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Abstract  The shell and genetic interpopulation differences (for mitochondrial cytochrome oxidase subunit I and nuclear 
histone 3) were studied for 21 localities of Sadleriana Clessin, 1890, representing nominal species: S. fluminensis (Küster, 
1852), S. sadleriana (Frauenfeld, 1863), and S. robici (Clessin, 1890), all from the Balkans, and for S. bavarica Boeters, 
1989, known only from one short stream within a park in Munich in Bavaria. Species distinctness was confirmed for S. robici, 
but not for S. sadleriana. The Bavarian S. bavarica was found to form a clade within the widely distributed and genetically 
variable S. fluminensis, also the shell and soft part morphology were the same for both taxa. Thus, Sadleriana bavarica 
Boeters, 1989 should be consider a younger synonym of S. fluminensis (Küster, 1853). The origin of the isolated Bavarian 
population is more likely to be explained by human transportation.
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Introduction

Sadleriana Clessin, 1890, with its type species 
Paludina fluminensis Küster, 1853, described 
from Močilnik Spring in Slovenia (Fig. 1A) 
inhabits springs and upper parts of the streams 
in Slovenia, Croatia, Bosnia and Herzegovina 
(Radoman, 1967, 1978, 1983, 1985; Kabat & 
Hershler, 1993; Falniowski et al., 2021). Reports 
of Sadleriana from Bulgaria (Georgiev, 2011; 
Georgiev & Glöer, 2013, 2022) remain doubtful. 
Frauenfeld (1863) described another species, S. 
sadleriana (Frauenfeld, 1863) and Clessin (1890) 
described S. robici (Clessin, 1890), whose distinct-
ness reflected in the cytochrome oxidase subunit 
I (COI) sequences was confirmed by Szarowska 
& Falniowski (2013). Schütt (1969) described S. 
supercarinata (Schütt, 1969) (as Pseudamnicola) 
with a strong keel on the shell. The genus 
was revised by Bole (1972). Radoman (1978) 
described the stygophile S. cavernosa Radoman, 
1987, whose distinctness was supported molecu-
larly by Delicado (2018). The Central European S. 
pannonica (Frauenfeld, 1865), inhabiting springs 
in Hungary and Slovakia, was found to repre-
sent the genus Bythinella Moquin-Tandon, 1856 
(Szarowska & Wilke, 2004, Szarowska 2006), 

considering both anatomy and molecular data.
Unexpectedly, Seidle & Colling (1986) found 

what they considered to be the Balkan S. flumin-
ensis within the city limits of Munich, Bavaria, 
occurring only in a short (approximately 3 kilo-
metres long) cool stream flowing from a small 
spring Brunnbach (in Herzogpark area: Fig. 1B) 
into the Isar river (Seidl & Colling, 1986, Boeters, 
1989, Glöer, 2002, Szarowska & Wilke, 2004). This 
habitat is regarded as an isolated remnant of 
glacial deposits from the Riß period and is thus 
older than similar habitats around it, which were 
remodelled by moraines during the subsequent 
Würm glaciation (Koller et al., 2014), which per-
haps influenced the idea of narrow endemism of 
this taxon. Boeters (1989) considered this popula-
tion to represent a distinct species and described 
it as S. bavarica Boeters, 1989. Koller et al. (2014) 
presented aspects of the 3D microanatomy of 
S. bavariaca, which is the most detailed ana-
tomical study of a representative of the family 
Hydrobiidae.

The aim of our study is to resolve the phy-
logenetic relationships and species status of 
Sadleriana bavarica, S. fluminensis, S. sadleriana and 
S. robici, applying molecular markers: mitochon-
drial cytochrome oxidase subunit I (COI) and 
nuclear histone 3 (H3). Especially we consider Contact author : andrzej.falniowski@uj.edu.pl
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Figure 1  Type localities: A – Močilnik Spring, type locality of S. fluminensis (Küster, 1853); B – Brunbach Spring, 
Munich, type locality of Sadleriana bavariaca Boeters, 1989.
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two alternative explanations of the origin of the 
population of S. bavarica in Germany. Either this 
population represents a north-easternmost relict 
of a wider distribution of Sadleriana in the past, 
or it has been introduced by passive transporta-
tion (human or bird).

