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Abstract. Molecular genetic analyses of the nuclear ITS-2 spacer and the two mitochondrial markers COI and
a cyt-b fragment (329 bp) of the Palaearctic freshwater snail species Stagnicola corvus (Gmelin, 1791), S.
montenegrinus Gloer & Pesi¢ 2009, S. fuscus (C. Pfeiffer, 1821), and S. palustris (O. F. Miiller, 1774) are
inconsistent, revealing a high percentage of hybrid specimens. The results lead to different conclusions
depending on the phylogenetic relationships of the species analysed. Determined as S. montenegrinus, these
specimens can now be interpreted as hybrids between S. corvus and another Stagnicola species, possibly S.
palustris or S. fuscus. Hybrids between S. fuscus (role of females, i.e. inheriting mitochondria) and S. palustris
(role of males) can only be distinguished from “genuine” S. palustris by the mitochondrial markers COI and
cyt-b, but not by morphology. The study shows that the mitochondrial COI and cyt-b genes are not nearly as
suitable for phylogenetic analyses within Stagnicola as is the nuclear marker ITS-2.
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Introduction

The mitochondrial markers cytochrome c oxidase
subunit I (COI) and to a lesser extent cytochrome b
(cyt-b) have been frequently used for species de-
limitation in the case of molluscs that are difficult
to distinguish by morphological methods (e.g. de
Aranzamendi et al. 2009, von Proschwitz et al.
2009; Kohler & Johnson 2012, Weigand et al. 2012),
in studies on phylogentic relationships (e.g.
Wethington & Lydeard 2007, Remigio & Hebert
2003, Plazzi et al. 2011), or for analyses of the spa-
tial pattern of intraspecific mitochondrial diversity
(e.g. Fehér et al. 2013, Pfenninger et al. 2014), and
climate niche modelling (e.g. Cordellier & Pfen-
ninger 2009, Patel et al. 2014).

However, recent studies pointed out discor-
dant patterns between mtDNA and nuclear mark-
ers (e.g. Toews & Brelsford 2012) and the unreli-
ability of mitochondrial genes in phylogenetic
studies or for species discovery (e.g. Dasmaha-
patra et al. 2010, Sauer & Hausdorf 2012, Schniebs
et al. 2012), such conclusions being often based on
their characteristic to be more likely to introgress
than nuclear DNA (Ballard & Whitlock 2004). It
has been known since over 10 years that mtDNA
alone is not enough to resolve many of the ques-
tions asked of it, including species delineation and
finding phylogeographic patterns (Ballard &

Whitlock 2004).

During molecular studies of Palaearctic spe-
cies of the freshwater family Lymnaeidae, the au-
thors are increasingly confronted with incongru-
ent results of mtDNA (COI, cyt-b) and nuclear
markers (ITS1, ITS2) (Schniebs et al. 2011, 2012,
Vinarski et al. in prep.). When reexamining the de-
termination based on shell and genital characters
of the first record of Stagnicola montenegrinus in
Bulgaria using molecular techniques (Schniebs et
al. 2012), the authors established the inconsistency
of the results of genetic analyses of ITS-2 and cyt-b
for the specimens analysed. S. montenegrinus was
characterised as a species closely related to S. cor-
vus. New genetic analyses of another specimen of
S. montenegrinus and specimens of S. palustris al-
low a new interpretation.

Material and methods

We used samples of four Palaearctic species of the genus
Stagnicola: S. corvus, S. montenegrinus, S. fuscus, and S. pal-
ustris.

All specimens used for molecular and morphological
examination in this study are listed in Table 1., and are
stored in the Molluscan collection of the Senckenberg
Natural History Collections Dresden, Museum of Zool-
ogy (SNSD).

For outgroup comparison, in the molecular genetic
analyses we used specimens of the freshwater snail
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species Aplexa hypnorum (Linnaeus, 1758, family Physi-
dae), including also sequences of the lymnaeid mollusc
species Galba truncatula (O. F. Miiller, 1774), Lymnaea stag-
nalis (Linnaeus, 1758), and L. taurica (Clessin, 1880), for
comparison.

Morphology
The snails were fixed in 70-80% ethanol. The shell mor-

phology and anatomy of the specimens studied were re-
corded. The dissections and measurements of the genital
organs and shells were carried out using stereo micro-
scopes (Zeiss and Olympus). The photographs were taken
with digital camera systems (Leica R8 and Nikon DS-Fi2).

For the taxonomy we followed the current European
checklists (Falkner et al. 2001, Bank 2011).

Molecular techniques
Tissue samples taken from the foot were fixed in 100%

ethanol. They were registered in the tissue collection of
the SNSD with a new collection number as well as the col-
lection number of the specimen in the mollusc collection
of SNSD, and stored at -80°C.

For molecular genetic analyses we obtained sequence
data of the nuclear ITS-2 spacer (280 bp in A. hypnorum,
up to 498 bp in L. taurica), as well as a 329 bp fragment of
the cyt-b gene and a 626 bp fragment of the COI gene as
mitochondrial markers.

For primers and protocols of DNA extraction, Poly-
merase Chain Reaction (PCR), purification of PCR prod-
ucts and DNA sequencing see Vinarski et al. (2011).

Sequence alignments. Alignments were assembled us-
ing the sequence alignment editor BioEdit (Hall, 1999).
The ITS-2 alignment was obtained using the Clustal algo-
rithm of MEGA version 4 (Tamura et al. 2007) and im-
proved by eye. MEGA 4 was also used to check the mito-
chondrial sequences for stop codons.

