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Abstract

The Greek island of Corfu (Kérkyra) is considered the type locality of two Mona-
cha species described in 1834 by Rossmadssler, namely Monacha claustralis and
M. parumcincta. In this work, Corfu populations of these species were investigated
by an integrative approach including analysis of morphological features of shell
and distal genitalia as well as molecular features of selected mitochondrial and
nuclear gene fragments to establish the relationships between Corfu M. claustra-
lis and M. cartusiana as well as between Corfu and Italian M. parumcincta. Shell
features did not differentiate the pairs analysed, i.e. Monacha claustralis vs M. car-
tusiana and Corfu vs Italian M. parumcincta, whereas features of distal genitalia
structure and nucleotide sequences of mitochondrial genes (COI and 16SrDNA) dis-
tinguished them significantly. Nuclear gene sequences (ITS2 flanked with 5.8S and
28SrDNA fragments) also differentiated between Corfu and Italian M. parumcincta.
It is therefore postulated that these two pairs are composed of four separate spe-
cies: M. claustralis, M. cartusiana, Corfu M. parumcincta, and Italian M. parumcincta,
which are distinct from each other and from the other species of the genus Monacha
used here for comparison (the six lineages of M. cantiana s.I. and M. pantanellii).

Key words: Allometry, genitalia, LDA Ratio Extractor, morphometry, nucleotide sequenc-
es, PCA Ratio Spectrum, phylogeography, shell

Introduction

Among the hygromiids, Monacha Fitzinger, 1833 is the most speciose ge-
nus, including almost a hundred species (93 according to MolluscaBase
2024), widespread from Britain and north-western France to the Caucasus,
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Middle East, and north African coast (Hausdorf 2000a, 2000b; Welter-Schul-
tes 2012; Neiber and Hausdorf 2017 and other references therein).

The phylogeny and biogeography of the genus were addressed by Neiber
and Hausdorf (2017) on the basis of anatomical features (reproductive sys-
tem) and molecular data (mitochondrial and nuclear gene sequences). Since
publication of their paper, eight subgenera have been accepted: Aegaeotheba
Neiber & Hausdorf, 2017, Metatheba Hesse, 1914, Monacha s.s., Paratheba
Hesse, 1914, Platytheba Pilsbry, 1894, Pontotheba Neiber & Hausdorf, 2017,
Rhytidotheba Neiber & Hausdorf, 2017 and Trichotheba Neiber & Hausdorf,
2017. Most are restricted to Anatolia and the Caucasus, regarded as the area of
origin of the genus; others colonised southern Europe, the Crimean Peninsula,
and the Middle East (Neiber and Hausdorf 2017).

Species level taxonomy is still in progress. To date only a few Monacha
species have been studied using an integrative approach, with thorough
investigation of the geographical structure of their morphological and mo-
lecular variations (e.g. Pienkowska et al. 2018b, 2019, 2024; Williams et al.
2024). Moreover, many early established taxa have taxonomic and nomen-
clatural issues requiring clarification. This is also true of species living in
countries that have been studied intensively from a malacological point of
view, such as those of southern Europe.

Here we addressed the taxonomic nomenclatural revision of the Monacha
species occurring on Corfu (Kérkyra, lonian islands, NW Greece), because this
island is the type locality of two early-established species of the genus: Mona-
cha claustralis (Rossmassler, 1834) and Monacha parumcincta (Rossmassler,
1834) (Forcart 1965; Welter-Schultes 2012). The former is probably native to
the Balkan Peninsula and western Turkey but its range has now expanded into
central and eastern Europe as far as Germany, Poland, Ukraine, and Georgia
(Hausdorf 2000a; Pienlkowska et al. 2015, 2018a; Hutchinson et al. 2019; Gu-
ral-Sverlova and Gural 2022). Conchologically, it is very similar to Monacha
cartusiana (Miiller, 1774) from which it is distinguished by some anatomical
features and molecular sequences (Hausdorf 2000a; Piertkowska et al. 2015,
2018a; Neiber and Hausdorf 2017). However, specimens of uncertain attribu-
tion — due to intermediate/divergent anatomical and molecular traits — were re-
cently discovered in the non-native range, raising doubts about the distinctness
and reproductive isolation of the two species (Cejka et al. 2020; Gural-Sverlova
and Gural 2022, 2023; Lesicki et al. 2024; Williams et al. 2024). The second Cor-
fu species — M. parumcincta — is reported from central and southern Italy and
the Balkan Peninsula (Welter-Schultes 2012; Bank and Neubert 2017). Unfortu-
nately no one has ever had the opportunity to study the Balkan populations so
their conspecificity with Italian populations is uncertain (Welter-Schultes 2012;
Pienkowska et al. 2018b).

In order to settle their relationships, a new study of the two species was con-
ducted on new populations from their type locality (Corfu) using an integrative
approach which included morphological (shell and anatomy) and molecular
(mitochondrial and nuclear gene sequences) data. The aims of this research
were to study the relationships between topotypical Monacha claustralis and
Monacha cartusiana and between topotypical Monacha parumcincta and the
Italian populations so far assigned to this species. The results of the study
allowed us to redefine the Corfu and some other related species.
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Materials and methods
Taxonomic samples

Three populations each of Monacha claustralis and Monacha parumcincta from
Corfu (Fig. 1, Table 1) were considered for an analysis of their morphological
(shell and genitalia) and molecular features with the aim of establishing the tax-
onomic identity of these species. These populations from Corfu were compared
morphologically and molecularly with those of Monacha cartusiana from ltaly
(three populations) and Monacha parumcincta from Italy (four populations).
As well, representatives of Monacha cartusiana from France (one population),
Spain (one population), and Poland (one population), Monacha claustralis from
Georgia (one population), Monacha cantiana s.l. (Montagu, 1803) (six popula-
tions from Italy, Austria, and France), and Monacha pantanellii (De Stefani, 1879)
from Italy (one population) were used in comparative molecular studies (Table
1). Sequences from these specimens were deposited in GenBank during previ-
ous studies (Neiber and Hausdorf 2017; Piertkowska et al. 2018a, 2018b, 2019,
2020, 2022, 2024) and several new sequences of mitochondrial (16SrDNA) and
nuclear genes (ITS2 flanked with 5.8SrDNA and 28SrDNA) (Table 1) were also
used in molecular analysis. Sequences of Trochulus hispidus (Linnaeus, 1758)
from GenBank (Neiber and Hausdorf 2015, 2017; Neiber et al. 2017; Caro et al.
2019) were used as an outgroup to construct phylogenetic trees.

Material examined

The material examined by an integrative approach based on morphological
(shell and genitalia) and molecular analysis is listed in Table 1; other material
already published used for comparison has been described in previous papers
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Figure 1. Map of localities of the populations of Monacha claustralis (1-3) and M. parumcincta (5-7) on Corfu island
together with localities of Italian M. parumcincta (8—11) and the other species compared in this paper (M. claustralis 4,
M. cartusiana 12-18, M. cantiana s.|. 19-24 and M. pantanellii 25) (for details see Table 1).
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(Pienkowska et al. 2018a, 2018b, 2019, 2020, 2022, 2024: Table 1). The follow-
ing data is provided for each population: geographic coordinates, country and
region, short description of collection site, name of collector/s, date, number of
specimens studied, and the depository where they are stored.

Morphological study

Fifty-three specimens of the four lineages (Table 1: M. claustralis, M. cartusi-
ana, Corfu M. parumcincta, and Italian M. parumcincta) were considered for
shell variability. Seven shell variables were measured to the nearest 0.1 mm
using ADOBE PHOTOSHOP 7.0.1 on digital images of standard apertural and
umbilical views taken with a Canon EF 100 mm 1:2.8 L IS USM macro lens
mounted on a Canon F6 camera (see also Pienkowska et al. 2018b: fig. 1):
AH aperture height, AW aperture width, LWaH height of adapical sector of last
whorl, LWmH height of medial sector of last whorl, SD shell diameter, SH shell
height, UD umbilicus diameter.

Sixty specimens of the four lineages (Table 1: M. claustralis, M. cartusiana, Cor-
fu M. parumcincta, and Italian M. parumcincta) were analysed for anatomical vari-
ability. Snail bodies were dissected under a light microscope (Wild M5A or Zeiss
SteREO Lumar V12). Anatomical details were drawn using a Wild camera lucida,
and labelled with the following acronyms (see also Pierikowska et al. 2018b: fig.
2): BC bursa copulatrix, BW body wall, DBC duct of bursa copulatrix, DG digiti-
form glands, E epiphallus (from base of flagellum to beginning of penial sheath),
F flagellum, FO free oviduct, GA genital atrium, GAR genital atrium retractor, P pe-
nis, PP penial papilla, PSO prostatic section of spermoviduct, SOD spermoviduct,
USO uterine section of spermoviduct, V vagina, VA vaginal appendix (also known
as appendicula), VD vas deferens, VR vaginal refringent ring, VS vaginal sac.

