.3.1
sequencing kit on an ABI Prism 3130XL Analyzer
(Applied Biosystems, Foster City, CA, USA) following
the manufacturer’s protocols.

Sequences were edited by eye and alignments
were performed using the programs BioKEdit,
v.7.0.6 (Hall, 1999; BioEdit, 2017) and CLUSTALW,
implemented in BIOEDIT (Thompson et al., 1994),
respectively. The COI and H3 sequences were aligned

Table 2. List of gene fragments (with their acronyms) and sequences of their primers used in molecular analysis

Primer Sequence 5-3"

References

COI - mitochondrial gene of cytochrome ¢ oxidase subunit I, 5’-end

LC0O1490
HC02198

GGTCAACAAATCATAAAGATATTGG
TAAACTTCAGGGTGACCAAAAAATCA

Folmer et al. (1994)

16S rDNA - mitochondrial gene for RNA of large ribosome subunit

16Scs1
16Scs2

AAACATACCTTTTGCATAATGG
AGAAACTGACCTGGCTTACG

Chiba (1999)

18S rDNA - nuclear gene for rRNA of small ribosome subunit

PCR amplification and sequencing
18S-A1
18S-1800

CTGGTTGATCCTGCCAGTCATATGC
GATCCTTCCGACGGTTCACCTACG

Vonnemann et al. (2005)

18S rDNA - nuclear gene for rRNA of small ribosome subunit

Additional sequencing with the use of internal primers

Vonnemann et al. (2005)

18S-400F ACGGGTAACGGGGAATCAGGG
18S-400R CCCTGATTCCCCGTTACCCGT
18S-700F GTCTGGTGCCAGCAGCCGCG
18S-700R CGCGGCTGCTGGCACCAGAC

ITS2 - internal transcribed spacer 2 in nuclear gene for rRNA of large ribosome subunit with its flanking

fragments (5.8S and 28S rDNA)

LSU1 CTAGCTGCGAGAATTAATGTGA
LSU3 ACTTTCCCTCACGGTACTTG

H3 - nuclear gene of histone 3

H3F ATGGCTCGTACCAAGCAGAC(ACG)GC

Wade & Mordan (2000)

Colgan et al. (1998)

H3R ATATCCTT(AG)GGCAT(AG)AT(AG)GTGAC
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according to translated amino acid sequences. The
ends of all sequences were trimmed. After trimming,
the lengths of alignments of the COI were 566,563,551
or 549 bp, as needed in different analyses. Uncertain
regions were removed from 16S rDNA alignments
with GBLOCKS 0.91b program (Castresana, 2000;
Talavera & Castresana, 2007) before phylogenetic
analysis of this gene fragment. The lengths of
alignments of 16S rDNA, 18S rDNA and H3 sequences
were 306, 1618, 267 positions, respectively. Sequences
consisting of the 3’-end of 5.8S rDNA, ITS2 and the
5-end of 28S rDNA of the MUSE slug were compared
with other sequences obtained from GenBank and a
resulting alignment was 774 positions long (54 5.8S
rDNA + 680 ITS2 + 40 28S rDNA). The sequences
were collapsed to haplotypes (COI, 16S rDNA, 18S
rDNA, ITS2 flanked with 5.8S and 28S rDNA, H3)
using the program ALTER (Alignment Transformation
Environment) (Glez-Pena et al., 2010). COI and 16S
rDNA haplotypes were joined into concatenated
sequences COI + 16S rDNA, which were 1028 positions
long (573 COI + 455 16S rDNA). COI and 18S rDNA
haplotypes were joined into concatenated sequences
COI + 18S rDNA 2184 positions long (566 COI + 1618
18S rDNA). COI, 16S rDNA, ITS2 and H3 haplotypes
were eventually joined into concatenated sequences of
COI + 16SrDNA + ITS2 + H3, 2122 positions long (614
COI + 458 16S rDNA + 54 5.8S rDNA + 662 ITS2 + 40
28S rDNA + 294 H3).

For each alignment file, best nucleotide-
substitution models were specified according to
the Bayesian information criterion (BIC): for COI
— HKY+G+I (Hasegawa et al., 1985; Kumar et al.,
2016); alternatively, for COI and for 16S rDNA, for
concatenated COI + 18S rDNA and for concatenated
COI + 16S rDNA + ITS2 + H3 sequences — GTR+G+I
(Nei & Kumar, 2000); for 18S rDNA sequences —
K2+G+I (Kimura, 1980; Kumar et al., 2016); for ITS2 —
GTR+G (Nei & Kumar, 2000; Kumar et al., 2016); for
COI + 16S rDNA and for H3 — T92+G+I (Tamura,
1992; Kumar et al., 2016). The evolutionary distances
between COI sequences were estimated using the
Kimura 2-parameter method (Kimura, 1980) in
MEGAT7 (Kumar et al., 2016). Neighbour-joining (NJ)
analysis (Saitou & Nei, 1987) and maximum likelihood
(ML) analysis were performed with MEGA7 (Kumar
et al., 2016). Calculated bootstrap values were mapped
on the ML trees. In addition, Bayesian inference (BI)
was conducted for concatenated COI + 16S rDNA,
COI + 18S rDNA and COI + 16S rDNA + ITS2 + H3
sequences with the use of program MRBAYES 3.2.6
(Ronquist & Huelsenbeck, 2003; Ronquist et al., 2012).
Four Monte Carlo Markov chains were run for one
million generations, sampling every 100 generations
(the first 25% of trees were discarded as ‘burn-in’).
Posterior probability (PP) values obtained on 50%

majority rule consensus Bayesian tree were mapped
on ML trees of concatenated sequences. Genetic species
delimitation based on COI sequences was estimated
by the assemble species by automatic partitioning
(ASAP) clustering method (Puillandre et al., 2021).
ASAP analyses were performed on the online server
(https://bioinfo.mnhn.fr/abi/public/asap/asapweb.
html) using three distance metrics (p-distances, JC69
and K80).

RESULTS

MORPHOLOGICAL ANALYSIS

The MUSE slug displays many distinctive anatomical
features (Figs 2-4): a head with two couples of
tentacles, of which the lower ones are short and
bilobed; a finely granulated mantle forming a
covering that wraps head and body up to the pedal
groove with no sharp delimitation between the dorsal
(perinotum) and the lateroventral sector (hyponotum)
of the mantle covering (notum); a foot with soleoles
(transverse ridges); an anterodorsal renal-pulmonary
complex; a jaw is absent; the radula consists of many
rows of unicuspidate hook-like teeth, with a central
tooth present (Fig. 5); a small stomach; a unilobed
digestive gland (hepatopancreas); an anus opening is
anteriorly inside the right pedal groove, close to the
oviductal opening; genitalia are complex and of triaulic
(three ducts for gametes: one vaginal for receiving
allosperm from partner, one oviductal for depositing
the eggs, one penial for carrying autosperm to the
penis) and tritrematic type (three genital openings:
vaginal, oviductal and penial); a large and conspicuous
glandular structure possibly consisting of a small,
whitish albumen gland proximally and a large,
subtransparent uterine oviduct medium-distally; and
a Simroth’s penial accessory gland.

Most of these features match those of the
rathouisiid systellommatophorans (cf. Climo, 1980;
Stanisic, 1998; Barker, 2001). Others are absolute
novelties and have never hitherto been reported
in systellommatophorans: (1) genitalia of triaulic
tritrematic type; and (2) large conspicuous glandular
structure embedding the organs of the medial
genitalia (Fig. 3B).