Phylogenetic analyses of sequences. For maximum-
likelihood analyses, including bootstrap support, we used
RAXML (raxmlGUI 0.9 beta 2, Silvestro & Michalak 2010,
Stamatakis et al. 2005). The settings were “ML+thorough
bootstrap” with 100 (replicate) runs and 1000 (bootstrap)
repetitions. Phylogenetic analyses under the maximum
parsimony (MP) criterion for ITS-2 spacer and cyt-b
fragment were carried out using equal weighting (EW)
implemented with TNT version 1.1 (Willi Hennig Society
Edition, August 2011, Goloboff et al. 2008). The maximum
number of trees held was set to 10,000. Tree searches were
conducted using all four “New Technology” search op-
tions: sectorial searches, ratchet, tree drifting and tree fus-
ing. For the ratchet, the number of replicates was set to
200, and the number of cycles of tree drifting to 50. All
other search parameters were left at their default settings.
Analyses were terminated once the most parsimonious
cladogram(s) (MPCs) had been found 1000 times. The
maximum-parsimony (MP) tree of COI was reconstructed
using PAUP (version 4.0b10, Swofford 2002; settings:
gapmode = NewState, addseq = closest, the maximal
number of trees with the initial default setting of maxtree
= 100 did not have to be increased, since the number of
best trees remained below 100; number of bootstrap repli-

K. Schniebs et al.

cates = 10000). For presentation of the MP results for COI
one of the 14 best trees was chosen to be able to illustrate
branch lengths (one showing the same overall topology as
the majority rule consensus tree was chosen).

All DNA-sequences have been placed in the Euro-
pean Nucleotide Archive (ENA,
http:/ /www.ebi.ac.uk/ena/).

see

Results

Morphology
Shell measurements of the Stagnicola specimens

analysed with preserved first whorls and aperture
are given in Table 2.

The shell height of the S. corvus specimens
(n=7) ranged between 13.5 and 23.6 mm, the shell
width between 6.7 and 10.1 mm, the aperture
height between 4.45 and 12.7 mm, and the average
number of whorls varied between 4.25 and 6.0. In
S. montenegrinus specimens (n=4) the shell height
varied in the range of 15.9-26.7 mm, the shell
width in the range 7.4-10.3 mm, the aperture
height in the range 10.0-14.3 mm, and the average
number of whorls varied between 5.0 and 6.25.
The height of the shells of the three S. fuscus
specimens with preserved first whorls and aper-
ture ranged between 10.8 and 15.3 mm, the width
between 5.1 and 8.1 mm, the aperture height be-
tween 6.0 and 8.4 mm. On average, all three shells
had 5.0 whorls. The shell height of the S. palustris
specimens with preserved first whorls and aper-
ture (n=21) ranged between 10.25 and 21.5 mm,
the width between 5.3 and 8.9 mm, the aperture
height between 5.4 and 10.3 mm, and the average
number of whorls between 4.5 and 6.0.

The number of prostate folds of most of the 37
Stagnicola specimens analysed is given in Table 3.
In some cases examination was not possible be-
cause specimens were juvenile or organs were
damaged while removing the soft body from the
shell.

When visibility permitted accurate counting,
at least three main folds and in most cases a few
additional smaller secondary folds were discerned
at the prostate of the analysed S. corvus specimens
(n=8) (Fig. 1) The four S. montenegrinus specimens
had at least four main and secondary folds (Fig. 1).
The prostate of two S. fuscus specimens (speci-
mens 2 and 4) had two folds inside (Fig. 1). For the
other two specimens examined, the number of
folds on the prostrate was not well visible. The
prostate of the majority of S. palustris specimens
(n=21) had one fold inside (Fig. 1). In specimen
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Table 2. Shell measurements of the Stagnicola specimens analysed (only specimens with preserved first whorls) and
data from literature.