Six anatomical variables (DBC, E, F, PV, VA) were measured with callipers un-
der a light microscope (0.01 mm) (Pierikowska et al. 2018b: fig. 2). Multivariate
ratio analysis (MRA; Baur and Leuenberger 2011) was performed on the shell
and genital data. The method is specifically designed to interpret results from
principal component analysis (PCA) and linear discriminant analysis (LDA) in
terms of body ratios that can be used for taxonomic inference. This approach
is particularly suited for distinguishing size and shape components, a critical
aspect in many morphometric studies.

Principal component analysis was performed in MRA shape space. The
principal components (PCs) were interpreted using the PCA Ratio Spectrum, a
graphic tool that identifies the ratios most strongly associated with each shape
component, i.e. ratios lying close to opposite ends of the spectrum (Baur and
Leuenberger 2011; Baur et al. 2014). To investigate potential allometric effects
- variations in shape linked to size - isosize (calculated as the geometric mean
of the original measurements) was plotted against significant PCs. The Allom-
etry Ratio Spectrum was also used to determine which variables showed the
greatest size-related influence. The LDA ratio extractor was then employed to
identify the body ratios that best discriminated taxa. Standard distance (Dij)
and the delta (6) measurements were used to quantify the relative contribu-
tions of size and shape to group differentiation. Data analysis was performed
using Rstudio (R v. 4.2.1; R Core Team 2021), along with scripts provided by
Baur and Leuenberger (2020).
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Molecular study

Thirty-three specimens from six Corfu Monacha populations (Table 1: M. claus-
tralis, Corfu M. parumcincta) were used for molecular analysis. New sequenc-
es obtained from six specimens of Italian M. parumcincta populations, two
specimens of French, twelve of Polish and five of Italian M. cartusiana popu-
lations, three specimens of M. cantiana s.l. populations, as well as one speci-
men of M. pantanellii (Table 1) were also compared with sequences deposited
for these species in GenBank (Neiber and Hausdorf 2017, Piefkowska et al.
2018a, 2018b, 2019, 2020, 2022, 2024). Molecular methods including DNA ex-
traction, amplification, and sequencing are described in our previous papers
(Pienkowska et al. 2018a, 2018b).

Two mitochondrial and three nuclear gene fragments were analysed, namely
cytochrome c oxidase subunit 1 (COIl), 16S ribosomal DNA (16SrDNA), and an
internal transcribed spacer 2 of rDNA (ITS2) flanked by the 3'end of 5.8SrDNA
and the 5'end of 28SrDNA, respectively. Sequences were edited by eye using
BioEdit, v. 7.0.6 (Hall 1999; BioEdit 2017) and aligned using ClustalW, implement-
ed in BioEdit (Thompson et al. 1994). Fragments of COl were amplified using two
pairs of primers: FO1/R04 (Dabert et al. 2010) or LCO1490/HC02198 (Folmer et
al. 1994) and aligned according to the translated amino acid sequences. Frag-
ments of 16SrDNA were amplified using 16Scs1/16Scs2 primers (Chiba 1999).
Sequences containing the 3'end of 5.8SrDNA, complete sequence of ITS2 and
5'end of 28S rDNA were amplified using a pair of primers: LSU1/LSU3 (Wade
and Mordan 2000). The ends of all sequences were trimmed. After trimming,
the lengths of sequences were 615 bp for COI, 871 bp for 16SrDNA, and 748-
755 bp for ITS2 flanked by the 3’end of 5.8SrDNA and the 5'end of 28SrDNA
(45 bp 5.8SrDNA +488-495 bp ITS2 + 215 bp 28SrDNA). The borders of the ITS2
sequence were searched for using ITS2-Database (http://its2.bioapps.biozen-
trum.uni-wuerzburg.de) (Eddy 1998; Koetschan et al. 2010). The sequences were
collapsed to haplotypes using the programme ALTER (Alignment Transformation
EnviRonment) (Glez-Pefia et al. 2010). The following alignments were made for
phylogenetic inference: 615 bp long for COIl, 871 positions long for T6SrDNA,
778 positions long for ITS2 flanked by the 3’end of 5.8SrDNA and the 5'end of
28SrDNA. Finally, the sequences of COIl, 16SrDNA and ITS2 were concatenated
(Table 2). Two sets of concatenated sequences were created: 1) COI16S 1486
positions in length (615 COI + 871 16SrDNA); 2) CS 2264 positions in length (615
COIl + 871 16SrDNA + 778 ITS2 with flanks).

Estimates of genetic distances between the COl sequences obtained in this
study and other sequences from GenBank were conducted with MEGA7 using
the Kimura two-parameter model (K2P) (Kimura 1980; Kumar et al. 2016). All
positions with gaps and missing data were eliminated. There was a total of 615
positions in the final dataset. The analysis involved 50 nucleotide sequences.

To infer phylogenetic relationships, the following software programs were
used: MEGA7 (Hasegawa et al. 1985; Nei and Kumar 2000; Kumar et al. 2016),
IQ-Tree (Nguyen et al. 2015), and MrBayes 3.2.6 (Ronquist et al. 2012).

For each alignment file, best nucleotide substitution models were specified
according to the Bayesian Information Criterion (BIC) by means of MEGA7
software: HKY+G+l for analysis of COIl, T92+G+| of concatenated sequenc-
es COI+16SrDNA, GTR+G of 16SrDNA, GTR+G+l of concatenated sequences
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Table 2. Concatenated sequences of COI+16SrDNA (COI16S) and COI+16SrDNA+ITS2 (CS) used in MEGA7/IQ-Tree/BI
analysis (Figs 19, 21, respectively).

Concatenated col 16SrDNA | Concatenated col 16SrDNA ITS2

. . . . .
sequence haplotype | haplotype sequence haplotype | haplotype | haplotype Locality (population No.: specimen No.)

Monacha claustralis (Greece: Corfu)