Triaulic tritrematic genitalia are not known in
any other group of Pulmonata. Triaulic tritrematic
genitalia are known in some groups of ‘opistobranchs’,
such as the dorid nudibranchs (Ponder et al., 2020).

MOLECULAR ANALYSIS

Sixteen new nucleotide sequences from the MUSE
slug were deposited in GenBank: three for each —
COI, 16S rDNA, 18S rDNA and ITS2, as well as four
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A B, C 1 mm

D 0.5 mm

Figure 2. Body and internal anatomy of Barkeriella museensis gen. et sp. nov. from the tropical greenhouse of the Science
Museum (MUSE) of Trento, Italy, Debora Barbato leg. 4.5.2019 (FGC 51191): A, B, D, general view of internal anatomy of
adult (A, D) and juvenile (B) specimens; C, head and anterior portion of body in ventral view. In A, salivary glands were
partly cut away. See Morphological study for explanation of abbreviations.

for H3 gene fragments (Table 3). GenBank resources rDNA (Supporting Information, Table S2) and ITS2
are few for representatives of Rathouisiidae; only (Supporting Information, Table S3) sequences have
a few COI (Supporting Information, Table S1), 18S been deposited for species of the genera Atopos,
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¥/

Figure 3. Genitalia of Barkeriella museensis gen. et sp. nov. from the tropical greenhouse of the Science Museum (MUSE)
of Trento, Italy, Debora Barbato leg. 4.5.2019 (FGC 51191): A, general view; B, distal female and proximal male genitalia; C,
distal male genitalia. See Morphological study for explanation of abbreviations.

Granulilimax and unidentified one(s). No GenBank no sequences for any species of the genus Rathouisia
sequences for 16S rDNA (Supporting Information, in GenBank. Therefore, 33 nucleotide sequences
Table S4) and H3 (Supporting Information, Table S5) obtained as new records for R. sinensis were deposited
of Rathouisiidae were available. Moreover, there were in GenBank: seven each for COI, 16S rDNA, ITS2
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Figure 4. Distal male genitalia of Barkeriella museensis gen. et sp. nov. from the tropical greenhouse of the Science
Museum (MUSE) of Trento, Italy, Debora Barbato leg. 4.5.2019 (FGC 51191). See Morphological study for explanation of

abbreviations.

and H3, as well as five for 18S rDNA gene fragments
(Table 3). Two new sequences (one each for 16S rDNA
and ITS2) of Monacha pantanellii were also deposited
in GenBank (Table 3).

Among these new sequences from the MUSE slug,
three COI (COI 1-COI 3), one 16S rDNA (16S 1), two
18S rDNA (18S 1 and 18S 2), one ITS2 (ITS2 1) and one
H3 (H3 1) haplotypes were identified (Table 3). Among
new sequences of R. sinensis, six COI (COI 4-COI 9),

three 16S rDNA (16S 2-168S 4), five 18S rDNA (18S
3-18S 7), three ITS2 (ITS2 2-ITS2 4) and one H3 (H3
2) haplotypes were identified (Table 3).

For the remaining systellomatophoran families
(Onchidiidae and Veronicellidae), more numerous
sequences, especially of the COI gene, have been
deposited in GenBank, which allowed us to compare
the COI sequences from the MUSE slug and
R. sinensis with other representatives of rathouisiids
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Figure 5. Radula of Barkeriella museensis gen. et sp. nov. from the tropical greenhouse of the Science Museum (MUSE) of
Trento, Italy, Debora Barbato leg. 4.5.2019 (FGC 51191): A, general view; B, detail of central sector [c, central teeth (A, B)].

and with COI sequences of onchidiids and veronicellids
(Supporting Information, Figs S1-S4), as well as of
the stylommatophoran slug family Philomycidae
(Supporting Information, Figs S4, S5).

Sequences of the MUSE slug form a separate clade
from clades of other rathouisiid genera, i.e. Rathouisia,
Granulilimax, Atopos, as well as the unrecognized
genus from the Ryukyu Islands. Sequences of
rathouisiid genera clustered separately from sequences
of veronicellid and onchidiid species in these analyses
of single locus (COI) datasets (Supporting Information,
Figs S1-S5). Moreover, in analyses of concatenated
COI + 16S rDNA sequences, sequences of the MUSE
slug and R. sinensis clustered together in the ML tree
(Fig. 6), separately from sequences of veronicellid and
onchidiid species.

Analysis of K2P distances (Supporting Information,
Table S7) and ASAP species delimitation (Supporting
Information, Fig. S6) of COI sequences confirm that the
MUSE slug and Rathouisia sinensis belong to separate
genera, different from other rathouisiid genera.
However, no further conclusions are possible due to
the small number of COI sequences of rathouisiid
genera available.

Analyses of the single gene loci datasets gave
similar results for the other genes (16S rDNA, 18S
rDNA, H3; Supporting Information, Figs S7-S9,
respectively) and show that the sequences from the
MUSE slug and R. sinensis are different; in the case
of 18S rDNA (Supporting Information, Fig. S8), they
are also different from sequences of Granulilimax

representatives. In each analysis, the sequences of
the rathouisiid representatives were distinct from the
sequences of two other systellommatophoran families
(onchidiids and veronicellids). However, only in the
case of ITS2, could the sequences from the MUSE
slug and R. sinensis be compared with that of another
rathouisiid species, i.e. Atopos australis (Heynemann,
1876) (Fig. 7).

Analysis of multilocus datasets of concatenated
sequences COI + 16S rDNA + ITS2 + H3 gene
fragments (Fig. 8; Supporting Information, Table S8)
and of concatenated sequences COI + 18S rDNA (Fig.
9) again showed that sequences of the MUSE slug and
those of R. sinensis cluster separately. Moreover, in the
analysis of concatenated COI + 18S rDNA, sequences
of the MUSE slug cluster separately from those of
R. sinensis, G. fuscicornis and the unidentified genus
from Ryukyu (Fig. 9). Rathouisiid sequences cluster
in a clade separate from clades of sequences from
onchidiids and veronicellids (Figs 8, 9).

DISCUSSION

Rathouisiids are the least known group of
systellommatophorans and this makes it difficult
to establish a well-grounded systematic setting for
the small slug from the MUSE tropical greenhouse.
Currently, the rathouisiids are thought to include
at least three genera: Rathouisia Heude, 1884 (type
species Vaginulus sinensis Heude, 1882), Atopos
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KX179509+KX179525 Onchidium typhae
KX179510+KX179526 Onchidium typhae
KX179511+KX179527 Onchidium typhae
KX179518+KX179535 Onchidium stuxbergi
100/100/1L KX179520+KX179537 Onchidium stuxbergi
KX240015+KX240039 Melayonchis annae
KX240020+KX240044 Melayonchis siongkiati
KX240033+KX240057 Melayonchis aileenae
KX240026+KX240050 Melayonchis eloisae

MK 122849+MK 122861 Marmaronchis marmoratus
[100/100/1L— MK122827+MK 122857 Marmaronchis vaigiensis

KX179548+KX179561 Onchidina australis
57/50/1 MG958739+MG958795 Peronina tenera
59/ /- 98/96/0,96E MG958760+MG958816 Peronina zulfigari
93/98/1 17 Onchidella floridana
ESOO:&&HQBSQQOS Onchidella floridana
MZ073298+MZ159903 Onchidella carpenteri

MG958715+MG958717 Onchidella celtica Onchidiidae
MG970878+MG970944 Onchidella patelloide