. . aperture  aperture
Species Specimen/Reference Sh?ll height sh?ll width Eeight V\Edth in number
in mm in mm . of whorls
in mm mm
S. corvus S. corvus 2 23.60 10.10 12.70 7.70 4.25
S. corvus 3 22.00 9.60 10.75 6.40 6.00
S. corvus 4 13.50 6.70 4.45 4.50 5.00
S. corvus 5 18.10 8.40 9.35 6.35 5.00
S. corvus 6 17.70 8.50 9.20 6.35 5.00
S. corvus 8 18.50 8.60 11.30 6.50 5.00
S. corvus 9 20.70 8.30 10.30 7.00 6.00
Steriko-Krodkiewska 1994 10.50 to 35.50 4.50 to 16.20 - - -
Gittenberger et al.1998 up to 45.00 up to 19.50 - - up to 8.00
Jackiewicz 1998 up to 45.00 up to 16.00 - - 6.00 to 7.00
Gloer 2002 13.00 to 34.00 6.00 to 16.50 - - -
Stadnichenko 2004 up to 33.00 up to 13.60 - - 6.00 to 8.00
Kruglov 2005 31.660.76 13.0840.29  15.38+0.26 7.29+0.17 7.00 to 8.00
S. montenegrinus S. montenegrinus 1 15.90 7.40 10.00 5.70 5.00
S. montenegrinus 2 20.90 9.40 11.70 7.30 6.00
S. montenegrinus 3 26.70 10.30 14.30 8.30 6.25
S. montenegrinus 4 25.00 10.30 14.10 8.60 6.00
Gloer & Pesi¢ 2009 10.60 to 21.50 4.40 t0 9.00 - - 5.50 to 6.00
Schniebs et al. 2012 21.00t026.70  9.60 and 10.30 - - -
S. fuscus S. fuscus 1 15.30 7.70 8.20 4.90 5.00
S. fuscus 3 15.70 8.10 8.40 5.70 5.00
S. fuscus 5 10.80 5.10 6.00 4.20 5.00
Jackiewicz 1998 up to 25.00 up to 11.50 - - up to 6.00
Gloer 2002 10.00 to 25.00 5.50 to 11.50 - - 6.00 to 8.00
Kruglov 2005 21.00 6.80 10.20 - 6.00
S. palustris S. palustris 1 16.50 8.00 7.60 4.80 6.00
S. palustris 2 21.50 8.80 10.00 6.50 6.00
S. palustris 3 16.40 7.90 8.50 6.00 5.00
S. palustris 4 19.20 8.60 10.30 6.10 6.00
S. palustris 6 17.50 8.90 9.60 6.85 5.50
S. palustris 7 12.70 5.90 6.60 3.70 5.00
S. palustris 8 11.90 5.30 5.60 3.80 6.00
S. palustris 9 13.80 6.50 6.60 4.40 5.00
S. palustris 10 13.90 6.30 6.30 4.60 6.00
S. palustris 11 13.60 6.40 6.50 4.40 5
S. palustris 12 16.90 8.80 9.20 5.90 55
S. palustris 13 11.70 6.80 6.40 5.00 5
S. palustris 14 16.30 7.20 8.70 6.10 45
S. palustris 16 19.60 8.10 8.20 6.50 5.5
S. palustris 17 14.60 6.35 7.50 4.40 5
S. palustris 19 10.25 5.30 5.40 4.00 4.75
S. palustris 20 13.40 6.00 6.00 3.60 5.5
S. palustris 21 11.60 6.35 7.00 5.00 5
S. palustris 22 11.10 6.10 8.00 4.00 5
S. palustris 23 12.30 6.20 7.30 4.85 5
S. palustris 25 12.50 6.25 7.60 4.70 5
Gittenberger et al. 1998 up to 20.00 up to 8.50 - - 6.00
Jackiewicz 1998 up to 30.00 up to 15.00 - - 6.00 to 7.00
Gloer 2002 10.00 to 17.50 6.0 t0 8.0 - - 6.00
Stadnichenko 2004 up to 25.60 up to 11.70 - - 6.00 to 7.00
Kruglov 2005 25.00 11.50 11.2 - 6.25
Khokhutkin et al. 2009 up to 28.00 — — — 7.00 to 7.50
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Table 3. Measurements of the male genitalia and number of prostate folds of the Stagnicola specimens analysed and
data from literature.

ratio of the length

length of the length of the .
Species Specimen/Reference praeputium  penial sheath of the praeputium number of pros-
. - to the length of the tate folds
in mm in mm .
penial sheath
S. corvus S. corvus 1 3.5 2.0 1.75:1 ?
S. corvus 2 3.0 1.5 2:1 >5
S. corvus 3 3.5 1.0 3.5:1 8
S. corvus 4 2.0 1.0 2:1 >3
S. corvus 5 2.6 12 2.16:1 8?
S. corvus 6 3.5 25 14:1 6?
S. corvus 7 3.3 1.0 3.3:1 ?
S. corvus 8 2.3 15 1.53:1 9
Falniowski 1980 - - 3:1 numerous
van der Velde & van Kessel 1984 - - 1.77-3.44
Jackiewicz 1988 - - - numerous
Jackiewicz & Gerber 1990 - - - numerous
Gittenberger et al. 1998 - - 2:1 numerous
Jackiewicz 1998 - - 31 numerous
Gloer 2002 - - 3:1 numerous
Stadnichenko 2004 - - 3.5:1 numerous
Kruglov 2005 - - 3.5:1 5-10
S. montenegrinus S. montenegrinus 1 3.0 0.8 3.75:1 4
S. montenegrinus 2 3.0 12 2.5:1 6?
S. montenegrinus 3 2.7 1.5 1.8:1 6?
S. montenegrinus 4 4.0 15 2.66:1 5?
Gloer & Pesic¢ 2009 - - 3.5:1-4.2:1 3-4
Soes 2014 - - - 3-4
S. fuscus S. fuscus 1 35 1.5 2.33:1 ?
S. fuscus 2 2.5 1.0 2.5:1 2
S. fuscus 3 3.0 1.0 3:1 ?
S. fuscus 4 25 1.0 251 2
Jackiewicz 1988 - - 31 2
Jackiewicz & Gerber 1990 - - 2:1 2
Gittenberger et al. 1998 - - - 2
Jackiewicz 1998 - - 3:1 2
Gloer 2002 - - 3:1 2
Kruglov 2005 3.6 5.00 1:14 1
S. palustris S. palustris 1 2.8 3.3 1:1.8 1
S. palustris 2 4.0 45 1:1.25 1
S. palustris 3 22 3.5 1:1.59 1
S. palustris 4 35 4.0 1:1.14 1
S. palustris 5 2.5 3.0 1:1.2 1
S. palustris 6 25 5.0 1:2 1
S. palustris 9 25 3.0 112 1
S. palustris 11 3.0 3.5 1:1.16 1
S. palustris 12 2.5 4.0 1:1.6 1
S. palustris 14 3.5 4.5 1:1.28 1
S. palustris 15 4.0 4.0 11 1
S. palustris 16 4.0 4.0 1:1 1
S. palustris 17 2.5 45 1:1.8 1
S. palustris 18 5.0 4.0 1.25:1 1
S. palustris 19 2.0 3.0 115 1
S. palustris 20 2.7 3.5 1:1.29 1
S. palustris 21 22 2.5 1:1.13 1
S. palustris 22 2.0 2.5 1:1.25 1
S. palustris 23 2.0 3.0 1:15 ?
S. palustris 24 2.0 3.0 1:1.5 1

Continued on the next page
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Table 3. (continued)
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ratio of the length

length of the length of the .
Species Specimen/Reference praeputium  penial sheath of the praeputium number of pros-
. . to the length of the tate folds
in mm in mm .
penial sheath