COI16S 1 1 1 CS1 1 1 1 Greece: Corfu [Kérkyra], Benitses (1: Ben1)
COI16S 2 1 2 CS2 1 2 2 Greece: Corfu [Kérkyra], Benitses (1: Ben2)
COI16S 3 2 3 CS3 2 3 3 Greece: Corfu [Kérkyra], Benitses (1: Ben3)
COI16S 4 3 2 Greece: Corfu [Kérkyra], Benitses (1: Ben4, Ben5, Ben6)
CS4 3 2 4 Greece: Corfu [Kérkyra], Benitses (1: Ben4)
CS5 3 2 5 Greece: Corfu [Kérkyra], Benitses (1: Ben5)
CS6 3 2 3 Greece: Corfu [Kérkyra], Benitses (1: Ben6)
COI16S 5 4 4 CcS7 4 4 4 Greece: Corfu [Kérkyra], Gardiki (2: Gar6)
COI16S 6 5 5 CcSs8 5 5 4 Greece: Corfu [Kérkyra], Gardiki (2: Gar7)
COI16S 7 6 6 CS9 6 6 4 Greece: Corfu [Kérkyra], Gardiki (2: Gar8)
COI16S 8 7 7 CS10 7 7 6 Greece: Corfu [Kérkyra], Gardiki (2: Gar9)
COI16S 9 8 4 CS11 8 4 4 Greece: Corfu [Kérkyra], Gardiki (2: Gar10)
COI16S 10 1 8 CS12 1 8 4 Greece: Corfu [Kérkyra], Molos cemetery (3: Mol6, Mol7)
COI16S 11 9 9 CS13 9 9 4 Greece: Corfu [Kérkyra], Molos cemetery (3: Mol8)
COI16S 12 3 8 CS14 3 8 6 Greece: Corfu [Kérkyra], Molos cemetery
(3: Mol9, Mol10, Mol11)
Monacha claustralis ? (Monacha cartusiana) (Poland: Wroctaw)
COI16S 13 22 30 CS15 21 30 14 Poland: Wroctaw, Pilczyce (13: Wro16)
COI16S 14 22 38 CS16 21 38 14 Poland: Wroctaw, Pilczyce (13: Wro21)
Monacha claustralis (Georgia: Mtskheta-Mtianeti)
KX507199 | KX495388 KX507199 | KX495388 | KX495441 Georgia: Mtskheta-Mtianeti, SE of Saguramo (4, Neiber and
Hausdorf 2017: ZMH 86012)
Monacha parumcincta (Greece: Corfu)
COI16S 15 10 10 CS17 10 10 7 Greece: Corfu [Kérkyra], Pantokrator (5: Pnk1-1)
COI16S 16 11 11 CS18 11 11 8 Greece: Corfu [Kérkyra], Pantokrator (5: Pnk1-2)
CS19 11 11 7 Greece: Corfu [Kérkyra], Pantokrator (5: Pnk1-4, Pnk1-5)
COI16S 17 1 12 CS 20 1 12 7 Greece: Corfu [Kérkyra], Pantokrator (5: Pnk1-3)
COI16S 18 12 13 CS 21 12 13 9 Greece: Corfu [Kérkyra], Paleokastritsa, Bimbos (6: Bim1-1)
COI16S 19 13 14 CS 22 13 14 9 Greece: Corfu [Kérkyra], Paleokastritsa, Bimbos (6: Bim1-2)
COI16S 20 14 15 CS23 14 15 9 Greece: Corfu [Kérkyra], Paleokastritsa, Bimbos (6: Bim1-3)
COI16S 21 13 16 CS24 13 16 9 Greece: Corfu [Kérkyra], Paleokastritsa, Bimbos (6: Bim1-4)
COI16S 22 13 17 CS 25 13 17 9 Greece: Corfu [Kérkyra], Paleokastritsa, Bimbos (6: Bim1-5)
COI16S 23 15 18 CS 26 15 18 9 Greece: Corfu [Kérkyra], Paleokastritsa, monastery (7: Pale1)
COI16S 24 16 19 Ccs27 16 19 9 Greece: Corfu [Kérkyra], Paleokastritsa, monastery (7: Pale2)
COI16S 25 17 20 CS 28 17 20 9 Greece: Corfu [Kérkyra], Paleokastritsa, monastery
(7: Pale3, Pale5, Pale6)
COI16S 26 13 21 CS 29 13 21 9 Greece: Corfu [Kérkyra], Paleokastritsa, monastery (7: Pale4)
Monacha parumcincta (Italy)
COI16S 27 MG208959 22 CS 30 MG208959 22 10 Italy: Tuscany, La Casella (Asciano, Siena) (8: Cas1)
COI16S 28 MG208944 23 CS 31 MG208944 23 9 Italy, Basilicata, Moliterno (9: 15FG-1)
COI16S 29 MG208947 24 CS 32 MG208947 24 10 Italy, Basilicata, Moliterno (9: 15FG-2)
COI16S 30 MG208949 25 Italy, Tuscany, Nievole (910: Nie-2)
COI16S 31 MG208956 26 CS33 MG208956 26 9 Italy, Tuscany, Arezzo (11: Are-1)
COI16S 32 MG208950 26 CS 34 MG208950 26 9 Italy, Tuscany, Arezzo (11: Are-5)
Monacha cartusiana (France)
ON332653 | ON350961 CS 35 ON332653 | ON350961 | ON332790 France, Occitania, Aude, Cubiéres-sur-Cinoble (12: Cur2)
ON332655 | ON350963 CS 36 ON332655 | ON350963 12 France, Occitania, Aude, Cubiéres-sur-Cinoble (12: Cur4)
COI16S 33 18 ON350964 CS 37 18 ON350964 13 France, Occitania, Aude, Cubiéres-sur-Cinoble (12: Cur5)
Monacha cartusiana (Poland)
COI16S 34 19 27 CS 38 19 27 14 Poland, Wroctaw-Pilczyce
(13: Wro10, Wro11, Wro12, Wro14, Wro24)
COI16S 35 20 27 CS39 20 27 14 Poland, Wroctaw-Pilczyce (13: Wro20)
COI16S 36 20 28 CS 40 20 28 14 Poland, Wroctaw-Pilczyce (13: Wro13)
COI16S 37 20 29 CS 41 20 29 14 Poland, Wroctaw-Pilczyce (13: Wro15)
COI16S 38 21 27 CS 42 21 27 14 Poland, Wroctaw-Pilczyce (13: Wro22, Wro23)
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Concatenated col 16SrDNA | Concatenated col 16SrDNA ITS2
sequence haplotype | haplotype sequence haplotype | haplotype | haplotype
Monacha cartusiana (Italy)
COI16S 39 23 31 CS 43 23 31 1
COI16S 40 24 32 CS 44 24 32 1
COI16S 41 25 33 CS 45 25 33 1
KX507189 | KX495378 KX507189 | KX495378 | KX495431
Monacha cartusiana (Spain)
KX507235 | KX495429 KX507235 | KX495429 | KX495479

Monacha cantiana CAN-1
MG208905 | OR918428 | OR917402
MG208910 | OR918429 | OR917403

MG208905 | OR918428
MG208910 | OR918429
Monacha cantiana s.|. CAN-2
MG208925 | OR918435 | OR917406
MG208928 | OR918436 | OR917407

MG208925 | OR918435
MG208928 | OR918436
Monacha cantiana s.I. CAN-3

MG208938 | OR918437 MG208938 | OR918437 | OR917408

Locality (population No.: specimen No.) *

Italy, Tuscany, Quattrovie (14: Que1, Que3, Que4)
Italy, Tuscany, Quattrovie (14: Que2)
Italy, Tuscany, Quattrovie (14: Que5)

Italy, Lombardy, Anfo towards Ponte Caffaro
(15; Neiber and Hausdorf 2017: ZMH 51710, 1594)

Spain, Castilla-La Mancha, Cafion del Rio Dulce
(18; Neiber and Hausdorf 2017: SP166)

Italy: Latium, Gole del Velino (19: 4FG-1)
Italy: Latium, Gole del Velino (19: 4FG-2)

Italy: Venetum, Sorga (20: 12FG-1)
Italy: Venetum, Sorga (20: 12FG-2)

Austria: Breitenlee (21: Dud2)

Monacha cantiana s.I. CAN-4 (Monacha cemenelea)

MG208939 | OR918438
MG208940 | OR918439

MG208939 | OR918438 | OR917409
MG208940 | OR918439 | OR917410

France: Alpes-Maritimes, Sainte Thécle (22: 3FG-1)
France: Alpes-Maritimes, Sainte Thécle (22: 3FG-2)

Monacha cantiana s.I. CAN-5

COI16S 42 MK066938 34 CS 46 MK066938 34 15 Italy: Apuan Alps, Piastra (23: Pia2)
Monacha cantiana s.I. CAN-6

COI16S 43 MK066944 35 CS 47 MK066944 35 16 Italy: Tuscany, Apuan Alps, Campagrina (24: 5FG-1)

COI16S 44 MK066943 36 CS 48 MK066943 36 16 Italy: Tuscany, Apuan Alps, Campagrina (24: 5FG-2)
Monacha pantanellii

COI16S 45 MT380015 37 CS 49 MT380015 37 17 Italy: Umbria, Monte Fionchi (25: Fio3)
Trochulus hispidus

KX507209 | KX495398 KX507209 | KX495398 | KX495451 Germany: Hamburg

(Neiber and Hausdorf 2017: ZMH 119338, 2410)

COI+16SrDNA+ITS2 (with 5.8S and 28SrDNA) and T92 for analysis of ITS2
(with flanks) (Jukes and Cantor 1969; Hasegawa et al. 1985; Tamura 1992; Ku-
mar et al. 2016). Best substitution models were inferred according to BIC for
each of the partitions by MODELFINDER (Kalyaanamoorthy et al. 2017) imple-
mented in 1Q-Tree: HKY+F+1+G4 (Hasegawa et al. 1985) for analysis of COI,
GTR+F+|+G4 (Tavaré 1986) of 16SrDNA, and K2P+G4 (Kimura 1980) of ITS2
(flanked by 5.8SrDNA and 28SrDNA). Phylogenetic analysis performed with 1Q-
Tree for two sets of concatenated sequences (see above: COI16S and CS) was
done dividing the data set into two or three partitions (Chernomor et al. 2016):
1) COI, 2) 16SrDNA or 1) COI, 2) 16SrDNA, 3) 5.8SrDNA+ ITS2 + 28SrDNA with
best substitution models: HKY+F+|+G4 for partition 1, GTR+F+I+G4 for partition
2, and K2P+I+G4 for partition 3. Bayesian analysis of concatenated sequences
COI+16SrDNA and COI+16SrDNA+ITS2 (flanked by 5.8S and 28SrDNA) were
performed with the same partition, dividing as in the IQ-Tree analysis, with the
following numbers of substitution types for each partition: nst2 for partitions
1 and 3, nst6 for partition 2. For all partitions, analysis was performed with
Rates = InvGamma. Bayesian analysis was conducted with four Monte Carlo
Markov chains running for 1 million generations, sampling every 100 genera-
tions (the first 25% of trees were discarded as ‘burn-in’).