MZ073307+MZ159912 Hoffmannola hansi

MZ073295+MZ159900 Onchidella binneyi

N Alionchis jail

100/100/

/67/0.98

71/61/1 51/87/-

96/97/0.74

179/86/0.9

71/59/-

69/62/0.67

100/100/1 1 JN543154+JN543090 Peronia verruculata
MT653179+MT652724 Peronia verruculata
MH619264+MH619325 Laspionchis boucheti
MH619302+MH619363 Laspionchis bourkei
HQ660041+HQ659909 Peronia peronii
MT653262+MT652806 Peronia peronii
MG970855+MG970932 Wallaconchis comendadori
MG970870+MG970939 Wallaconchis melanesiensis

MG970749+MG970892 Wallaconchis buetschlii
MG970765+MG970897 Wallaconchis gracilis
MG970843+MG970923 Wallaconchis graniferus
MG970713+MG970881 Wallaconchis sinanui
MG970731+MG970887 Wallaconchis uncinus
MG970809+MG970910 Wallaconchis ater

99/997/1 MG970846+MG970926 Wallaconchis achleitneri
98/99/0.99 MG970786+MG970906 Wallaconchis nangkauriensis

100/100/1 | COI 2+16S 1 I
COI 3+16S 1 MUSE slug

57/53/0.79
79/69/

64/52/0.85

100/100/1

96/100/1

99/97/-

Systellommatophora

99/100/1

100/100/1 CO!I 5+168 3
97/98/- 100/100/.| 1 COI7+168 3
COI4+16S 2
86/92/-T COI 6+168 4
88/92/0.72 | COI 8+16S 5
96/98/1l col 9+165 4

100/100/1| HQB60051+HQB59919 Laevicaulis natalensis
72/83/- JUX532110+JX532121 Laevicaulis natalensis

Rathouisiidae

Rathouisia sinensis

1007100/ KX514443+KX060745 Laevicaullis alte
KX514440+KT716351 Laevicaulis alte
92/95/1 KM489504+KM489347 Latipes erinaceus
HQ660055+HQ659923 Sarasinula linguaeformis
KM489497+KM489290 Belocaulus angustipes

100/100/1 [ HQ660057+HQ659925 Veronicella cubensis

100/100/1

189/80/0.98

Veronicellidae

JX532112+JX532123 Veronicella cubensis
KC206184+KC206126 Veronicella cubensis
JX532115+JX532127 Colosius propinquus
JX532117+JX532129 Colosius pulcher
HQ660056+HQ659924 Vaginulus taunaisii
HQ660054+HQ659922 Phyllocaulis variegatus
HQ660053+HQ659921 Phyllocaulis tuberculosus

83/74/0.62

100/100/1

90/78/-

85/87/-

50/65/1

100/100/1 FJ896634+FJ896760 Meghimatium bilineatum
100/100/- FJ896667+FJ896793 Meghimatium pictum

FJB96650+FJ896776 Meghimatium fruhstorferi
BMIE FJ896615+FJ896799 Meghimatium burchi
87/99/1 FJB96617+FJ896801 Meghimatium striatum

MT380013+16S 6 Monacha pantanellii

Philomycidae

Stylomma-
tophora

Hygromiidae

0.10

Figure 6. Maximum likelihood (ML) tree of concatenated COI + 16S rDNA haplotypes obtained from Barkeriella museensis
gen. et sp. nov. and Rathouisia sinensis compared with sequences deposited in GenBank for representatives of the families
Onchidiidae, Veronicellidae and Philomycidae (see Supporting Information, Tables S1, S4 for sequences obtained from
GenBank for analysis). Concatenated sequences are listed with species names. They were 1028 positions in length (573
COI + 455 16S rDNA). Bootstrap support above 50% from ML (left) and NJ (middle) analysis, as well as posterior probabilities
PP above 0.5 from Bayesian Inference analysis (right) are indicated next to the branches. Bootstrap analysis was run with
1000 replicates (Felsenstein, 1985). The tree was rooted with stylommatophoran Monacha pantanellii sequences deposited
in GenBank by us and by Piefikowska et al. (2020) according to Table 3 and Supporting Information, Table S1, respectively.
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MN527560 Onchidium typhae
MN527561 Onchidium typhae
MG958718 Platevindex luteus
MG958853 Peronina zulfigari

MG958840 Peronina tenera
gajoe /2| 837100

MG958839 Peronina tenera Onchidiidae

MG958719 Onchidina australis

MT652944 Peronia peronii

MH619382 Laspionchis boucheti

MH619412 Laspionchis bourkei

MG953548 Alionchis jailoloensis
MG971107 Wallaconchis buetschlii
MG971150 Wallaconchis comendadori

75/93

68/-

MG971154 Wallaconchis melanesiensis
MG971110 Wallaconchis gracilis
MG971093 Wallaconchis sinanui
MG971144 Wallaconchis graniferus
86/100

MG971099 Wallaconchis uncinus

Systellommatophora

MG971146 Wallaconchis achleitneri

81/99 MG971132 Wallaconchis ater
99/97I MG971121 Wallaconchis nangkauriensis
AY014152 Atopos australis

ITS2 1 I MUSE slug

ITS2 4
— Ts2 2 Rathouisia sinensis

99/100 Rathouisiidae

99/100
ITS2 3

MZ160575 Laevicaulis natalensis

MZ160576 Vaginulus taunaisii
MZ160574 Phyllocaulis tuberculosus
MZ160573 Phyllocaulis variegatus

51/62 DQ897670 Veronicella cubensis

DQ318495 Sarasinula linguaeformis
DQ318478 Phyllocaulis variegatus Veronicellidae

DQ318489 Phyllocaulis soleiformis

60/68

DQ318484 Phyllocaulis gayi
DQ318496 Vaginulus taunaysii

50/74 - DQ318491 Phyllocaulis tuberculosus

[ KX060748 Laevicaulis alte
82/100 L KU992691 Laevicaulis alte

ITS2 5 Monacha pantanellii

99/100 [ MK122899 Marmaronchis marmoratus
MK122887 Marmaronchis vaigiensis
MK122903 Melayonchis annae
MK122905 Melayonchis siongkiati
89/99
MK122902 Melayonchis aileenae
63/79 MK122904 Melayonchis eloisae
99/100 | MN527564 Onchidium stuxbergi
MG958721 Onchidium stuxbergi
60/- MG958720 Onchidium typhae

Hygromiidae ~
Stylommatophora

0.20

Figure 7. Maximum likelihood (ML) tree of ITS2 (flanked with 5.8S and 28S rDNA) sequences obtained from Barkeriella
museensis gen. et sp. nov. (ITS2 1) and Rathouisia sinensis (ITS2 2-1TS2 4) compared with sequences deposited in GenBank
for representatives of the other systellommatophoran families Onchidiidae and Veronicellidae (see Supporting Information,
Table S3). ITS2 (flanked with 5.8S and 28S rDNA) sequences were 774 positions (54 5.85 rDNA, 680 ITS2, 40 28SrDNA)
in length. Numbers next to the branches indicate bootstrap support above 50% calculated for 1000 replicates by ML (left)
and NJ (right) analysis (Felsenstein, 1985). The tree was rooted with stylommatophoran Monacha pantanellii sequence
deposited in GenBank by us (see Table 3).
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Melayonchis eloisae
Melayonchis aileenae
67//0.93 Melayonchis siongkiati
Melayonchis annae
Marmaronchis marmoratus
99/99/- Marmaronchis vaigiensis
Onchidium stuxbergi
Onchidium typhae
74/47/0.67 ) .
/47/087) 70/59)- Platevindex coriaceus
Platevindex tigrinus
56/75/- . : -
M'j Peronina zulfigari Onchidiidae
Peronina tenera
Onchidina australis
73/98/1
9M|j Wallaconchis ater
100/100/1 Wallaconchis sinanui
i iensi ©
87/98/1 Wallaconchis melanesiensis 5
99/-/- Alionchis jailoloensis -g_
/56/- Paromoionchis tumidus "(%
Laspionchis boucheti E
63/40/0.52 Peronia verruculata o
62/54/1 Q
/5401 ] Onchidella celtica B
90, /%|:Laevicaulis alte 2
100/100/1 Laevicaulis alte
100/100/1 Laevicaulis natalensis o
Veronicella cubensis Veronicellidae
98/88/1 ) -
Vaginulus taunaisii
100/100/- Phyllocaulis variegatus
81/83/- I_— Phyllocaulis tuberculosus
Cs1
4[100/ 10071 MUSE slug
Cs2
100/100/1
Rathouisiidae
Rathouisia sinensis
Hygromiidae ~
Monacha pantanellii I Stylommatophora
A
0.10