Material and methods

The snails were collected by hand or with a net at 
21 localities (Fig. 2, Table 1). Samples were sieved 
through a 500 μm sieve and fixed in 80% ana-
lytically pure ethanol, replaced two times, and 
later the samples were sorted. Next, the snails 

were put in fresh 80% analytically pure ethanol 
and kept in -20oC temperature in a freezer. The 
shells were photographed with a CANON EOS 
50D digital camera, under a NIKON SMZ18 
microscope with dark field illumination. The 
dissections were done under a NIKON SMZ18 
microscope.

DNA was extracted from whole specimens; 
tissues were hydrated in TE buffer (3 × 10 min); 
then total genomic DNA was extracted with the 
SHERLOCK extraction kit (A&A Biotechnology), 
and the final product was dissolved in 20 μl of 
tris-EDTA (TE) buffer. The extracted DNA was 
stored at −80°C at the Department of Malacology, 

Figure 2  Localities of origin of the sequenced specimens. Numbers correspond to Table 1. Colours correspond 
to genetic lineages in the phylogram (Fig. 4).
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Institute of Zoology and Biomedical Research, 
Jagiellonian University in Kraków (Poland). A 
fragment of mitochondrial cytochrome oxidase 
subunit I (COI) and nuclear histone H3 (H3) were 
sequenced. Details of PCR conditions, primers 
used, and sequencing technique were given in 
Szarowska et al. (2016). The Sanger sequenc-
ing was performed in Genomed Company in 
Warsaw, Poland.

Sequences were initially aligned in the 
MUSCLE (Edgar, 2004) program in MEGA 
7 (Kumar et al., 2016). The correctness of the 
alignment was checked in BIOEDIT 7.2.5 (Hall, 
1999); this program was also used to translate of 
sequences and check for reading frame and stop 
codons. Uncorrected p-distances were calculated 
in MEGA 7. The estimation of the proportion of 
invariant sites and the saturation test (Xia, 2000; 
Xia et al., 2003) were performed using DAMBE 
(Xia, 2013). In the phylogenetic analysis addi-
tional sequences from GenBank were used (Table 

2). The phylogenetic analysis was performed 
applying two approaches: Bayesian inference 
(BI) and maximum likelihood (ML). In the BI 
analysis, the GTR + I + Γ model of nucleotide 
substitution was applied. Model was selected 
using MRMODELTEST 2.3 (Nylander, 2004). 
The Bayesian analyses were run using MrBayes 
v. 3.2.3 (Ronquist et al., 2012) with defaults of 
most priors. Two simultaneous analyses were 
performed, each with 10,000,000 generations, 
with one cold chain and three heated chains, 
starting from random trees and sampling the 
trees every 1,000 generations. The first 25% of 
the trees were discarded as burn-in. The analy-
ses were summarised as a 50% majority-rule 
tree. Convergence was checked in Tracer v. 1.5 
(Rambaut & Drummond, 2009). FigTree v.1.4.4 
(Rambaut, 2010) was used to visualise the trees. 
The maximum likelihood analysis was conducted 
in RAxML v. 8.2.12 (Stamatakis, 2014) using the 
‘RAxML-HPC v.8 on XSEDE (8.2.12) tool via the 

Table 1  Sampling localities with geographical coordinates.