The robustness of the ML trees generated by MEGA7 were assessed by boot-
strap analysis with 1000 replicates (Felsenstein 1985). ML trees obtained with 1Q-
Tree were constructed under SH-aLRT (Guindon et al. 2010) and 1000 ultrafast
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bootstrap replicates (Minh et al. 2013; Hoang et al. 2018). Finally, Bl trees were
supported by posterior probability (PP) values. Bootstrap support values from ML
analysis as well as PP values obtained on a 50% majority-rule consensus Bayesian
tree were mapped onto the ML tree obtained by IQ-Tree. All the resulting trees were
rooted with Trochulus hispidus sequences obtained from GenBank.

Results
Morphological study
Shell

Monacha claustralis (Fig. 2A-H) and Monacha cartusiana (Fig. 3A—H) have rath-
er fragile, subdiscoid to subglobose, sub-transparent shell, milky to yellowish
in colour, with white and reddish collabral band near aperture; aperture rather
large, oval to elliptical; umbilicus open, very small to small. Qualitative morphol-
ogy reveals no evident differences in shell features between the two species.

Morphometric analysis of shell variation between the two species (Fig. 4A-1)
suggested that neither size nor ratios are sufficient to clearly separate M. claus-
tralis (CLA) and M. cartusiana (CAR). Shape PC1 explained 47.1% of the vari-
ance and was dominated by AW/LWaH and LWmH/LWaH ratios, as indicated
by the position of these variables at opposite ends of the PCA Ratio Spectrum
(Fig. 4D). Shape PC2 explained 32.6% of the variance and was mainly correlat-
ed with LWmH/UD ratio (Fig. 4E). The Allometry Ratio Spectrum (Fig. 4F) high-
lighted LWmH and AH as showing the greatest amount of allometry. The LDA
Ratio Extractor (Fig. 4G) identified AW/SH as the most discriminating ratio for
CAR and CLA. However, the overlapping ranges of AW/SH ratios (0.95-1.16
for CAR and 0.89-1.03 for CLA; Table 3) made them unsuitable for use in the
identification key or diagnosis. The next best discriminating body ratio, i.e. the
one least correlated with AW/SH, was AH/LWaH. Its standard distance was
quite low (Dij = 1.56), compared to the higher standard distance Dij = 2.22 for
AW/SH (Table 3). Again, the range of AH/LWaH overlapped for both species.
Scatterplots (Fig. 4G) and boxplots (Fig. 4H, 1) of the two most discriminating
ratios confirmed that they lacked the power to separate the two species. Thus
the analysis did not allow any further subdivision of CAR and CLA specimens
on the basis of shell variability, at least with this dataset.

The shells of Monacha parumcincta populations from Corfu (Fig. 5A-1) and
ltaly (Fig. 6A—F) have rather robust, opaque, subglobose to globose shell, yel-
lowish or brownish in colour with white and reddish collabral band near aper-
ture; aperture rather large, round to oval; umbilicus closed by reflected colu-
mellar peristome. The most obvious differences between the two parumcincta
groups are a glossier shell and variably evident whitish peripheral and subsu-
tural bands in populations from Corfu and less glossy, more opaque shell and
usually absent peripheral and subsutural bands in Italian populations.

Morphometric analysis of shell variation between Corfu (PAR-K) and lItalian
(PAR-I) M. parumcincta populations revealed no clear separation based on the
plots of the two-first shape PCs (Fig. 7A) or the isometric size against shape PC1
(Fig. 7B): shape PC1 explained 68.1% of the variance and was dominated by the
LWmH/LWaH ratio as shown by the PCA Ratio Spectrum of shape PC1 (Fig. 7D).
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Figure 2. Shells of Monacha claustralis from Corfu. Specimens from Molos cemetery, A. Benocci, G. Manganelli and
L. Manganelli leg. 26.10.2022 (FGC 52301) (A, B, D, F) and Gardiki, A. Benocci, G. Manganelli and L. Manganelli leg.
26.10.2022 (FGC 52297) (C, E, G, H).

Shape PC2 explained 26.9% of the variance and was mainly correlated with ra-
tios like LWaH/AH (Fig. 7E). The Allometry Ratio Spectrum indicated the greatest
amount of allometry for LWaH and AW (Fig. 7F). The LDA Ratio Extractor (Fig. 7G)
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Figure 3. Shells of Monacha cartusiana. Specimens from Stazione di Castelnuovo Berardenga, G. Manganelli leg.
01.11.1981 (FGC 3430) (A, B, E, F) and Quattrovie, G. Manganelli leg. 24.09.2023 (FGC 55672) (C, D, G, H).

identified AW/SH as the most discriminating ratio but overlapping ranges
(0.78-0.93 for PAR-I; 0.74-0.83 for PAR-K; Table 4) excluded it for use in the
identification key and diagnosis. Similarly, LWmH/SD, with a standard dis-
tance of 2.09 compared with the standard distance Dij = 2.81 (Table 4) of
the first ratio, failed to provide clear separation due to overlapping ranges.
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Shape PCA of CAR and CLA
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Figure 4. Morphometric analysis of Monacha claustralis (CLA) and M. cartusiana (CAR) shells. Scatterplot of principal
component analysis (PCA) in shape space for shell variation in Monacha cartusiana (CAR) and M. claustralis (CLA) (A).
Scatterplot of isometric size vs first and second principal components in shape space (B, C). PCA Ratio Spectrum of
the first principal component. The ratio formed by the external points explains a large part of the variation of the first
component. In contrast, ratios formed by characters lying close to each other in the spectrum explain very little (D). PCA
Ratio Spectrum of the second principal component (E). Allometry Ratio Spectrum: horizontal bars in the ratio represent
68% bootstrap confidence intervals based on 999 replicates (F). Scatterplots of the two most discriminating ratios (AW/
SH; AH/LWaH) for shells of CLA and CAR (G). Boxplots of AW/SH and AH/LWaH ratios (H, I).
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Figure 5. Shells of Monacha parumcincta from Corfu. Specimens from Paleokastritsa, along road to monastery of Pa-
leokastritsa, A. Benocci, G. Manganelli and L. Manganelli leg. 25.10.2022 (FGC 52237) (A, D, G), Paleokastritsa, Bimbos
supermarket, A. Benocci, G. Manganelli and L. Manganelli leg. 25.10.2022 (FGC 52237) (B, C, E, F) and Pantokrator,
A. Benocci, G. Manganelli and L. Manganelli leg. 24.10.2022 (FGC 52237) (H, I).
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Figure 6. Shells of Monacha parumcincta from Italy. Specimens from A1 highway: rest area Romita est, S. Hallgass leg.
10.2013 (FGC 41561) (A, B), La Casella, G. Manganelli leg. 04.10.2015 (FGC 44077) (C, D), road Moliterno to Fontana
d’Eboli, S. Hallgass leg. 10.2012 (FGC 42962) (E, F).
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Figure 7. Morphometric analysis of Corfu (PAR-K) and Italian (PAR-1) M. parumcincta shells. Scatterplot of principal com-
ponent analysis (PCA) in shape space for shell variation of Monacha parumcincta from Italy (PAR-I) and Corfu (PAR-K)
(A). Scatterplot of isometric size vs first and second principal component in shape space (B, C). PCA Ratio Spectrum
of the first principal component. The ratio formed by the external points explains a large part of the variation of the first
component. In contrast, ratios formed by characters lying close to each other in the spectrum explain very little (D). PCA
Ratio Spectrum of the second principal component (E). Allometry Ratio Spectrum: horizontal bars in the ratio represent
68% bootstrap confidence intervals based on 999 replicates (F). Scatterplots of the two most discriminating ratios (AW/

H
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SH; LWmH/SD) for shell variation of PAR-l and PAR-K (G). Boxplots of AW/SH and LWmH/SD ratios (H, I).
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Table 3. First- and second-best ratios found by the LDA ratio extractor for separating
shell data of Monacha cartusiana (CAR) and M. claustralis (CLA).