Figure 8. Maximum likelihood (ML) tree of concatenated COI + 16S rDNA + ITS2 (flanked with 5.8S and 28S rDNA) + H3
sequences obtained from Barkeriella museensis gen. et sp. nov. and Rathouisia sinensis compared with sequences deposited
in GenBank for representatives of the other systellommatophoran families Onchidiidae and Veronicellidae (see Supporting
Information, Table S8 for concatenated sequence sets used in analysis). Concatenated sequences were 2122 positions in
length (614 COI + 458 16S rDNA + 54 5.8S rDNA + 662 ITS2 + 40 28S rDNA + 294 H3). Bootstrap support above 50% from
ML (left) and NJ (middle) analysis, as well as posterior probabilities above 0.5 PP, from Bayesian inference analysis (right)
are indicated next to the branches. Bootstrap analysis was run with 1000 replicates (Felsenstein, 1985). The tree was rooted
with stylommatophoran Monacha pantanellii sequences (see Supporting Information, Table S8).
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79/79/0.85)

81/87/1

99/99/1

51/61/-

50/51/-

99/99/1 HQ660041+HQ659975 Peronia peronii
/54/7 {
HQ660043+HQ659977 Peronia cf. verruculata

61/63/0.74
100/100/1

HQ660038+HQ659972 Peronia sp.

Onchidiinae

100/100/1 I_ HQ660036+HQ659970 Onchidella binneyi
HQ660042+HQ659976 Peronia peronii
HQ660039+HQ659973 Paromoionchis cf. tumidus

HQ660037+HQ659971 Paromoionchis cf. tumidus
HQ660049+HQ659983 Platevindex cf. coriaceus

Onchidiidae

100/100/1 [ JQ625561+FJ843070 Onchidium struma
GU166539+FJ843072 Onchidium reevesii

HQ660040+HQ659974 Marmaronchis vaigiensis

100/100/1 [ GU166569+FJ843071 Platevindex mortoni
GU166570+FJ843073 Platevindex cf. mortoni
KF643333+KM281006 Onchidella borealis
91/96/- 100/100/1| HRB60035+AY 427521 Onchidella floridana

L HQ660035+HQ659969 Onchidella floridana
DQ093529+DQ093441 Onchidella sp.

56/63/0.75 100/100/1|— MG958715+X70211 Onchidella celtica
MG958715+KM281007 Onchidella celtica

HQ660055+HQ659989 Sarasinula linguaeformis

Onchidellinae

100/100/1|— KY774830+X94270 Laevicaulis alte
MNO022749+MN022718 Laevicaulis alte

100/100/- 100/100/1

HQ660052+HQ659986 Laevicaulis sp.
HQ660051+HQ659985 Laevicaulis natalensis
HQ660057+HQ659991 Veronicella cubensis
HQ660056+HQ659990 Vaginulus taunais|
HQ660053+HQ659987 Phyllocaulis tuberculosus
HQ660054+HQ659988 Phyllocaulis variegatus

Veronicellidae
73/70 /1

80/91/-
78/68/-

COl 1+18S 1
1001001 | col 3+185 2 MUSE slug

98/99/1

COI 2+18S 1
55/51/- LC508385+LC508384 Rathouisiidae sp.
LC508386+LC508383 Granulilimax fuscicornis

COI 5+18S 3

Rathouisiidae

COI 7+18S 5
100/100/1 COI 8+18S 6 Rathouisia sinensis

COl 6+18S 4
COl 6+18S 7

HQ660044+HQ659978 Peronia sp.
HQ660050+HQ659984 Scaphis sp.
GU166557+FJ843069 Peronia verruculata
97/98/1 HQ660046+HQ659980 Peronia sp.
HQ660045+HQ659979 Peronia sp.
99/100/1
100/100/1L HQ660047+HQ659981 Peronia sp.
67/68/1
[ ———— HQ660048+HQ659982 Peronia sp.
MN022745+MN022713 Meghimatium bilineatum I Philomycidae

0.020

KF894313+AY 145373 Deroceras reticulatum I Agriolimacidae

Systellommatophora

Stylomma
tophora

Figure 9. Maximum likelihood (ML) tree of concatenated COI + 18S rDNA sequences obtained from Barkeriella museensis
gen. et sp. nov. and Rathouisia sinensis compared with sequences deposited in GenBank for representatives of the families
Rathouisiidae, Onchidiidae and Veronicellidae (see Supporting Information, Tables S1, S2 for sequences obtained from
GenBank for analysis). Concatenated sequences are listed with species names. They were 2184 positions in length (566
COI + 1618 16S rDNA). Bootstrap support above 50% from ML (left) and NJ (middle) analysis, as well as posterior probabilities
PP above 0.5 (right) from Bayesian inference analysis are indicated next to the branches. Bootstrap analysis was run with
1000 replicates (Felsenstein, 1985). The tree was rooted with stylommatophoran Deroceras reticulatum KF894313 (COI) and
AY145373 (18S rDNA) sequences deposited in GenBank by Rowson et al. (2014) and Passamaneck et al. (2004), respectively.
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Simroth, 1891 (type species: Atopos semperi Simroth,
1891) and Granulilimax Minato, 1989 (type species:
Granulilimax fuscicornis Minato, 1989) (Stanisic, 1998;
Barker, 2001; Barker & Efford, 2004; Minato, 2015).
Other taxa of the genus-groups, e.g. Prisma Simroth,
1891 (type species: ?Veronicella prismatica Tapparone
Canefri, 1883), Padangia Babor, 1900 (type species:
Atopos schildii Babor, 1900) and Parapodangia Ghosh,
1915 (type species: Atopos gravelyi Ghosh, 1915), are
currently regarded as junior synonyms or subgenera
of Atopos (Hoffmann, 1926; Laidlaw, 1940; De Wilde,
1984; Stanisic et al., 2010). The genus Atopos was
assigned to its own family Atopidae by Thering (1892).
Incidentally, this family name is not included in the
Nomenclator of the gastropod family taxa by Bouchet
et al. (2017).

