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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-Peña 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 + 16S rDNA + ITS2 + H3, 2122 positions long (614 
COI + 458 16S rDNA + 54 5.8S rDNA + 662 ITS2 + 40 
28S rDNA + 294 H3).

For  each al ignment f i le, best  nucleot ide-
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 
MEGA7 (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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for H3 gene fragments (Table 3). GenBank resources 
are few for representatives of Rathouisiidae; only 
a few COI (Supporting Information, Table S1), 18S 

rDNA (Supporting Information, Table S2) and ITS2 
(Supporting Information, Table S3) sequences have 
been deposited for species of the genera Atopos, 

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.
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Granulilimax and unidentified one(s). No GenBank 
sequences for 16S rDNA (Supporting Information, 
Table S4) and H3 (Supporting Information, Table S5) 
of Rathouisiidae were available. Moreover, there were 

no sequences for any species of the genus Rathouisia 
in GenBank. Therefore, 33 nucleotide sequences 
obtained as new records for R. sinensis were deposited 
in GenBank: seven each for COI, 16S rDNA, ITS2 

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.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/197/1/76/6649488 by U

niversità di Siena user on 09 August 2023



84  G. MANGANELLI ET AL.

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

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 2–16S 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 

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.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/197/1/76/6649488 by U

niversità di Siena user on 09 August 2023



D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/197/1/76/6649488 by U

niversità di Siena user on 09 August 2023



86  G. MANGANELLI ET AL.

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

T
ab

le
 3

. 
N

ew
 n

u
cl

eo
ti

de
 s

eq
u

en
ce

s 
of

 m
it

oc
h

on
dr

ia
l a

n
d 

n
u

cl
ea

r 
ge

n
e 

fr
ag

m
en

ts
 o

bt
ai

n
ed

 a
s 

re
su

lt
s 

of
 t

h
is

 p
ap

er
; #

# 
G

en
B

an
k 

ac
ce

ss
io

n
 n

u
m

be
r

S
pe

ci
es

 
V

ou
ch

er
 d

es
ig

n
at

io
n

 
C

O
I

16
S

 r
D

N
A

18
S

 r
D

N
A

(5
.8

S
 r

D
N

A
) +

 I
T

S
2 

+ 
 

(2
8S

 r
D

N
A

)
H

3

H
ap

lo
ty

pe
  

(n
o.

  
sp

ec
im

en
s)

 

G
en

B
an

k 
 

##
 

H
ap

lo
ty

pe
  

(n
o.

  
sp

ec
im

en
s)

 

G
en

B
an

k 
 

##
 

H
ap

lo
ty

pe
  

(n
o.

  
sp

ec
im

en
s)

 

G
en

B
an

k 
 

##
 

H
ap

lo
ty

pe
  

(n
o.

  
sp

ec
im

en
s)

 

G
en

B
an

k 
 

##
 

H
ap

lo
ty

pe
  

(n
o.

  
sp

ec
im

en
s)

 

G
en

B
an

k 
 

##
 

M
U

S
E

 s
lu

g
D

C
B

C
00

50
10

1I
T

01
/ 

R
at

1
-

-
16

S
 1

 (
3)

O
M

82
70

13
-

-
-

-
H

3 
1 

(4
)

O
M

82
70

43

D
C

B
C

00
50

10
1I

T
01

/ 
R

at
2

C
O

I 
1 

(1
)

O
M

82
70

03
-

-
18

S
 1

 (
2)

O
M

82
70

24
IT

S
2 

1 
(3

)
O

M
82

70
32

 
O

M
82

70
44

D
C

B
C

00
50

10
1I

T
01

/ 
R

at
3

C
O

I 
2 

(1
)

O
M

82
70

04
 

O
M

82
70

14
 

O
M

82
70

25
 

O
M

82
70

33
 

O
M

82
70

45

D
C

B
C

00
50

10
1I

T
01

/ 
R

at
4

C
O

I 
3 

(1
)

O
M

82
70

05
 

O
M

82
70

15
18

S
 2

 (
1)

O
M

82
70

26
 

O
M

82
70

34
 

O
M

82
70

46

R
at

h
ou

is
ia

 
si

n
en

si
s

D
C

B
C

00
50

30
1C

N
01

/ 
K

im
1

C
O

I 
4 

(1
)

O
M

82
70

06
16

S
 2

 (
1)