Group comparison Best ratios Range group 1 Range group 2 Standard distance Delta value
CAR-CLA AW/SH 0.95-1.16 0.89-1.03 2.22 0.32
CAR-CLA AH/LWaH 4.00-11.5 4.25-9.00 1.56 0.40

Scatterplot (Fig. 7G) and boxplots (Fig. 7H, I) confirmed the limited discriminat-
ing power of both ratios, demonstrating that the dataset did not admit further
subdivision of shell variability in the study populations.

Anatomy

Both groups Monacha claustralis (Figs 8—10) and Monacha cartusiana (Fig. 11)
on one hand, and Monacha parumcincta from Corfu (Figs 13-15) and from lItaly
(Fig. 16) on the other, had very similar structure of the distal genitalia. They all
featured digitiform glands and vaginal appendix while lacking penial retractor,
characters which are typical of species of the nominotypical subgenus accord-
ing to the taxonomy proposed by Neiber and Hausdorf (2017).

The main differences between the first two species (Monacha claustralis and
Monacha cartusiana) concerned the distal vagina, lateral vaginal sac, and vag-
inal appendix (distal vagina long; lateral vaginal sac absent; vaginal appendix
inserted near distal end of vagina in M. claustralis vs distal vagina short; lateral
vaginal sac present; vaginal appendix inserted approximately half-way along
vagina in M. cartusiana).

Concerning genital variation, a scatterplot of the first two shape PCs
(Fig. 12A) showed distinct positions of M. claustralis (CLA) and M. cartusiana
(CAR) along PC1, as the two clusters did not overlap. Shape PC1 explained
59% of the variance and was dominated by the DBC/V ratio, as indicated by
the position of these variables at opposite ends of the PCA Ratio Spectrum
for shape PC1 (Fig. 12D). In contrast, shape PC2 was dominated by the VA/E
ratio (Fig. 12E). Scatterplots revealed a possible correlation between isosize
and shape PC1 (Fig. 12B; Pearson’s product-moment correlation: t = 2.9668,
df = 28, p-value = 0.01, cor = 0.49), but a weaker correlation for shape PC2
(Fig. 12C; t = -2.1157, df = 28, p-value = 0.04, cor = -0.37). Analysis of the
Allometry Ratio Spectrum sustained the idea that some shape components
are influenced by dimensional variations, suggesting a potential allometric
effect (Fig. 12F). The DBC/V ratio, dominant in the PCA Ratio Spectrum for
PC1, provided indirect evidence of allometric behaviour, as it aligned with the
V/DBC ratio identified in the Allometric Ratio Spectrum as the most signifi-
cant for capturing size-related variation. The LDA Ratio Extractor (Fig. 12G)
indicated V/VA as the ratio that best discriminates CLA and CAR in terms
of genital variation. The delta measurement (8), which indicates how well
shape discriminates in relation to size (6 close to 1 suggests that separation
is mainly size-driven, whereas 6 close to 0 suggests shape-based separation),
was 0.15 for the V/VA ratio (Table 5). This indicated that the separation of
groups was primarily driven by shape differences rather than size (as further
demonstrated by D, =0.184and D, = 0.997). Most CAR specimens had a
V/VA ratio < 0.5 (0.33-0.50), whereas most CLA individuals had a V/VA ratio
> 0.6, with more variability in this range (0.47-1.01) (Fig. 12G, H, I; Table 5).
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Table 4. First- and second-best ratios found by the LDA ratio extractor for separating
shell data of Monacha parumcincta from Corfu (PAR-K) and ltaly (PAR-I).

Group comparison Best ratios Range group 1 Range group 2 Standard distance Delta value
PAR-| - PAR-K AW/SH 0.78-0.93 0.74-0.84 2.81 0.35
PAR-l - PAR-K LWmH/SD 0.08-0.17 0.08-0.14 2.09 0.42

Table 5. First- and second-best ratios found by the LDA ratio extractor for separating
genital data of Monacha cartusiana (CAR) and M. claustralis (CLA).

Group comparison Best ratios Range group 1 Range group 2 Standard distance Delta value
CAR-CLA V/VA* 0.33-0.50 0.47-1.01 4.07 0.15
CAR-CLA DBC/V* 1.25-3.22 0.43-1.15 2.32 0.24

Ratios marked with * have very little or no overlap and therefore are suitable in the identification key and diagnoses.

The next best discriminating body ratio, selected for being as little correlat-
ed as possible with V/VA, was DBC/V. Its standard distance (Dij) was 2.32,
which is lower than the relatively high Dij = 4.07 of the V/VA ratio (Table 5).
The delta (8) value for DBC/V was 0.24, slightly higher than for V/VA but still
close to zero, again indicating a predominant effect of shape. DBC/V may
be influenced by size, but its low & value indicated that shape remained the
predominant factor in discrimination. However, the standard distance of 2.32
suggested that while useful for supporting separation, DBC/V alone may not
provide very reliable identification. It was more appropriate as a complemen-
tary ratio, supporting the primary discriminating ratio V/VA, which showed a
stronger capacity to distinguish the groups.

The main differences between the populations of Monacha parumcincta
from Corfu (Figs 13-15) and Italy (Fig. 16) concerned vaginal length, refringent
ring, vaginal appendix and transverse section of central duct of penial papilla
(vagina very short to short; refringent ring present; vaginal appendix very long,
inserted approximately half-way along vagina, without dilated basal portion
and progressively tapering towards tip; transverse section of central duct of pe-
nial papilla round in Corfu populations vs vagina rather long to long; refringent
ring absent; vaginal appendix rather short, inserted near distal end of vagina
without dilated basal portion and of uniformly wide calibre; transverse section
of central duct of penial papilla C-shaped in Italian populations).

Morphometric analysis of genital variation (Fig. 17A-I) between Corfu
(PAR-K) and ltalian (PAR-1) M. parumcincta populations revealed that shape
PC1 was fully congruent with the separation of PAR-I and PAR-K (Fig. 17A):
PC1 alone explained 74.9% of the variance and was dominated by ratios like
F/VA, as indicated by the position of these variables at opposite ends of the
PCA Ratio Spectrum (Fig. 17D). To assess the amount of allometry, the iso-
metric size axis was plotted against shape PC1 to see how strongly shape
correlated with size (Fig. 17B); a similar trend emerged when we compared
the PCA Ratio Spectrum (Fig. 17D) and the Allometry Ratio Spectrum (Fig.
17F): the ratio of the major variables for shape PC1 (VA and F) was also the
most allometric, confirming a certain amount of size-related variation. The
LDA Ratio Extractor (Fig. 17G) showed that E/VA was the ratio that best dis-
criminated PAR-I and PAR-K. The delta measurement was 0.243, indicating
that discrimination between groups stems mostly from shape differences
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Figure 8. Distal genitalia of Monacha claustralis from Corfu (Kérkyra). Specimen from Molos cemetery, A. Benocci,
G. Manganelli and L. Manganelli leg. 26.10.2022 (FGC 52301). Distal genitalia (A), transverse sections of medial epiphal-
lus (B) and apical penial papilla (C), internal structure of distal genitalia (D).
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Figure 9. Distal genitalia of Monacha claustralis from Corfu (Kérkyra). Specimen from Gardiki, A. Benocci, G. Manganelli
and L. Manganelli leg. 26.10.2022 (FGC 52297). Distal genitalia (A), transverse sections of medial epiphallus (B) and
apical penial papilla (C), internal structure of distal genitalia (D).

(as also demonstrated by D_,. = 0.295; D = 0.92 values). Most PAR-K
have an E/VA ratio < 0.5 (0.35-0.49) whereas most PAR-I have an E/VA ratio
> 0.8, with more variability within this range (0.75-1.32) (Table 6). The next
discriminating body ratio, as little correlated as possible with E/VA, was F/V.
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o
Figure 10. Distal genitalia of Monacha claustralis from Corfu (Kérkyra). Specimen from Benitses, A. Benocci, G. Manganelli
and L. Manganelli leg. 24.10.2022 (FGC 52237). Distal genitalia (A), transverse sections of medial epiphallus (B) and api-
cal penial papilla (C), internal structure of distal genitalia (D).

Table 6. First- and second-best ratios found by the LDA ratio extractor for separating
genital data of Monacha parumcincta from Corfu (PAR-K) and Italy (PAR-I).

Group comparison Best ratios Range group 1 Range group 2 Standard distance Delta value
PAR-l - PAR-K E/VA* 0.75-1.32 0.35-0.49 9.15 0.24
PAR-| = PAR-K F/Vv* 3.00-8.20 1.60-3.20 6.43 0.31

Ratios marked with * have very little or no overlap and therefore are suitable in the identification key and diagnoses.