Species from south-eastern China are assigned
to Rathouisia (Collinge, 1902a; Heynemann, 1906;
Hoffmann, 1926). MolluscaBase (2021) mentions
four species: R. sinensis (Heude, 1882), R. leonina
Heude, 1885, R. pantherina Heude, 1890 and
R. tigrina Heude, 1885, regarding the latter three
as taxa inquirenda. However, R. leonina is an
unnecessary replacement name for Vaginulus
sinensis, which Heude (1885) considered a homonym

of Vaginulus chinensis Mollendorff, 1881 (Collinge,
1902a; Hoffmann, 1926). According to Heude (1890:
133), the two species (R. pantherina and R. tigrina)
might correspond to only one taxon. The anatomy of
R. sinensis has only been studied by Rathouis (1885)
but, as already noticed by Sarasin & Sarasin (1899)
and Collinge (1902a), the lithographic impression
of his plate is so faint that many of the details are
unclear (Fig. 10), and as stressed by Laidlaw (1940),
his study also includes some misinterpretations of
genital structures. Our re-examination of the gross
anatomy of R. sinensis (Figs 11, 12) confirmed that the
study by Rathouis (1885) illustrated the male distal
genitalia correctly, much less the proximal genitalia
and the female distal genitalia (see, for example,
the confluence of prostate, oviduct and rectum) (Fig.
13). However, the most critical issue of his report
is misinterpretation of most of the structures. Our
re-examination shows that R. sinensis has triaulic
tritrematic genitalia with complicated relationships
between the proximal parts. Kimura et al. (2020a,
b) suggested the existence of another undescribed
species (a member of Rathouisia or an undescribed
genus) from South Korea. Our molecular data on
COI sequences (Supporting Information, Figs S1-S6)

C. Rathouis del. et lith.

F. 5.  Appareil génital femelle,

v. La vulve cachée dans un sil'on du pied & un millimétre
environ en arriére et en dedans de 'anus.

v'. Le vagin, gg. les glandes lubréfiantes (?) du vagin, rudi-
mentaires avant 1’état adulte.

ou. Les ovules, t. la trompe, u. I'utérus, ou mieux le réser-
voir des ovules ; 0. P'oviducte.

¢. Le réservoir, plus on moins pédicellé, des spermatozdides,
ou poche copulatrice.

m. La glande muquense, mu. la glande muqueuse utérine;
les cellules mucipares y sont de moitié moins grandes
que celles de la glande . dont elle est séparée par un
septum ; avant I'état adulte elle est rudimentaire et elle

Imp. Miss. Cath.

s’atrophie apreés la ponte, son rdle serait principalement
de fournir aix ceufs leur albumine. °

i. Le gros intestin.

n. b. Le vagin, Putérus et la trompe sont tapissés d'un
épithélium cylindrique 4 cellules longues et & cils vi-
bratiles également trés longs.

. 6.  Appareil génital mile,

o. Llorifice, f. le flagellum fixé prés de Dorifice.

G. Le gland avec sa gouttiére pour le passage du sperme,

v. La verge, s. le réservoir séminal.

d. Le canal déférent, t. le testicule, m. le faisceau rétrac-
teur émané du muscle latéral rétracteur des organes
céphaliques ete,

Figure 10. Illustrations of the genitalia of Rathouisia sinensis and their legend published by Rathouis (1885).
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A 2mm

B 1 mm

Figure 11. Genitalia of Rathouisia sinensis from Nandaheyuan, Nanjing, Jiangsu Province, China, M. Wu leg. 21.9.2021
(FGC 51209): A, general view; B, distal male genitalia. See Morphological study for explanation of abbreviations.

shows that the sequence LC598438 obtained by
Kimura et al. (2020b) from a rathouisiid specimen
from South Korea clusters with sequences obtained
by us from R. sinensis, which strongly confirms the
suggestion that they are conspecific.

About 30 named species from South-East Asia to
New Guinea and northern Australia are attributed
to Atopos (lists of Atopos species are given by:
Heynemann, 1906: 37-38; Collinge, 1908: 119;
Hoffmann, 1926: 26—-27; another species, overlooked
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2 mm

Figure 12. Genitalia of Rathouisia sinensis from Nandaheyuan, Nanjing, Jiangsu Province, China, M. Wu leg. 21.9.2021
(FGC 51209): A, gonad, male proximal genitalia and female distal genitalia; B, another view of gonad, male proximal
genitalia and female distal genitalia; C, gonad, vagina and male proximal genitalia. See Morphological study for explanation
of abbreviations.

in these lists, needs to be added: Atopos gravelyi inquirendum), but as stressed by De Wilde (1984),
Ghosh, 1915). MolluscaBase (2021) reports 23 species Wiktor (2003), Schilthuizen & Liew (2008) and Tan &
(although one, A. heynemanni (Simroth, 1891), as taxon Chan (2009), a modern revision of Atopos speciography
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Figure 13. Illustrations of the genitalia of Rathouisia sinensis enlarged and re-interpreted according to our re-examination.

See Morphological study for explanation of abbreviations.

is still lacking. Despite many detailed studies on their
anatomy, most earlier contributions did not consider
gross genital morphology, often dealing more with the
histological structure of the organs (Simroth, 1891;
Sarasin & Sarasin, 1899; Collinge, 1902a, 1903; Ghosh,
1912, 1913, 1914, 1915; Odhner, 1917; Laidlaw, 1940;
De Wilde, 1984; Wiktor, 2003). Moreover, as pointed
out by Laidlaw (1940), the separation of Atopos
from Rathouisia is not at all clear and the paper by
De Wilde (1984) remained the best contribution on the
gross anatomy of an Atopos species.

The genus Granulilimax was originally described by
Minato (1989) in the family Philomycidae, originally
with only one species included from Japan. Subsequently,
this slug was moved to the rathouisiids on the basis
of anatomical re-examination by Tada & Yano (2010).

Indeed, the authors demonstrated that Granulilimax
showed rathouisiid features, such as the position of
the anus, Simroth’s gland and the absence of a jaw.
It was also shown that Minato’s (1989) anatomical
description is incomplete and at least partly inaccurate
(Kimura et al., 2020a). This attribution was further
confirmed by a new anatomical study by Hayase et al.
(2018: fig. 3 1e—1i) and by a phylogenetic analysis
based on mitochondrial and nuclear genes by Kimura
et al. (2020a, b). Our molecular results also confirm
attribution of Granulilimax to the family Rathouisiidae.

Kimura (2020) and Kimura et al. (2020a, b)
suggested that other undescribed rathouisiid species,
unassigned to genus, occur (or occurs) on Okinawa and
other Ryukyu Islands. Our analysis of COI sequences
(Supporting Information, Figs S1-S6) suggests that
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they may represent a new rathouisiid genus. However,
the lack of GenBank data on the sequences of nuclear
genes does not permit this suggestion to be verified.

The MUSE slug and R. sinensis share the same triaulic
tritrematic genital structure. Nevertheless, the MUSE
slug differs in many other features. The multiacinous
gonad is elongated and unpigmented (gonad consisting
of a compact mass of black pigmented acini fused to one
another in R. sinensis). The hermaphrodite duct ends
inside a large lobed body embedded in the posterior
side of the glandular structure, possibly consisting
of the albumen gland and the uterine oviduct (the
hermaphrodite duct first joins the duct ending in the
seminal receptacles, then the vagina and then the
prostate, ending in a small body — a sort of carrefour?
— between the albumen gland and the uterine oviduct
in R. sinensis). Two globular seminal receptacles with
black pigmentation are positioned side by side, fused
at the base (a group of black, variably long, sac-like
receptacles are fused at base in R. sinensis). Three
different ducts arise inside the large lobed body: one
ends in the two seminal receptacles; one enters the
posterior side of the glandular structure; and one
enters the prostate (absent or possibly represented by
the small body situated between the albumen gland
and the oviduct in R. sinensis). The albumen gland is
apparently fused to the uterine oviduct, forming a thick
structure of translucent, glandular tissue (albumen
gland long, easily distinguished from the twisted
oviduct in R. sinensis). The vagina is long and slender
and starts from the base of the prostate side by side
with the end of the sperm duct (vagina short and wide,
arising from hermaphrodite duct in R. sinensis). The
bursa copulatrix is possibly represented by a lateral
lobe of the large lobed body (bursa copulatrix possibly
represented by a small globular structure joined to the
proximal portion of the prostate in R. sinensis). The
prostate is long, its distal end ending in a sort of vesicle
and giving rise laterally to the vas deferens (prostate
rather short, with a pedunculated globular vesicle,
possibly representing the bursa copulatrix, arising at
its base, and with the vas deferens arising at its distal
end in R. sinensis). The penis is long and slender with
an internal penial papilla at its base (penis rather long,
divided into proximal and distal parts by a sort of ring,
and without a penial papilla in R. sinensis). Simroth’s
gland is tubular, with its twisted proximal portion
wrapped in a sort of oval sheath, thence forming a
twisted bunch, and extending back along the left side of
the glandular structure to end level with the gonad and
the digestive gland (tubular, straight at its beginning,
then extending back along the left side of the oviduct
and ending as a twisted bunch on the left side of the
albumen gland in R. sinensis).