O
M

82
70

16
-

-
IT

S
2 

2 
(1

)
O

M
82

70
35

H
3 

2 
(7

)
O

M
82

70
47

D
C

B
C

00
50

30
1C

N
02

/ 
N

an
1

C
O

I 
5 

(1
)

O
M

82
70

07
16

S
 3

 (
1)

O
M

82
70

17
18

S
 3

 (
1)

O
M

82
70

27
IT

S
2 

3 
(1

)
O

M
82

70
36

 
O

M
82

70
48

D
C

B
C

00
50

30
1C

N
02

/ 
N

an
2

C
O

I 
6 

(1
)

O
M

82
70

08
16

S
 4

 (
1)

O
M

82
70

18
18

S
 4

 (
1)

O
M

82
70

28
IT

S
2 

4 
(2

)
O

M
82

70
37

 
O

M
82

70
49

D
C

B
C

00
50

30
1C

N
02

/ 
N

an
3

C
O

I 
7 

(1
)

O
M

82
70

09
16

S
 3

 (
1)

O
M

82
70

19
18

S
 5

 (
1)

O
M

82
70

29
 

O
M

82
70

38
 

O
M

82
70

50

D
C

B
C

00
50

30
1C

N
02

/ 
N

an
4

C
O

I 
8 

(1
)

O
M

82
70

10
16

S
 5

 (
1)

O
M

82
70

20
18

S
 6

 (
1)

O
M

82
70

30
IT

S
2 

2 
(2

)
O

M
82

70
39

 
O

M
82

70
51

D
C

B
C

00
50

30
1C

N
02

/ 
N

an
6

C
O

I 
9 

(1
)

O
M

82
70

11
16

S
 4

 (
2)

O
M

82
70

21
-

-
 

O
M

82
70

40
 

O
M

82
70

52

D
C

B
C

00
50

30
1C

N
02

/ 
N

an
7

C
O

I 
6 

(1
)

O
M

82
70

12
 

O
M

82
70

22
18

S
 7

 (
1)

O
M

82
70

31
IT

S
2 

3 
(1

)
O

M
82

70
41

 
O

M
82

70
53

M
on

ac
h

a 
 

pa
n

ta
n

el
li

i
D

C
B

C
00

20
11

9I
T

01
/ 

F
io

8
 

 
16

S
 6

 (
1)

O
M

82
70

23
 

 
IT

S
2 

5 
(1

)
O

M
82

70
42

 
 

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/197/1/76/6649488 by U

niversità di Siena user on 09 August 2023



NEW RATHOUISIID IN A TROPICAL GREENHOUSE  87

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

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 Pieńkowska et al. (2020) according to Table 3 and Supporting Information, Table S1, respectively.
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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–ITS2 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 5.8S 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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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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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 Ihering (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 Möllendorff, 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) 

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

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.
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in these lists, needs to be added: Atopos gravelyi 
Ghosh, 1915). MolluscaBase (2021) reports 23 species 
(although one, A. heynemanni (Simroth, 1891), as taxon 

inquirendum), but as stressed by De Wilde (1984), 
Wiktor (2003), Schilthuizen & Liew (2008) and Tan & 
Chan (2009), a modern revision of Atopos speciography 

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.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/197/1/76/6649488 by U

niversità di Siena user on 09 August 2023



94  G. MANGANELLI ET AL.

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

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 

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.
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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 s lug  d i f f e rs  (F igs  2–5 )  f rom 
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 1e–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-AA82-7268F7FFAD97.

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 (length 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–
OM827005; 16S rDNA – OM827013–OM827015; 
18S  rDNA –  OM827024–OM827026 ; ( 5 .8S 
rDNA) + ITS2 + (28S rDNA) – OM827032–OM827034; 
H3 – OM827043–OM827046.

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 m2; 130 species of plants; temperature 
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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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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 pantanellii MT380013 sequence 
deposited in GenBank by Pieńkowska 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 Pieńkowska 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 pantanellii MT380013 sequence 
deposited in GenBank by Pieńkowska et al. (2020).
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Figure S4. 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, 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 pantanellii MT380013 sequence deposited in GenBank by Pieńkowska 
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 pantanellii MT380013 
sequence deposited in GenBank by Pieńkowska 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 
pantanellii 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 (18S 1, 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 Pieńkowska et al. (2020).
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