Its standard distance Dij was 6.43 compared to the relatively high standard
distance Dij = 9.15 of the first ratio (Table 6). As shown also by the scat-
terplot (Fig. 17G), the discriminating power was lower than that of the first
ratio (with very little overlap of ranges, see Table 6).
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Figure 11. Genital anatomy of Monacha cartusiana. Specimens from Quattrovie, G. Manganelli leg. 24.09.2023 (FGC
55672) (A-C) and Stazione di Castelnuovo Berardenga, G. Manganelli leg. 01.11.1981 (FGC 3430) (D, E). Distal genitalia
(A, D), transverse section of apical penial papilla (B), internal structure of distal genitalia (C) and of penis (E).
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Figure 12. Morphometric analysis of Monacha claustralis (CLA) and M. cartusiana (CAR) distal genitalia. Scatterplot of
principal component analysis (PCA) in shape space for genital variations in Monacha cartusiana (CAR) and M. claustralis
(CLA) (A). Scatterplot of isometric size vs first and second principal component in shape space (B, C). PCA Ratio Spec-
trum of the first principal component. The ratio formed by the external points explains a large part of the variation of
the first component. In contrast, ratios formed by characters lying close to each other in the spectrum explain very little
(D). PCA Ratio Spectrum of the second principal component (E). Allometry Ratio Spectrum: horizontal bars in the ratio
represent 68% bootstrap confidence intervals based on 999 replicates (F). Scatterplots of the two most discriminating
ratios (V/VA; DBC/V) for genitalia of CAR and CLA (G). Boxplots of V/VA and DBC/V ratios (H, I).
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Figure 13. Distal genitalia of Monacha parumcincta from Corfu (Kérkyra). Specimen from Paleokastritsa, along road to
monastery of Paleokastritsa, A. Benocci, G. Manganelli and L. Manganelli leg. 25.10.2022 (FGC 52237). Distal genitalia
(A), transverse sections of medial epiphallus (B) and apical penial papilla (C), internal structure of distal genitalia (D).

Molecular study

One hundred seventy two new sequences obtained by molecular analysis
were deposited in GenBank: 51 of COI (PP947873-PP947923), 60 of 16SrDNA
(PP949387-PP949446), and 61 of ITS2 with flanking fragments of 5.8SrDNA
and 28SrDNA (PP947951-PP948011 (Table 1)). Among them, 25 haplotypes
of COlI, 38 haplotypes of 16SrDNA, and 17 haplotypes of ITS2 with flanks were
identified (Table 1). These haplotypes were used for phylogenetic analysis
based on single gene sequences and concatenated mitochondrial and nuclear
gene data sets of sequences.
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Figure 14. Distal genitalia of Monacha parumcincta from Corfu (Kérkyra). Specimens from Paleokastritsa, Bimbos su-
permarket, A. Benocci, G. Manganelli and L. Manganelli leg. 25.10.2022 (FGC 52237). Distal genitalia (A), transverse
sections of medial epiphallus (B) and apical penial papilla (C), internal structure of distal genitalia (D, E).

The phylogenetic analysis of COl sequences obtained from the specimens
studied and comparative sequences from GenBank is shown in Fig. 18. The
COI sequences were grouped in four well-supported clades that can be as-
signed to M. cartusiana (haplotypes COIl 18 — COI 21, COI 23 - COI 25 together
with KX507189, KX507235, ON332653, ON332655 deposited for M. cartusiana
in GenBank), M. claustralis (haplotypes COI 1 — COI 9, COIl 22 with KX507199
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Figure 15. Distal genitalia of Monacha parumcincta from Corfu (Kérkyra). Specimen from Pantokrator, A. Benocci, G.
Manganelli and L. Manganelli leg. 24.10.2022 (FGC 52237). Distal genitalia (A), transverse sections of medial epiphallus
(B) and apical penial papilla (C), internal structure of distal genitalia (D).

from GenBank), Corfu M. parumcincta (haplotypes COl 10 — COI 17), and ltal-
ian M. parumcincta (GenBank sequences MG208944, MG208947, MG208949,
MG208950, MG208956, MG208959). These four groups were also separated from
sequences of M. pantanellii (MT380015) and six lineages of M. cantiana s.|. (CAN-1
MG208905, MG208910; CAN-2 MG208925, MG208928; CAN-3 MG208938; CAN-4
MG208939, MG208940; CAN-5 MK066938; CAN-6 MK066943, MK066944).
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Figure 16. Genital anatomy of Monacha parumcincta from lItaly. Specimens from road Moliterno to Fontana d’Eboli,
S. Hallgass leg. 10.2012 (FGC 42962) (A-C) and La Casella, G. Manganelli leg. 04.10.2015 (FGC 44077) (D-F). Distal
genitalia (A, D), internal structure of distal genitalia (B) and of penis (E), transverse sections of apical penial papilla (C, F).
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Figure 17. Morphometric analysis of distal genitalia of Corfu (PAR-K) and Italian (PAR-I) Monacha parumcincta. Scat-
terplot of principal component analysis (PCA) in shape space for genital variations in Monacha parumcincta from
Italy (PAR-I) and Corfu (PAR-K) (A). Scatterplot of isometric size vs first and second principal components in shape
space (B, C). PCA Ratio Spectrum of the first principal component. The ratio formed by the external points explains a
large part of the variation of the first component. In contrast, ratios formed by characters lying close to each other in the
spectrum explain very little (D). PCA Ratio Spectrum of the second principal component (E). Allometry Ratio Spectrum:
horizontal bars in the ratio represent 68% bootstrap confidence intervals based on 999 replicates (F). Scatterplots of the
two most discriminating ratios (E/VA; F/V) for genitalia of PAR-I and PAR-K (G). Boxplots of E/VA and F/V ratios (H, I).
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K2P genetic distances (Table 7) showed small genetic differentiation be-
tween COl sequences in four species, i.e. in M. claustralis, Corfu M. parumcincta,
ltalian M. parumcincta, and M. cartusiana (mean distance 0.4-3.3%). On the
other hand, K2P distances between these four species as well as between
them and M. pantanellii or six lineages of M. cantiana s.l. were much larger
(from a mean of 14.0% between M. claustralis and M. cartusiana to 21.2% be-
tween M. claustralis and M. cantiana s.I. CAN-2). It is noteworthy that the genet-
ic distances were usually more than 18%.

Similar phylogenetic results were obtained in the case of 16SrDNA sequenc-
es (not shown) and concatenated sequences of mitochondrial genes COI+16S-
rDNA (Fig. 19, Table 2). These analyses showed separateness of four species
(M. claustralis, Italian M. parumcincta, M. cartusiana, Corfu M. parumcincta),
but suggested a closer relationship of M. cartusiana and M. claustralis to Italian
M. parumcincta than to Corfu M. parumcincta.

Table 7. Ranges of K2P genetic distances between the COl sequences analysed (mean

value in brackets).

Comparison COI (%)
Within M. claustralis 0.0-5.6 (3.3)
Within Corfu M. parumcincta 0.0-1.1(0.5)
Within Italian M. parumcincta 0.0-4.5(2.6)
Within M. cartusiana 0.0-0.7 (0.4)

Between M. claustralis and Corfu M. parumcincta

Between M. claustralis and Italian M. parumcincta
Between M. claustralis and M. cartusiana

Between M. claustralis and M. cantiana CAN-1

Between M. claustralis and M. cantiana s.|. CAN-2
Between M. claustralis and M. cantiana s.|. CAN-3
Between M. claustralis and M. cantiana s.|. CAN-4
Between M. claustralis and M. cantiana s.|. CAN-5
Between M. claustralis and M. cantiana s.|. CAN-6
Between M. claustralis and M. pantanellii

Between Corfu M. parumcincta and Italian M. parumcincta
Between Corfu M. parumcincta and M. cartusiana
Between Corfu M. parumcincta and M. cantiana CAN-1
Between Corfu M. parumcincta and M. cantiana s.|. CAN-2
Between Corfu M. parumcincta and M. cantiana s.l. CAN-3
Between Corfu M. parumcincta and M. cantiana s.|. CAN-4
Between Corfu M. parumcincta and M. cantiana s.l. CAN-5
Between Corfu M. parumcincta and M. cantiana s.|. CAN-6
Between Corfu M. parumcincta and M. pantanellii