Although it is not at all clear whether Atopos
rathouisiids correspond to one or more taxa of the

genus group, the MUSE slug differs (Figs 2-5) from the
best-studied species of this group [i.e. A. australis and
A. smithi (Collinge, 1902b)] in many characters, e.g.
central tooth of radula present (central tooth of radula
absent or vestigial in Atopos); genitalia of triaulic
tritrematic type (genitalia of diaulic ditrematic type in
Atopos); large conspicuous glandular structure possibly
consisting of the albumen gland and the uterine
oviduct embedding the organs of the medial section
of the genitalia (albumen gland and uterine oviduct
distinct in Atopos); and prostate not diverticle-like in
the MUSE slug (prostate diverticle-like in Atopos) (see:
Odhner, 1917; De Wilde, 1984; Wiktor, 2003).

It is more difficult to differentiate the MUSE slug
from Granulilimax. The latter is only known from the
description by Minato (1989) and the re-examination
by Hayase et al. (2018: fig. 3 1e-1i). As stated by Tada
& Yano (2010), Minato’s (1989) description of the
genitalia is not realistic. The new anatomical study by
Hayase et al. (2018) only shows photos of the genitalia
with many unclear details and so it cannot be a basis
for a well-grounded morphological differentiation.

The MUSE slug differs (Figs 2-5) from
Granulilimax by virtue of genitalia of the triaulic
tritrematic type (Granulilimax has genitalia of the
diaulic ditrematic type); large, conspicuous glandular
structure, possibly consisting of the albumen gland
and the uterine oviduct embedding the organs of the
medial genitalia (albumen gland and uterine oviduct
distinct in Granulilimax); and Simroth’s gland with
its twisted proximal portion wrapped by a sort of oval
sheath, then digit-like for its whole length (Simroth’s
gland with its proximal portion enlarged, apparently
bilobed, then with thin intermediate portion and a
final digit-like portion in Granulilimax) (see: Hayase
et al., 2018: fig. 3 1le-1i).

Molecular identification of the MUSE slug was not
possible, because there was no sequence deposited in
GenBank identical or similar to those obtained for this
species by our research (Table 3). However further
molecular analyses of five different gene fragments,
based on single locus (Supporting Information, Figs
S1-S9) and multilocus datasets (Figs 6-9), clearly
suggest that the MUSE slug belongs to Rathouisiidae,
but cannot be assigned to any genus of this family.
The sequences obtained from the MUSE slug cluster
together in these analyses, but are always separate
from sequences of the genera Rathouisia, Granulilimax
and Atopos, as well as from representatives of the
unnamed genus found in the Ryukyu Islands.

In conclusion, morphological and molecular analyses
showed that the MUSE slug is a hitherto undescribed
lineage in the rathouisiid systellommatophorans for
which the name Barkeriella museensis is proposed.
The origin of this species and its natural range remain
obscure and require further research. Above all, a better
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understanding of the family Rathouisiidae is needed,
along with a revision of species assigned to the genera
Atopos, Barkeriella, Granulilimax and Rathouisia,
and possibly others, by means of integrative taxonomy
(Dayrat, 2005), combining classic studies based
on analysis of anatomical structures, ecology and
phylogeography with molecular methods.

SYSTEMATICS
ORDER SYSTELLOMMATOPHORA PILSBRY, 1948
SUPERFAMILY VERONICELLOIDEA GRAY, 1840
FAMILY RATHOUISIIDAE HEUDE, 1885
BARKERIELLA GEN. NOV.

Zoobank registration: urn:lsid:zoobank:org:act:
AC660310-BCA7-4EA4-B2C2-2194AFA7CE9A.

Type species: Barkeriella museensis sp. nov.

Etymology: The new genus is named after Gary
Barker from Hamilton, New Zealand, a leading land
gastropod biologist and author of The biology of
terrestrial molluscs and Natural enemies of terrestrial
molluscs and also the author of a major review on
systellommatophoran gastropods (Barker, 2001).

Diagnosis: A genus of the rathouisiids characterized
by mantle finely granulated with no sharp delimitation
between the dorsal and lateroventral sector; radula
consisting of many rows of unicuspidate hook-like
teeth; central tooth present; genitalia of triaulic (three
ducts for gametes: one vaginal for receiving allosperm
from partner, one oviductal for conveying eggs to the
outside, one penial for carrying autosperm to penis)
and tritrematic type (three genital openings: vaginal,
oviductal and penial); large, conspicuous glandular
structure, possibly consisting of a small, whitish
albumen gland proximally and a large subtransparent
uterine oviduct medium-distally; single Simroth’s
penial accessory gland.

BARKERIELLA MUSEENSIS SP. NOV.

Zoobank registration: urn:lsid:zoobank:org:act:
C8C98093-52BB-4E3B-AA82-7268F7FFADI7.

Type locality: Tropical greenhouse of the Science
Museum (MUSE) of Trento, northern Italy.

Type material: Holotype: D. Barbato leg. 4.5.2019
(one ad. dissected, FCG 51208) and 31 paratypes:
D. Barbato & G. Bolzonella leg. 4.1.2019 (two subad.
sps. dissected, FGC 51205), D. Barbato & G. Bolzonella
leg. 10.2.2019 (three subad. sps. dissected + four juv.
sps. dissected, FGC 51206; one ad. + one juv. sps. NHC/

MOLL-2022-001 — 002), D. Miserocchi leg. 2.3.2019
(six sps., FGC 51168), D. Barbato leg. 4.5.2019 (five juv.
sps. dissected + seven juv. sps. ‘exploded’ + two ad. sps.
dissected, FGC 51191).

Etymology: The new species was first discovered
in the tropical greenhouse of the Science Museum
(MUSE) of Trento, Italy. The species is named for the
type locality.

Diagnosis: See genus diagnosis.

Description: Body (Figs 1, 2C): Crawling specimens,
small and slender (Iength no more than 20 mm; width
no more than 3 mm). Notum roundish, whitish in
colour with a wide, greyish-violet band on each side,
separated dorsally by a whitish line coinciding with
a trace of keel; notum covered in coarse granulations
with a thick mucus layer in irritated specimens; notum
extending laterally to completely cover body sides as
far as the pedal groove (no sharp delimitation between
dorsal and lateroventral sectors of mantle covering);
pedal groove separating notum and foot along length
of body. In crawling specimens, head protrudes
from notum, but in resting or irritated specimens is
completely covered by the notum, and bears two white
or pinkish upper tentacles and two apically bilobed
lower tentacles. Foot long and rather slender with fine
transverse ridges (soleolae).