S. palustris 25 2.8 4.0 1:1.42 1
van der Velde & van Kessel 1984 - - 0.49:1.00 -
Kruglov & Starobogatov, 1986 - - 0.70-0.80 1
Gittenberger et al. 1998 - - 50-100% 1
Jackiewicz 1998 - - 1:1 1
Gloer 2002 - - 11 1
Stadnichenko 2004 - - 1.25-1.40:1.00 1
Kruglov 2005 4.0 5.0 1:1.25 1
Andreeva et al. 2010 - 0.60-0.82 -

Figure 1. A) Stagnicola montenegrinus (Bulgaria: floodplain of the Maritza river in Plovdiv); B) Stagnicola fuscus
(Germany, Saxony, nature reserve Alte See Grethen, marsh wood); C) Stagnicola corvus (Germany, Baden-
Wiirttemberg, lake Illmensee); D) Stagnicola palustris (Russia, Tjumen Region, Polar Urals, mountain range Ra-Iz,
pond at 141th kilometer of railway Seida-Labytnangi). a) bursa copulatrix and bursa duct entering the vagina; b)
male genitalia; c) cross section through prostate gland.

no. 23 it was not clearly visible whether the pros-
tate had one or two folds.

The measurements of praeputium and penial
sheath of 37 Stagnicola specimens are reported in

Table 3. The ratio of the length of the praeputium
to that of the penial sheath varied between 1.4-3.5
in the analysed S. corvus specimens (n=8). For the
analysed S. montenegrinus specimens (n=4) this
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character varied between 1.80-3.75. In the four S.
fuscus specimens analysed, the ratio of praeputium
length to that of the penial sheath varied between
2.33-3.00. In the S. palustris specimens 1, 2, 3, 5, 6,
and 20 that group as a sister to the S. corvus
specimens and to one S. montenegrinus specimen
in the cyt-b trees, the ratio of the praeputium
length to that of the penial sheath varied between
0.50 and 0.88, whereas in the S. palustris speci-
mens, that group together with the S. fuscus
specimens (n=15), the ratio varied from 0.55 to
1.25.

The duct of bursa copulatrix is thickened at
the distal end by entering the vagina in all speci-
mens of S. corvus and S. montenegrinus, whereas in
the S. fuscus and S. palustris specimens, the sper-
mathecal duct is narrow and very long (Fig. 1) as
reported in literature (Jackiewicz & Gerber 1990,
Gittenberger et al. 1998, Jackiewicz 1998, Gloer
2002).

Molecular genetics
Unfortunately, fragments of the COI gene could

not be obtained from all specimens analysed. For
that reason the COI trees (RAXML and MP) show
a different composition of individuals than the
trees of the cyt-b gene fragment and the ITS-2
spacer.

The maximum-parsimony (MP) tree of COI
(strict consensus tree, SCT, of 14 trees retained;

Galba truncatula 1

100! Galba truncatula 3
100 Galba truncatula 6
100 | Galba truncatula 4

Aplexa hypnorum 2
Aplexa hypnorum 1
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tree length= 415, CI=0.67, RI=0.89; Fig. 2) shows
full, high or low support for basal branches. The
species-clades received full support in most cases.
S. corvus specimen group (with full support) as a
sister clade to that of only four of the S. palustris
specimens analysed. The other seven S. palustris
specimens (marked red) group together with the
S. fuscus specimens (full bootstrap support). This
mixed cluster of S. palustris and S. fuscus groups as
a sister to the specimens of S. montenegrinus
(marked sky-blue) with low support (85%). The
clade formed by S. montenegrinus and the mixed
cluster of S. palustris and S. fuscus groups as a sis-
ter to the clade formed by S. corvus and the other
four S. palustris specimens with low support
(86%).

In the RAXML tree of the COI gene (not
shown) the basal branches and species clades have
lower support in most cases. The topology of the
clades is concurrent to that in the MP SCT of COI
(Fig. 2).

In the MP tree of the cyt-b fragment (one best
tree; tree length=432, CI=0.6134, RI=0.9053; Fig. 3),
the basal branches are highly or very lowly sup-
ported. The species-clades themselves show full
support with the exception of two clades: The
specimens of S. corvus analysed group together
with one specimen of S. montenegrinus (marked
sky-blue and from which no COI could be gained)
with bootstrap support of 86% and 19 specimens

Lymnaea taurica 3
Lymnaea taurica 1

921 [ ymnaea taurica 2
Lymnaea stagnalis 1
Lymnaea stagnalis 3
Lymnaea stagnalis 2
55L Lymnaea stagnalis 4
Stagnicola corvus 2
Stagnicola corvus 5
100 | Stagnicola corvus 6
Stagnicola corvus 1
Stagnicola palustris 20

Figure 2. Hypothesis of the phylogenetic
relationships of Stagnicola: one of the 14

Stagnicola palustris 6
Stagnicola palustris 3
Stagnicola palustris 2
Stagnicola montenegrinus 2

Stagnicola montenegrinus 3
Stagnicola fuscus 3
Stagnicola palustris 19
Stagnicola palustris 4
Stagnicola palustris 15
Stagnicola palustris 18
Stagnicola palustris 25
69l Stagnicola palustris 24
63 Stagnicola palustris 8
Stagnicola fuscus 6
Stagnicola fuscus 1

best maximum-parsimony trees of the
sequenced fragment of the mitochondrial
marker COI (626 bp; tree length= 415,
CI=0.67, RI=0.89). lengths
proportional to the number of substitutions

Branch are
and the overall topology corresponds to
that of the strict consensus tree. Bootstrap
support values above 50% are reported
below nodes. Hybrids between S. palustris
and S. fuscus are marked red. Specimens of
S. montenegrinus are marked blue.
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of S. palustris (marked red) group together with
the six specimens of S. fuscus, with high support
(97%).