Between Italian M. parumcincta and M. cartusiana
Between Italian M. parumcincta and M. cantiana CAN-1
Between Italian M. parumcincta and M. cantiana s.I. CAN-2
Between Italian M. parumcincta and M. cantiana s.I. CAN-3
Between Italian M. parumcincta and M. cantiana s.|. CAN-4
Between Italian M. parumcincta and M. cantiana s.I. CAN-5
Between Italian M. parumcincta and M. cantiana s.|. CAN-6
Between Italian M. parumcincta and M. pantanellii
Between M. cartusiana and M. cantiana CAN-1

Between M. cartusiana and M. cantiana s.|. CAN-2
Between M. cartusiana and M. cantiana s.|. CAN-3
Between M. cartusiana and M. cantiana s.|. CAN-4
Between M. cartusiana and M. cantiana s.l. CAN-5
Between M. cartusiana and M. cantiana s.|. CAN-6

Between M. cartusiana and M. pantanellii
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14.5-17.4(16.1)
13.8-15.9 (15.0)
13.2-15.3 (14.0)
20.0-22.4 (21.0)
20.4-22.4(21.2)
18.2-19.7 (18.9)
16.3-17.4 (16.9)
19.5-20.3 (20.0)
16.5-18.3 (17.1)
17.1-18.6 (17.9)
18.7-20.1 (19.4)
17.0-18.9 (17.9)
19.7-21.0 (20.3)
20.4-21.5(21.0)
19.0-19.5(19.1)
19.0-19.4 (19.2)
19.7-20.1 (19.8)
16.1-16.7 (16.4)
16.8-17.9 (17.7)
15.0-16.7 (15.7)
20.1-21.1(20.7)
19.6-20.6 (20.1)
18.7-20.4 (19.1)
19.5-20.4 (20.0)
18.2-20.1 (18.8)
17.4-18.0 (17.7)
19.2-19.8 (19.6)
18.9-19.9 (19.4)
20.6-21.3 (20.9)
19.3-20.2 (19.7)
18.4-18.9 (18.7)
20.8-21.2 (21.0)
17.1-17.6 (17.3)
18.1-18.7 (18.4)
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Figure 18. Maximum Likelihood (ML) tree of COI haplotypes of Monacha claustralis and M. parumcincta from Corfu
(Kérkyra). COIl sequences of M. claustralis and M. parumcincta from Corfu (Table 1) were compared with new COI se-
quences of M. cartusiana as well as with COl sequences of Italian M. parumcincta, M. pantanellii and M. cantiana s.|.
obtained from GenBank (Table 1). Numbers next to main branches indicate (left to right): bootstrap supports above 50%
calculated by ML-MEGA7 (Kumar et al. 2016) on 1000 replicates (Felsenstein 1985), SH-aLRT and ultrafast bootstrap in
IQ-Tree (Nguyen et al. 2015). The tree was rooted with Trochulus hispidus sequences deposited in GenBank by Neiber
and Hausdorf 2015, 2017 (KX507209), Neiber et al. 2017 (KY818415) and Caro et al. 2019 (MG585398).

Analysis of three fragments of nuclear genes (5.8SrDNA, ITS2, 28SrDNA)
confirmed the separateness of Italian M. parumcincta and Corfu M. parumcinc-
ta and between them and all the other species analysed (Fig. 20). However
these gene fragments did not differentiate M. claustralis from M. cartusiana.
The fragments of nuclear genes clustered together in one clade.

The phylogenetic tree of concatenated sequences COI+16SrDNA+ITS2
(flanked with 5.8S and 28SrDNA) was similar in ML analysis with MEGA7 and

ZooKeys 1250: 201-242 (2025), DOI: 10.3897/z0okeys.1250.159585

231



Giuseppe Manganelli et al.: Monacha species from the island of Corfu

COI16S 3
COl16S 6
COI16S 8
COI16S 11
COl16S 5
COlI16S 9
COoles 7
COI16S 13
COl16S 14
KX507199+KX495388
COI16S 12
COlI16S 10
COI16S 2
COI16S 1
COI16S 4

100/99/100/1

100/99.5/100/1
M. claustralis
99/89.7/96/-

86/88.7/97/1

100/99.9/100/1

Col16s 27
COl16S 31
COI16S 32
100/100/100/1 COI16S 30
COI16S 28
COI16S 29

- ON332653+0ON350961
—] ON332655+0ON350963

99/90.2/96/1 .
Italian

M. parumcincta

-120.9/54/0.65
COI16S 33

COI16S 34

COI16S 38
100/100/100/1 | COI16S 35

COI16S 36

COI16S 37

COI16S 39

COI16S 40

COI16S 41
KX507235+KX495429
KX507189+KX495378

72/80/83/0.93

M. cartusiana

COI16S 15
COI16S 16
COI16S 17
100/100/100/1 || r COI16S 18
[ COI16S 20
COI16S 23
COI16S 24
COI16S 25
COI16S 26
- COI16S 19
COl16S 21
COI16S 22
COI16S 45 B M. pantaneliii
MG208938+0R918437 l CAN-3 ]
100110011001 MG208939+0OR918438
100/95.4/1001 | MG208940+OR918439 CAN-4

168 | COI16S 42 I CAN-5
81/71.6/65/0.68
100/99.6/100/1 | COI16S 44 CAN-6 L

60/53.8/68/0.83 MG208910+OR918429
CAN-1
MG208905+OR918428

1001001001 || MG208925+OR18435 I CAN-2

KX507209+KX495398 MG208928+OR918436 g hispidus

Corfu

83/86.1/93/0.52 M. parumcincta

66/77.3/71/0.78

Monacha cantiana s.|.

0.08

Figure 19. Maximum Likelihood (ML) tree of concatenated sequences of COl and 16SrDNA haplotypes of Monacha claustralis
and M. parumcincta from Corfu (Kérkyra). COl and 16SrDNA sequences of M. claustralis and M. parumcincta from Corfu (Ta-
ble 1) were compared with new COI and 16SrDNA sequences of M. cartusiana as well as with COl and 16SrDNA sequences of
Italian M. parumcincta, M. pantanellii and M. cantiana s.l. obtained from GenBank (Tables 1, 2). Numbers next to main branch-
es indicate (left to right): bootstrap supports above 50% calculated by ML-MEGA7 (Kumar et al. 2016) on 1000 replicates
(Felsenstein 1985), SH-aLRT and ultrafast bootstrap in IQ-Tree (Nguyen et al. 2015), and posterior probabilities by Bl (Ronquist
et al. 2012). The tree was rooted with Trochulus hispidus concatenated sequences obtained from GenBank (Table 2).
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Figure 20. Maximum Likelihood (ML) tree of ITS2 (flanked with 5.8S and 28SrDNA) haplotypes of Monacha claustralis
and M. parumcincta from Corfu (Kérkyra). ITS2 sequences of M. claustralis and M. parumcincta from Corfu (Table 1) were
compared with new ITS2 sequences of M. cartusiana, Italian M. parumcincta, M. pantanellii and M. cantiana s.l., as well
as with ITS2 sequences of M. claustralis and M. cantiana s.l. obtained from GenBank (Tables 1, 2). Numbers next to main
branches indicate (left to right): bootstrap supports above 50% calculated by ML-MEGA7 (Kumar et al. 2016) on 1000
replicates (Felsenstein 1985), and SH-aLRT and ultrafast bootstrap in IQ-Tree (Nguyen et al. 2015). The tree was rooted
with Trochulus hispidus sequences from GenBank (Table 2).

IQ-Tree software and similar in Bayesian analysis. The phylogenetic tree of
concatenated mitochondrial and nuclear gene sequences (Fig. 21, Table 2)
showed separate clades for four species (M. cartusiana, Italian M. parumcinc-
ta, M. claustralis, and Corfu M. parumcincta), which were also separate from
sequences of M. pantanellii and six lineages of M. cantiana sensu lato.
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Figure 21. Maximum Likelihood (ML) tree of concatenated sequences of COI+16SrDNA+ITS2 (flanked with 5.8S and
28SrDNA) haplotypes of Monacha claustralis and M. parumcincta from Corfu (Kérkyra). Concatenated COIl, 16SrDNA and
ITS2 sequences of M. claustralis and M. parumcincta from Corfu (Table 1) were compared with new sequences of these
gene fragments of M. cartusiana, Italian M. parumcincta, M. pantanellii and M. cantiana s.l. together with sequences ob-
tained from GenBank (Tables 1, 2). Numbers next to main branches indicate (left to right): bootstrap supports above 50%
calculated by ML-MEGA7 (Kumar et al. 2016) on 1000 replicates (Felsenstein 1985), SH-aLRT and ultrafast bootstrap in
1Q-Tree (Nguyen et al. 2015), and posterior probabilities by Bl (Ronquist et al. 2012). The tree was rooted with Trochulus
hispidus concatenated sequences obtained from GenBank (Table 2).
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Discussion

This research enabled us to characterise the topotypical populations of Mo-
nacha claustralis with respect to Monacha cartusiana, and those of Monacha
parumcincta with respect to the Italian populations currently assigned to this
species, on a morphological and molecular basis.