Nervous system (Fig. 2A, B): not studied in detail;
central system forms a concentrated ring, consisting
dorsally of many ganglia (cerebral, buccal and
visceropleural), more or less fused to one another and
ventrally of a pair of pedal ganglia.

Renal-pulmonary complex (Fig. 2A, B, D): Located
anterodorsally with atrophied pulmonary chamber;
pericardium disposed obliquely and heart consisting
of a single auricle and ventricle.

Digestive tract (Fig. 2A, B, D): consisting of buccal
bulb with radula, oesophagus, two salivary glands,
stomach and intestine. Jaw absent. Buccal bulb
long and wide, occupying the internal part of head
and neck and consisting anteriorly of the sac of the
protrusible proboscis and posteriorly of the radular
sac. Oesophagus long and slender, originating about
halfway along length of buccal bulb, passing inside the
nervous ring, reversing along the spermoviduct and
entering the stomach anteriorly. Two large salivary
glands discharge via two fine salivary ducts that
pass inside the nervous ring into the buccal bulb. The
stomach is small, receives a short, thin tube from the
digestive gland posteriorly and continues anteriorly
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with the intestine. Intestine long and slender, reversing
and running first along the left, then along the anterior
side of the uterine oviduct, and opening in the right
pedal groove in the anterior one-fifth to one-quarter of
the body, just anterior to the oviductal opening. Long,
single-lobed digestive gland (hepatopancreas) in close
contact with upper side of gonad and occupying dorsal
part of body cavity as far as tip of tail.

Radula (Fig. 5A, B): Consisting of a sequence of many
V-shaped rows of hook-like unicuspidate teeth, each with
about 27 teeth, according to the formula 13L + 1C + 13L.
The large central tooth and the first lateral teeth show
a worn tip in most cases. The lateromarginal teeth,
progressively reduced in dimension, have pointed tips.

Genitalia (Figs 2A, B, 3A-C, 4): Of triaulic tritrematic
type (three ducts for gametes: one vaginal for receiving
allosperm from partner, one oviductal for conveying
eggs outside, one penial for carrying autosperm to penis;
three genital apertures: vaginal, oviductal and penial).

Hermaphrodite gonad long, ventral with respect
to the similarly long digestive gland; anterior side
of gonad adheres to the posterior side of a large
conspicuous glandular structure. This organ possibly
consists of a small, whitish albumen gland proximally
and a large, subtrasparent, gelatinous uterine oviduct
distally. The glandular structure embraces a large,
lobed body proximally and the prostate ventrally and
continues with the short wide free oviduct that opens
into the pedal groove on the right side of the body,
about one-fifth to one-quarter of the way along the
body, just posterior to the anus.

The large lobed body is a roundish non-glandular
organ, in which a long, fine hermaphrodite duct ends
and three other ducts arise: (1) a fine, long, straight
duct ending into two seminal receptacles (i.e. where
the allosperm received from a partner is stored, until
it can fertilize eggs); (2) a fine, short, twisted duct
ending on the posterior side of the glandular structure
interpreted as an oviduct (to bring fertilized eggs into
the uterine oviduct); and (3) a fine, short duct that
enters the prostate and is interpreted as a sperm duct/
seminal duct (to convey autosperm to the prostate and
allosperm to the duct of the seminal receptacles?). An
oval or roundish, variably pedunculate lobe, possibly
a bursa copulatrix, is disposed on the other side of the
large lobed body (i.e. the side opposite that on which
the three ducts arise). The large lobed body possibly
includes a fertilization chamber.

The prostate is a long tubular structure, adhering
ventrally to the glandular structure and elongated
anteriorly; proximally, near the point where the sperm
duct enters, it receives another duct, interpreted as the
vagina; distally it is connected to a sort of variably large
vesicle, near the base of which the vas deferens arises.

The vagina is a long tubular duct that starts from
the proximal portion of the prostate, extends along the
anterior side of the large lobed body towards the right
side of the body and ends with the vaginal opening in
the pedal groove about one-third of the way along the
body from the head.

The distal male genitalia include the vas deferens,
the penis and Simroth’s gland. The vas deferens
consists of two portions: the initial (proximal) longer
portion running inside the body wall, coinciding with
the anterior part of the foot; the final (distal) shorter
portion that re-enters the body cavity and finishes
at the proximal end of the penis where the penial
retractor also joins. The penis is a short tubular organ
that ends in the male genital atrium side by side
with Simroth’s gland. Its proximal portion contains
a pointed penial papilla. The genital atrium opens on
the anterior right side of the head. Simroth’s gland
is a long tubular structure, pinkish in colour in adult
specimens and consisting of two parts: the shorter
initial portion (facing the distal penis) is twisted and
enveloped in a transparent sheath, oval in shape; the
longer final portion, which is free of the sheath, forms
a bunch by twisting irregularly on itself, then extends
backwards along the glandular structure to end level
with the digestive gland and the gonad.

Shell: Absent. A variable number of vitreous, disc-
like, ovoidal or roundish granules of variable size are
scattered on the dorsal surface of the body cavity, up to
the glandular structure and digestive gland.

Gene sequences: Partial sequences of the following
genes characteristic of Barkeriella museensis
were deposited in GenBank: COI — OM827003—
OMS827005; 16S rDNA — OM827013-0OM827015;
18S rDNA - OM827024-0M827026; (5.8S
rDNA) + ITS2 + (28S rDNA) — OM827032-OM827034;
H3 - OM827043-0M827046.

Remarks: It is not easy to trace the geographical
origin of this slug: the family to which it belongs — the
rathouisiids — has a natural range that encompasses
the eastern Palaearctic, the Indomalayan and the
northern Australasian regions. Its presence in
the Afromontane greenhouse of MUSE in Trento
(northern Italy) is surely linked to introduced
exotic plants. While species of African vertebrates
(fish, amphibians and birds) were introduced for
display purposes, many soil invertebrates were
unintentionally transported with root balls, despite
the museum’s strict control measures to prevent new
invasions. Slugs can easily travel in this way as eggs
or hatched individuals, and can spread into their
surroundings (Bergey et al., 2014). The greenhouse
of MUSE (600 m?; 130 species of plants; temperature

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2023, 197, 76-103

€20z 1dy G0 U0 1sanb Aq 88167/99/9./1/26 L /910IHE/UESUUII00Z/WO0"dNO"OlWapEedE//:SANY WOy papeojumoq



98 G.MANGANELLIETAL.

30 °C, humidity 70-80%) was completed in 2013 to
recreate different montane forest environments
of eastern Africa (namely those of the Udzungwa
Mountains in eastern Tanzania), but not all the plant
species used so far come from that area. Some trees,
shrubs, herbs and vines native to South-East Asia
or tropical America were chosen as substitutes for
closely related or apparently similar eastern African
plants, difficult or impossible to obtain through
regular channels. Even the plants native to eastern
Africa were not imported directly from there, but in
most cases were purchased from plant nurseries in
Italy or Europe or obtained by exchange with other
institutions. In such facilities, plants from different
continents are often raised in the same areas, allowing
different pools of soil invertebrates to spread from one
to the other. Thus, the rich soil fauna which inhabits
the MUSE tropical greenhouse is composed of a
mixture of species (flatworms, earthworms, woodlice,
mites, centipedes, insects and molluscs) from several
biogeographic regions.