Six specimens of S. palustris group as a sister
to the mixed cluster of S. corvus and S. montenegri-
nus. Together they group as a sister with very low
support (57%) to the other three specimens of S.
montenegrinus.

The RAXML tree of the cyt-b fragment (not
shown) is very similar in topology to the MP tree
but the basal branches and species clades have
lower support in most cases.

The maximum-parsimony (MP) tree of ITS-2
spacer (SCT of four best trees; CI=0.86, RI=0.96;
not shown) shows high or fully supported basal
branches (between 91% and 100% bootstrap sup-
port). The species-clades are fully supported with
the exception of the clade of S. palustris (low sup-
port of 67%). There are two main differences to the

- Stagnicola palustris 23

Stagnicola palustris 22
62-1 | |e3! Stagnicola palustris 24

Stagnicola corvus 7
Stagnicola corvus 2
Stagnicola corvus 1
Stagnicola corvus 5
86| Stagnicola corvus 9
Stagnicola corvus 6
Stagnicola corvus 8
Stagnicola corvus 4
100! Stagnicola corvus 3
Stagnicola palustris 5
Stagnicola palustris 1
Stagnicola palustris 20
Stagnicola palustris 6
951~ Stagnicola palustris 2
84l Stagnicola palustris 3

Figure 3. Hypothesis of the phylogenetic
relationships ~ of Best
maximum-parsimony the
fragment sequenced the
mitochondrial marker cyt-b (329 bp).
Branch lengths are proportional to the
number of Bootstrap
support values above 50% are reported
below nodes. Hybrids
palustris and S. fuscus are marked red.
Specimens of S. montenegrinus
marked blue.

Stagnicola:
of
of

tree

substitutions.
between S.

are

mitochondrial trees:

1. All four specimens of S. montenegrinus
group together with the specimens of S. corvus
with full bootstrap support. 2. The specimens of S.
palustris do not fall into two separate clusters. The
specimens of S. fuscus group as sister to all speci-
mens of S. palustris. Together they group as sister
to the clade of S. corvus-S. montenegrinus.

In the RAXML tree of the ITS-2 spacer (Fig. 4)
the basal branches are supported by bootstrap
values >80%. The species-clades show full or high
support in most cases. The topology of the tree is
similar to that of the MP tree.

Discussion

Morphology
The shell measurements of the analysed Stagnicola
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Figure 4. Hypothesis of the
phylogenetic relationships of
Stagnicola: the RAXML tree of
the nuclear marker ITS-2 (280
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- 498 bp). Branch lengths are
proportional to the number of
substitutions and the overall
topology corresponds to that
of the strict consensus tree.
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specimens correspond to data from literature (Tab.
2). In case of S. corvus we can add to the diagnosis
given by Gloer & Pesi¢ (2009) that the aperture of
the shell could be higher than the spire (specimen
2), just as in S. montenegrinus. While large S. corvus
can reach a height up to 45 mm (Tab. 2), S. monte-
negrinus reaches a height of about 27 mm (Tab. 2).
S. palustris and S. fuscus are smaller. In addition, S.
montenegrinus has a characteristic spire with flat
whorls and suture, as L. stagnalis (Fig.1).

The shells of the Stagnicola species analysed
can vary considerably in form and number of
whorls (Tab. 2, Fig.1). Therefore, some anatomical
characters, such as the number of prostate folds,
the external diameter of the distal end of the duct
of the bursa copulatrix, where it enters the vagina,
and the ratio of the praeputium length to the
penial sheath length are very important in species’
determination.

The prostate of the S. corvus and S. montenegri-
nus specimens have numerous folds inside, which

55‘I

Stagnicola palustris 14 Specimens of S. montenegrinus

are marked blue.

is consistent with the data from literature (Tab. 3,
Fig. 1). S. corvus and S. montenegrinus are the only
known European Stagnicola species with more
than two prostate folds and a duct of bursa copu-
latrix thickened at the distal end (Fig. 1) (Kruglov
& Starobogatov 1984, van der Velde & van Kessel
1984, Gittenberger et al. 1998, Jackiewicz 1998,
Gloer 2002, Kruglov 2005, Gloer & Pesi¢ 2009,
Schniebs et al. 2012; Soes 2014). Conversely, S. fus-
cus and S. palustris have two or one prostate folds
(Tab. 3, Fig. 1) and a narrow and very long sper-
mathecal duct (Jackiewicz & Gerber 1990 [Lymmnaea
vulnerata Kuster, 1862], Gittenberger et al. 1998,
Jackiewicz, 1998 [L. wvulnerata], Gloer 2002).
Kruglov (2005) mentioned only one fold for S. fus-
cus (Table 3). But S. fuscus sensu Kruglov is not
identical with L. vulnerata sensu Jackiewicz, 1988
(non Jackiewicz, 1962 = S. turricula) and S. fuscus
sensu Gloer, because measurements of the male
genitalia given by Kruglov (2005) match those of
S. palustris (Table 3). This problem of the true taxo-
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nomic identity of this species needs further inves-
tigation.

In S. montenegrinus the praeputium is darker
than in S. corvus and it is curved at the entry point
of the vas deferens. Furthermore, in S. montenegri-
nus its shape is cylindrical, whereas the pra-
eputium of S. corvus has a more conical form.