No distinction based on shell features was possible between Monacha
claustralis and Monacha cartusiana either by qualitative examination or mor-
phometric analysis. The absence of diagnostic shell characters is consis-
tent with previous studies (Hausdorf 2000a, 2000b; Piertkkowska et al. 2015,
2018a; Williams et al. 2024). Conversely, distinction on the basis of genital
characters was possible and the main qualitative differences between these
species concerned the distal vagina, lateral vaginal sac, and vaginal appen-
dix (for details see Results: Figs 8A, 9A, 10A for M. claustralis vs Fig. 11A, D
for M. cartusiana; see also Hausdorf 2000a: fig. 19 for M. claustralis vs Haus-
dorf 2000b: fig. 13 for M. cartusiana; Pienkowska et al. 2015: figs 13, 14 for
M. claustralis vs figs 11, 12 for M. cartusiana; Pienkowska et al. 2018a: figs
4, 5 for M. claustralis vs figs 6—8 for M. cartusiana). Quantitative differences
were also revealed by morphometric analysis and LDA, which confirmed that
ratios strongly linked to the female genitalia (V/VA and DBC/V) are the most
effective parameters for taxonomic discrimination. Other supporting met-
rics, such as & and standard distances, suggest that these differences are
predominantly due to variations in shape rather than size (Fig. 12, Table 5).
Interestingly, the discriminant ratios Ep/P and Ep/V, reported as effective
for differentiating most individuals in reference populations of M. claustralis
and M. cartusiana (Hausdorf 2000a, 2000b; Williams et al. 2024), did not
prove significant in our study, at least in the dataset analysed. This discrep-
ancy could reflect genuine differences between the populations examined in
the different studies, or alternatively variations introduced by different sexual
maturity or specimen fixation methods, or even different ways of measuring.
For example, specimens studied by Williams et al. (2024) were fixed after be-
ing killed instantly in boiling water, those studied by Piefikowska et al. (2015,
2018a) were fixed after being killed by drowning. Measurements were al-
ways made directly on isolated genitalia by Pienkowska et al. (2015, 2018a),
sometimes on the published figures of genitalia by Williams et al. (2024).
Since the sections measured differed only minimally, different fixation proto-
cols or measurement methods could introduce artificial deviations.

The distinctiveness of M. claustralis from other species of the genus Monacha
is confirmed by our analysis of the nucleotide sequences of selected genes (Figs
18-21). Itis particularly evident in the case of analysis of mitochondrial genes (COI
and 16SrDNA: Figs 18, 19, respectively). It is noteworthy that sometimes analysis
of morphological features and mitochondrial sequences was not consistent (Sau-
er and Hausdorf 2010, 2012). However, in our case, anatomical results and mito-
chondrial sequences support the distinctness of M. claustralis and M. cartusiana.

For nuclear genes (ITS2 with fragments of the flanking genes 5.8S and
28SrDNA: Fig. 20), the sequences obtained from Corfu M. claustralis specimens
grouped in a separate clade from those of M. parumcincta from Corfu and Italy
and from the sequences obtained for specimens representing the lineages of
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M. cantiana s.|. studied. However, the sequences of these nuclear genes did not
distinguish M. claustralis from M. cartusiana. Moreover, one specimen (Ben1),
found on Corfu, had an ITS2 sequence identical to M. cartusiana specimens
from Italy (Quattrovie: Que1 — Que5). A similar situation with identical ITS2 se-
quence in specimens identified anatomically and by mitochondrial sequences
as M. claustralis and M. cartusiana was previously encountered in Prague (Pien-
kowska et al. 2015). Nuclear gene fragments also weakly supported the sep-
arateness of some M. cantiana s.l. lineages (Pienkowska et al. 2018b, 2024).
However, it is worth noting that sometimes ITS2 gene sequences are eliminat-
ed from phylogenetic analysis (Madeira et al. 2010).

Specimens of doubtful or uncertain attribution have been reported in
non-native populations of M. claustralis and M. cartusiana from central and
eastern Europe (Cejka et al. 2020; Gural-Sverlova and Gural 2022, 2023;
Lesicki et al. 2024; Williams et al. 2024). Cejka et al. (2020) also described
the vaginal sac in alleged specimens of Monacha claustralis from the Czech
Republic, concluding that Monacha cartusiana and Monacha claustralis “in
Central Europe possibly represent lineages of the same species derived from
different parts of its native range”. Gural-Sverlova and Gural (2022, 2023) and
Williams et al. (2024) described variations in the vaginal sac and/or overlap-
ping genital ratios and suggested the possibility that the two species may hy-
bridise. Lesicki et al. (2024) found specimens with divergent anatomical and
molecular identification, i.e. some specimens had the reproductive structure
of M. cartusiana and mtDNA of M. claustralis, others recognised anatomically
as M. claustralis showed M. cartusiana haplotypes, while further specimens
with M. cartusiana or M. claustralis haplotypes were characterised by an un-
usual female part of the reproductive system (moderately long vagina with
slight diverticula in various places). These specimens are probably hybrids
in which the mitochondrial genome, introduced by the egg cell, retains the
features of one or the other species, while anatomical structure and nuclear
genes have variably pronounced intermediate features (Lesicki et al. 2024).
Current knowledge requires caution in using the results of our earlier papers
(Pienkowska et al. 2015, 2018a), which were written at a time when we were
not aware of the possible hybridisation of M. claustralis and M. cartusiana.
Moreover, these species are constantly expanding their ranges with larger
overlaps, thus increasing the possibility of cross-breeding (Gural-Sverlova
and Gural 2022, 2023; Lesicki et al. 2024; Williams et al. 2024).

Apart from minor differences in opacity and in the presence of whitish periph-
eral and subsutural bands, no distinction based on shell features was possible
between the Corfu populations of Monacha parumcincta and the Italian ones
currently assigned to this species. Indeed the morphometric analysis showed
that neither the size nor the ratios clearly separated the two groups of popula-
tions assigned to Monacha parumcincta. This explains why, in the absence of
anatomical and molecular evidence, they were previously considered conspe-
cific (e.g. Forcart 1965; Manganelli et al. 1995; Pierikowska et al. 2018b).

On the contrary, even in this case, distinction on the basis of genital charac-
ters, whether qualitative or morphometric, was clear. The most evident differ-
ences regarding the vagina, vaginal appendix, and transverse section of central
duct of penial papilla (for details see Results: Figs 13A, 14A, 15A in Corfu pop-
ulations vs Fig. 16A, D in Italian populations).
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Morphometric analysis confirmed that the ratios identified by LDA are
appropriate for distinguishing the groups. The primary discriminating ratio,
E/VA, is driven primarily by shape differences rather than size, as indicat-
ed by its 6 value close to zero. This suggests that separation is based on
genuine morphological differences, with minimal influence from allometry.
Such a conclusion is further supported by the high standard distance and
the distinct, minimally overlapping ranges observed between the two taxa.
A secondary ratio, F/V, while slightly less powerful, complemented E/VA by
providing an additional dimension of discrimination.

The sequences of mitochondrial and nuclear gene fragments analysed
created two separate groups for M. parumcincta from Corfu and M. parum-
cincta from Italy (Figs 18-21). They were also separate from sequences of
all the other Monacha species analysed (i.e. M. claustralis, M. cartusiana,
M. cantiana s.l., and M. pantanellii); this separateness was also support-
ed by the analysis of nuclear genes. The separateness of Corfu and Italian
M. parumcincta was further supported by K2P distances (Table 7), the mean
value of which was 19.4%. However, in the case of gastropods, the genetic
distances of COl sequences may not be decisive for species distinctiveness
(see discussion on the necessary caution needed in drawing taxonomic
conclusions based on COIl sequences in our earlier papers: Pienkowska et
al. 2018b, 2019, 2020). Nevertheless we underline that all the data collected
proves that the Italian populations assigned to Monacha parumcincta differ
considerably, both morphologically and molecularly, from Corfu populations
of M. parumcincta, and must be attributed to a different species.
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