All slug specimens were found in a restricted
part of the greenhouse between January and May
2019. A subsequent survey in February 2022 was
unsuccessful. The sector of the greenhouse where
B. museensis was collected was radically restructured
in the period 2020-22. Some plants were replaced
and certain soil features were affected as a result. In
that period, a population of the burrowing Suriname
cockroach Pycnoscelus surinamensis (Linnaeus, 1758)
spread throughout the greenhouse, reaching high
densities everywhere and probably causing further
changes to soil properties. The reorganization may
have led to disappearance of the slug.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s website.

Table S1. GenBank sequences of COI gene fragments for representatives of the families Rathouisiidae,
Philomycidae, Onchidiidae and Veronicellidae used for comparison in molecular analysis, haplotypes are in bold
(used for comparison of Rathouisiidae and Onchidiidae underlined). For additional references see Table S9.
Table S2. GenBank sequences of 18S rDNA gene fragments used for comparison in molecular analysis. For
additional references see Table S9.

Table S3. GenBank sequences of ITS2 (flanked by 5.8S and 28S rDNA) fragments used for comparison in
molecular analysis. For additional references see Table S9.

Table S4. GenBank sequences of 16S rDNA gene fragments used for comparison in molecular analysis. For
additional references see Table S9.

Table S5. GenBank sequences of H3 gene fragments used for comparison in molecular analysis. For additional
references see Table S9.

Table S6. Thermal regimes for amplification of selected genes (see Table 2) and lengths of the amplification
products.

Table S7. K2P genetic distances (%) between COI sequences of rathouisiid species used for analysis (see: Table 3;
Supporting Information, Table S1).

Table S8. Concatenated sequences of COI, 16S rDNA, ITS2 (flanked by 5.8S and 28S rDNA) and H3 gene
fragments (2122 positions long: 614 COI + 458 16S rDNA + 54 5.8S rDNA + 662 ITS2 + 40 28S rDNA + 294 H3)
used for ML, NJ and BI analysis (see Fig. 8).

Table S9. Additional references for GenBank gene fragments used for comparison in molecular analysis (listed in
Supporting Information, Tables S1-S5).

Figure S1. Maximum likelihood (ML) tree of COI haplotypes obtained from Barkeriella museensis (COI 1-COI
3), Rathouisia sinensis (COI 4—-COI 9) and GenBank sequences for representatives of the systellommatophoran
families Rathouisiidae and Onchidiidae (see Supporting Information, Table S1). COI sequences were cut to
563 bp in length, onchidiid sequences were grouped for genera due to their large number. Numbers next to the
branches indicate bootstrap support above 50% calculated for 1000 replicates of ML (left) and NJ (right) analysis
(Felsenstein, 1985). The tree was rooted with stylommatophoran Monacha pantanelliit MT380013 sequence
deposited in GenBank by Pierikowska et al. (2020).

Figure S2. Maximum likelihood (ML) tree of COI haplotypes obtained from Barkeriella museensis (COI 1-COI
3), Rathouisia sinensis (COI 4—-COI 9) and GenBank sequences for other rathouisiid species, as well as selected
species representing particular genera of Onchidiidae (see Supporting Information, Table S1). COI sequences
were cut to 549 bp. Numbers next to the branches indicate bootstrap support above 50% calculated for 1000
ML (left) and NJ (right) replicates (Felsenstein, 1985). The tree was rooted with stylommatophoran Monacha
pantanellii MT380013 sequence deposited in GenBank by Pienkowska et al. (2020).

Figure S3. Maximum likelihood (ML) tree of COI haplotypes obtained from Barkeriella museensis (COI 1-COI
3), Rathouisia sinensis (COI 4—COI 9) and GenBank sequences for representatives of the families Rathouisiidae
and Veronicellidae (see Supporting Information, Table S1). COI sequences were cut to 566 bp in length. Numbers
next to the branches indicate bootstrap support above 50% for 1000 replicates of ML (left) and NJ (right) analysis
(Felsenstein, 1985). The tree was rooted with stylommatophoran Monacha pantanelliit MT380013 sequence
deposited in GenBank by Pierikowska et al. (2020).
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Figure S4. Maximum likelihood (ML) tree of COI haplotypes obtained from Barkeriella museensis (COI
1-COlI 3), Rathouisia sinensis (COI 4—COI 9) and GenBank sequences for representatives of the families
Rathouisiidae, Onchidiidae, Veronicellidae and Philomycidae (see Supporting Information, Table S1).
COI sequences were cut to 549 bp. Numbers next to the branches indicate bootstrap support above 50%
calculated for 1000 replicates of ML (left) and NJ (right) analysis (Felsenstein, 1985). The tree was rooted
with stylommatophoran Monacha pantanellit MT380013 sequence deposited in GenBank by Piefikowska
et al. (2020).

Figure S5. Maximum likelihood (ML) tree of COI haplotypes obtained from Barkeriella museensis (COI 1-COI
3), Rathouisia sinensis (COI 4—-COI 9) and GenBank sequences for representatives of the families Rathouisiidae
and Philomycidae (see Supporting Information, Table S1). COI sequences were cut to 551 bp in length. Numbers
next to the branches indicate bootstrap support above 50% calculated for 1000 replicates of ML (left) and NJ
(right) analysis (Felsenstein, 1985). The tree was rooted with stylommatophoran Monacha pantanelliit MT380013
sequence deposited in GenBank by Piefikkowska et al. (2020).

Figure S6. Graphical output of ASAP analysis (K80 substitution model) of COI haplotypes obtained from
Barkeriella museensis (COI 1-COI 3), Rathouisia sinensis (COI 4—COI 9) and GenBank sequences from other
Rathouisiidae genera (see Supporting Information, Table S1). COI sequences were 566 bp in length. A cladogram
shows hierarchical clustering of sequences. Bar colours indicate unique partitions.

Figure S7. Maximum likelihood (ML) tree of 16S rDNA sequences obtained from Barkeriella museensis (16S
1), Rathouisia leonina (16S 2—-16S 4) and GenBank sequences for representatives of the families Onchidiidae,
Veronicellidae and Philomycidae (see Supporting Information, Table S4). 16S rDNA sequences were 306 positions
in length. Numbers next to the branches indicate bootstrap support above 50% calculated for 1000 replicates
of ML (left) and NJ (right) analysis (Felsenstein, 1985). The tree was rooted with stylommatophoran Monacha
pantanellit OM827023 (16S 6) sequence obtained in the present study (see Table 3).

Figure S8. Maximum likelihood (ML) tree of 18S rDNA sequences obtained from Barkeriella museensis (18S1,18S
2), Rathouisia sinensis (18S 4-18S 7) and GenBank sequences for representatives of the families Rathouisiidae,
Onchidiidae, Veronicellidae and Philomycidae (see Supporting Information, Table S2). 18S rDNA sequences were
1618 positions in length. Numbers next to the branches indicate bootstrap support above 50% calculated for 1000
replicates of ML (left) and NJ (right) analysis (Felsenstein, 1985). The tree was rooted with stylommatophoran
Deroceras reticulatum AY145373 sequence deposited in GenBank by Passamaneck et al. (2004).

Figure S9. Maximum likelihood (ML) tree of H3 sequences obtained from Barkeriella museensis (H3 1),
Rathouisia sinensis (H3 2) and GenBank sequences for representatives of the families Onchidiidae, Veronicellidae
and Philomycidae (see Supporting Information, Table S5). H3 sequences were 267 bp in length. Numbers next
to the branches indicate bootstrap support above 50% calculated for 1000 replicates of ML (left) and NJ (right)
analysis (Felsenstein, 1985). The tree was rooted with stylommatophoran Monacha pantanellii MT385778
sequence deposited in GenBank by Pieilkowska et al. (2020).
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