S. corvus, S. montenegrinus, and S. fuscus are
distinguished from S. palustris by the fact that the
praeputium is considerably longer than the penial
sheath (Fig. 1), which is consistent with the data
from literature (Tab. 3). Between the three species
mentioned first, no differences in this characteris-
tic could be seen in this dataset. In the S. palustris
specimens 1, 2, 3, 5, 6 and 20 we found however a
lower variability in the ratio of the praeputium
length to that of the penial sheath (0.50-0.88) than
in the S. palustris specimens 4, 7-19 and 21-25 that
group together with the S. fuscus specimens (0.55-
1.25). However, this is a relatively small difference
that does not allow an anatomical differentiation
between “genuine” S. palustris and S. palustris-like
hybrids between S. fuscus and S. palustris found in
our analyses. Besides, the use of this parameter
(praeputium : penial sheath ratio) for reliable spe-
cies delimitation in Lymnaeidae has recently been
questioned (Vinarski, 2011, Schniebs et al. 2011).

Molecular phylogeny

The results of our molecular genetic analyses of
the nuclear ITS-2 spacer and the two mitochon-
drial markers COI and cyt-b fragment (329 bp) are
inconsistent. The three specimens of S. montenegri-
nus (specimens 1, 2, 3) analysed already in 2012
(Schniebs et al. 2012) show a predictable grouping
in the phylogenetic trees: In the nuclear ITS-2 trees
they form a cluster together with the S. corvus
specimens analysed with full bootstrap support
(Fig. 4). In the trees of the cyt-b fragment (Fig. 3)
and COI (Fig. 2) they form their own cluster with
full or nearly full bootstrap support that groups
sister to Stagnicola specimens of other species.
Based on the cyt-b fragment (Fig. 3), the S. monte-
negrinus specimens 1, 2, 3 group together in a fully
supported clade (without specimen 4). Its sister
group relationship to a mixed cluster consisting of
six S. palustris specimens and all S. corvus speci-
mens plus the S. montenegrinus specimen 4 has
very low bootstrap support (57), indicating that it
should rather be interpreted as a polytomy. This
result is in contrast with the phylogenetic trees
gained from the Stagnicola specimens analysed in
2012 (Schniebs et al. 2012), in which the three S.
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montenegrinus specimens formed a sister group to
S. fuscus. Based on a smaller number of specimens,
the COI tree (Fig. 2) also shows a different result:
with medium bootstrap support (85) the two S.
montenegrinus specimens 2, 3 group as a sister to a
mixed cluster of S. fuscus plus S. palustris speci-
mens. The two mitochondrial genes thus give dif-
ferent information about the phylogenetic rela-
tionship of S. montenegrinus. Both hypotheses are
in contrast with morphology: S. corvus and S. mon-
tenegrinus have more than two prostate folds and
the bursa copulatrix duct thickened at the distal
end (entering the vagina). They thus have a special
position with respect to the other European Stag-
nicola species. In Russian taxonomy the special po-
sition of S. corvus is expressed by positioning this
species into a separate subgenus Corvusiana Ser-
vain, 1881, whereas S. palustris and S. fuscus are
placed in the subgenus Stagnicola Leach, 1830 (e.g.
Kruglov 2005). In our phylogenetic trees of nuclear
marker ITS-2 (Fig. 4), the special position of S. cor-
vus is reflected adequately. In this tree (and the
nuclear ITS-2 MP tree, not shown) the S. corvus
specimens form a monophylum with the S. monte-
negrinus specimens. With strong support (89), this
clade groups as a sister to all other Stagnicola
specimens analysed. This relationship is not found
in the mitochondrial trees (see above). Similarly to
the conclusions in our earlier study (Schniebs et al.,
2012), we are thus of the opinion that none of the
two mitochondrial trees (cyt-b, COI) reflects the
relationships between the analysed Stagnicola spe-
cies. Likely explanations for the incongruence be-
tween the tree topologies of the two mitochondrial
markers are incomplete taxon sampling, an insuf-
ficient number of individuals analysed due to the
high level of hybridisation observed and the in-
adequate length of the cyt-fragment. In addition,
we cannot rule out that the differences in the
overall topology of the two mt-trees could be the
result of using two different MP-programs (PAUP
and TNT). Nevertheless, it is unlikely that well
supported clusters would consist of different indi-
viduals: the S. montenegrinus specimen 4 would
not cluster with specimens 1-3 if a different MP-
algorithm was used to analyse the cyt-b data.

Very interesting is the phylogenetic position of
a new specimen of S. montenegrinus (specimen 4)
analysed, from which, unfortunately, we obtained
sequences only from the ITS-2 and cyt-b frag-
ments. Based on the nuclear marker ITS-2 (Fig. 4),
all S. montenegrinus specimens group in a clade to-
gether with S. corvus (without resolution, see
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above), whereas S. montenegrinus specimens 1-3
form a separate clade based on cyt-b. In the cyt-b
tree the new specimen 4 clusters together with the
other S. corvus specimens analysed (Fig. 3). This al-
lows a new interpretation of the inconsistency of
nuclear and mitochondrial markers. In 2012 we
concluded that S. montenegrinus is a species closely
related to S. corvus (Schniebs et al. 2012). With re-
spect to the new results we can interpret the
specimens with the morphological disposition de-
scribed as S. montenegrinus as hybrid specimens
between S. corvus and another Stagnicola species.

The mitochondrial sequences of the S. monte-
negrinus specimens 1, 2, 3 and 4 contained no stop
codons typical for pseudogenes. Nevertheless, we
cannot definitively exclude the argument that we
sequenced pseudogenes in the case of these three
specimens.

Cases in which species with nearly identical
nuclear sequences show a high differentiation of
mitochondrial lineages as result of hybridisation
are known from many other animal groups, ex.
from butterflies (Dasmahapatra et al. 2010), croco-
diles (Franke et al. 2013) or lizards (Renoult et al.
2009).

In our opinion we found a compelling case of
hybridisation in S. palustris (specimens 4, 7, 8, 9-
19, 21, 22, 23, 24, and 25). Specimens with the
morphological disposition of S. palustris show dif-
ferent positions in nuclear and mitochondrial
trees. In the RAXML as well as in the MP tree of
the nuclear marker ITS-2 these specimens form a
cluster with a bootstrap support of 88% (Fig. 4)
and 67% (not shown) respectively, which corre-
sponds to their morphology. In the trees of the mi-
tochondrial markers, the specimens form a cluster
together with the S. fuscus specimens: fully sup-
ported in the COI MP tree, nearly fully supported
in the cyt-b MP tree, with 80% and 77% bootstrap
support in the COI RAXML and in the cyt-b
RAXML trees respectively. Ballard & Whitlock
(2004) concluded that introgression does not nec-
essarily leave a signal in the nuclear genome. Our
nineteen S. palustris specimens clustering together
with the S. fuscus specimens in the mitochondrial
trees appear to be a typical case of such a past
event. Surprisingly, in fact, is the high percentage
of hybrids among the Stagnicola specimens. Per-
haps adaptive advantages could also play a role
here, as it was observed in water frogs of the ge-
nus Rana where R. ridibunda Pallas, 1771 larvae
with introgressed mitochondrial DNA of R. lesso-
nae Camerano, 1882 were postulated to be less
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sensitive to oxygen deficiency than normal R.
ridibunda larvae (Plotner et al. 2008). Boratynski et
al. (2014) suggest that the evolution of mtDNA in
a rodent species affected by mtDNA introgression
may have functional, ecological and adaptive sig-
nificance.

The usual theory for animals is that in case of
an introgression that took place relatively recently,
specimens with the ,wrong” mitochondrial ge-
nome should be found mainly in the area of sym-
patry of two species, but with increasing time
elapsing since the event took place, such haplo-
types can be found further away from the area of
sympatry (Abramson 2009). In our opinion, intro-
gression events in hermaphroditic freshwater
snails are theoretically possible in every water-
body. Single specimens of species new for the wa-
terbody could be introduced by zoochory and be
confronted with specimens of only another (re-
lated) species. Freshwater gastropods are trans-
ported mainly by aquatic birds or stock fishes
(Reise & Gloer 2004) into other waterbodies,
probably even over long distances. In experi-
ments, Wullschleger et al. (2002) could show for
Radix balthica and R. labiata that “snails from the
sympatric location avoided mating with the oppo-
site species, while allopatric snails showed less
discrimination against the opposite species”
(Wullschleger et al. 2002: p. 247). Some of the
Stagnicola freshwater snail specimens analysed in
this study appear to be typical examples of intro-
gression of mtDNA from one species into another
(Ballard & Whitlock, 2004), so that we could as-
sume similar reproducing behaviour in Stagnicola
species as in R. balthica and R. labiata. As we know
from monitoring programmes in some federal
states of Germany (e.g. Mecklenburg-Western
Pomerania, Saxony), S. fuscus appears to be a
widespread but rare species (Zettler 2006;
<www.weichtiere-sachsen.de>). The transport of
single specimens of this species by aquatic birds,
stock fishes or flood events into waterbodies in-
habited by S. palustris could be a possible oppor-
tunity for hybridisation. Indisputably, S. corvus is
one of the parent species of S. montenegrinus. Not
native to the area, S. corvus was reported from the
southern side of the Skadar Lake (on the border
between Albania and Montenegro) in 1996 (Dhora
& Welter-Schultes 1996) and from the northern
side of the same waterbody in 2008 (Gloer & Pesi¢
2008). Whether S. palustris could be the second,
and rarer, parent species is doubtful. This species
has neither been found in Lake Skadar (Gloer &
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Pegi¢ 2008) nor in the entire Balkan region. It is
questionable whether reports of the occurrence of
S. palustris in Lake Skadar (Wohlberedt 1909;
Dhora & Welter-Schultes 1996) were based on ana-
tomical determination. Concerning the distribu-
tion of S. palustris and S. fuscus we cannot trust
older literature in which species identification is
based only on the shells. If we do so, we get a
wrong picture (for an example see Welter-Schultes
2012). S. palustris occurs from Britain and the
North German lowlands to Siberia. In the south of
the German lowlands there are only some disjoint
populations known (e.g. Lake Constance) (Gloer
2002). S. fuscus is distributed southwards of the
North German lowlands, into Southern Europe. It
occurs in Croatia (Beran et al. 2013), although it
was not found in Montenegro (V. Pesi¢, oral pers.
comm.), Bulgaria (Georgiev 2014) or Macedonia
(Bank 2011). S. palustris has not been recorded
from Bulgaria by anatomical studies and consider-
ing only the shells, it could be confused with S.
turricula (= S. vulnerata sensu Jackiewicz, 1962).

We cannot exclude that Lymnaea (Corvusiana)
gueretiniana Servain, 1881 (locus typicus Lake Bala-
ton, Hungary) mentioned (amongst others) by
Kruglov & Starobogatov (1984), Stadnichenko
(2004), and Kruglov (2005) from the South Euro-
pean part of Russia and from Ukraine, is identical
with S. montenegrinus. This assumption has to be
verified in future. We therefore hypothesise that
the hybridisation event between S. palustris and S.
corvus has occurred many years ago or in other re-
gions than the Balkans, for example in South-
European Russia or in Ukraine. Probably, all that
we can see now is only a ,footprint” of an earlier
hybridisation.

Temporary waterbodies in floodplains that
become isolated when the level of the river is low
and disappear by flooding could theoretically be
suitable places for hybridisation events. If differ-
ent genital organ morphology and complex mat-
ing behaviour represent only incomplete barriers
to interspecific sperm exchange in land slugs Arion
rufus (Linnaeus, 1758) and A. lusitanicus auct. non
J. Mabille, 1868 (Dreijers et al. 2013) all the more
sperm exchange is possible between Stagnicola
species, considering the relatively simple mating
behaviour in representatives of Lymnaeidae. Nu-
merous cases of interspecific and even intersub-
generic hybridisation in aquatic pulmonate snails
are reviewed by Beriozkina & Starobogatov (1988).
An astonishing example is a report of hybridiza-
tion between Lymnaea stagnalis (Linnaeus, 1758)
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and Radix auricularia (Linnaeus, 1758) (Chaster
1900). However, we regard this report as very
doubtful.

Other evidence of hybridization in land snails
was found in the genus Euhadra in Japan (Shimizu
& Ueshima 2000), and Stankowski & Johnson
(2014) found incongruence between morphologi-
cal and molecular phylogenetic variation in spe-
cies of the genus Rhagada in the Dampier Archi-
pelago, W. Australia.

An intermediate morphological position of S.
montenegrinus, as well as its possible origin as a
product of hybridisation between S. corvus and S.
palustris or S. fuscus, allows one to resolve the
question about the taxonomic rank of the (sub-
)genus Corvusiana. There are compelling con-
chological, anatomical and karyological differ-
ences between Corvusiana and Stagnicola s. str.
(summarised in Table 4) that brought some au-
thors (Kruglov & Starobogatov 1984, Kruglov
2005, Vinarski, 2013) to raise Corvusiana to the
rank of a genus. Our results show that successful
hybridisation between representatives of Corvusi-
ana and Stagnicola s. str. is possible, therefore we
cannot corroborate the former as a separate genus,
following Dubois” (1988: 77) recommendation that
all species “able to give birth to viable adult hy-
brids, be these fertile or not” should be placed in
the same genus. But nevertheless, the morpho-
logical, caryological and genetic differences be-
tween the S. corvus group and Stagnicola s. str. suf-
fice for keeping Corvusiana as a subgenus.

Unfortunately, with only four specimens ana-
lysed using molecular methods, our data are too
scarce to elucidate the species status of S. montene-
grinus unequivocally. The problem needs further
study. However, the very possibility of reticulate
speciation in Lymnaeidae (not known previously)
is intriguing and may partially explain the high
level of morphological variation in the pond snails
that caused the extreme taxonomic inflation in the
family in the past.

Our analyses expose the existence of a rela-
tively high percentage of hybrid specimens in
Palaearctic Stagnicola.

In contrast to our conclusions in an earlier mo-
lecular genetic study of S. montenegrinus (Schniebs
et al. 2012), we can now consider that specimens
showing the morphology described for S. monte-
negrinus are probably hybrids of S. corvus with an-
other Stagnicola species, possibly S. palustris or S.

fuscus.

At the present time, neither S. palustris nor S.
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Table 4. Morphological and caryological comparison between species of Corvusiana and Stagnicola s. str.

Character Corvusiana Stagnicola s. str. Source
Shell height Up to 45 mm Up to 30 mm See Table 2
Praeputium: penial sheath ratio >2.00 <1.50 Kruglov 2005
Number of prostate folds 5-10 1 Kruglov 2005
NF* 60 72 Garbar et al. 2004

*NF (nombre fundamental) - total number of chromosome arms.

fuscus occur in those regions where S. montenegri-
nus is found, we thus interprete S. montenegrinus
as a result of ancient hybridisation or hybridisa-
tion due to zoochory-mediated long-distance dis-
persal. Thus, the taxonomy of Stagnicola montene-
grinus can only be unravelled by an integrative
approach combining morphology, anatomy, bio-
geography, and genetics, similar to the study of
the caenogastropod freshwater snail genus Bythi-
nella (Haase et al. 2007), and needs further investi-
gation.

In case of the hybrids between S. palustris and
S. fuscus analysed from Germany and Russia,
there was no considerable morphological signal
found, and their status as a separate species of hy-
brid origin is unwarranted. Specimens with the
typical morphology of S. palustris have mitochon-
drial COI and cyt-b sequences so similar to S. fus-
cus that they cluster together and allow no genetic
differentiation by these two genes. Therefore, mo-
lecular genetic analyses of the mitochondrial COI
and cyt-b genes lead to results inconsistent with
those of morphological examination and molecu-
lar genetic analyses of the nuclear ITS-2 spacer.
Palaearctic Stagnicola snails are another example
for the occurrence of gene flow between species.

Conclusions

With the new results presented here, we show that
the mitochondrial COI and cyt-b genes are not
suitable for phylogenetic analyses and for barcod-
ing within Stagnicola and possibly also for other
Lymnaeidae. As already established in our earlier
molecular genetic studies on Stagnicola (Schniebs
et al. 2012), we hold the view that the phylogenetic
hypotheses based on nuclear markers are much
more reliable than the hypotheses based on the
mitochondrial markers COI and cyt-b.

Our results present another example of possi-
ble obstacles related to DNA barcoding proce-
dures that are rather popular in current zoology,
including malacological studies (Mikkelsen et al.
2007, Davison et al. 2009, Weigand et al. 2011). It is

strongly recommended not to base taxonomic
changes on mtDNA alone (Ballard & Whitlock
2004, Nygren 2013). Careless usage of the single-
molecule approach and formal statistical algo-
rithms of species delimitation may enhance taxo-
nomic inflation (Stalstedt et al. 2013). We believe
that only multidimensional approaches (including
the study of morphological traits, mtDNA, nuclear
DNA, zoogeographic data) can lead malacologists
to reliable species delineation in aquatic pul-
monates.
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