Id Localities      Coordinates

1 Munich, Germany 48.1604 11.6169
2  Potoče river, Slovenia, S29 46.3012 14.4428
3 Vrhnica, Slovenia, S34 45.9607 14.2920
4 Močilnik, Slovenia, S32 45.9544 14.2923
5 Retovje 1, Slovenia, S24 45.9516 14.2966
6 Retovje 2, Slovenia, S25 45.9508 14.2960
7 Dvorce, Slovenia, S18 45.8868 15.6101
8 Krska vas, Slovenia, S19 45.8927 15.5858
9 Kraška vas, aqueduct, Slovenia, S22 45.8624 15.5505
10 Krka spring, Slovenia, S2 45.8897 14.7714
11 Krka 1, Slovenia, S3 45.8862 14.7734
12 Krka 2, Slovenia, S4 45.8827 14.7815
13 Klečet, Slovenia, S7 45.8536 14.8841
14 Žužemberk, Slovenia, S8 45.8287 14.9304
15 Planina, Slovenia, S17 45.8225 14.2480
16 Žerovnica 1, Slovenia, S9 45.7631 14.4356
17 Žerovnica 2, Slovenia, S10 45.7619 14.4342
18 Žerovnica 3, Slovenia, S11 45.7603 14.4260
19 Izvor Klokot, Bihač district, Bosnia & Hercegovina 44.8244 15.8024
20 Orašac, Bihač district, Bosnia & Hercegovina 44.6217 16.0679
21 Confluence of Trebišnjica River with the Potok Blace 42.7154 18.3508
reference sequences
1 Munich, Germany 48.1494 11.5996
4 Močilnik, Slovenia, S32 45.9544 14.2923
12 Krka 2, Slovenia, S4 45.8827 14.7815
22 Sava River, Slovenia, 46.1734 14.4151
23 Zrmanja River, near Radmilovići, Croatia 44.1968 15.7680
24 spring next to the Tounjčica River, Kamenica, Croatia 46.2415 16.0292
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CIPRES Science Gateway (Miller et al., 2010). 
We chose the GTR + G model, using jMODEL-
TEST2 via CIPRES. In the ML inference based 
on the concatenated sequences the model was 
estimated separately for each partition. For COI, 
two species delimitation methods were used: 
Poisson Tree Processes (PTP) (Zhang et al., 2013) 
and Automatic Barcode Gap Discovery (ABGD) 
(Puillandre et al., 2011). The bPTP approach was 
run using the web server https://species.h-its.
org/ptp/, with 100,000 MCMC generations, 
a thinning interval of 100 and 0.1 burn-in. We 
used the RAxML output phylogenetic tree. For 
the ABGD approach the web server (https:// 
bioinfo.mnhn.fr/abi/public/abgd/abgdweb.
html) with the default parameters was used.

Results

The shells of some of the sequenced Sadleriana 
bavarica, S. fluminensis, S. sadleriana and S. robici 
(Fig. 3) showed slight differences between the 
nominal taxa. In particular, the shells of S. sadle-
riana were somewhat smaller but nearly identical 

with the ones of S. fluminensis. No differences 
between S. bavarica and S. fluminensis were found 
in the morphology of their shells. Three males 
and three females of each of the two species 
were dissected. Neither the penes, nor the female 
reproductive organs showed differences between 
these two taxa.

56 new sequences of cytochrome oxidase sub
unit I (COI) (GenBank no. OQ575653-OQ575708) 
from 21 localities, and 25 sequences of histone 3 
(H3) (GenBank no. OQ607596-OQ607621) were 
acquired. For histone H3 all the sequences were 
identical. The saturation test (Xia, 2000; Xia et 
al., 2003) showed no saturation for COI. Results 
from the substitution saturation analysis showed 
an ISS (0.74) significantly smaller than its criti-
cal value (ISSC: 0.95), indicating that all the 
sequences are useful in phylogenetic reconstruc-
tion. The topologies of the trees inferred with 
ML and BI approaches were identical in every 
last detail. Genetic p-distances between the taxa 
(Table 3) approached 0.12 between S. cavernosa 
and the other Sadleriana. Lower values, but still 
above 0.05, were calculated for S. robici. The 

Table 2  Reference sequences used in phylogenetic analyses.

Species COI GB numbers References

Agrafia wiktori Szarowska & Falniowski, 2011 JF906762 Szarowska & Falniowski, 2011
Alzoniella finalina Giusti & Bodon, 1984 AF367650 Wilke et al., 2001
Anagastina zetaevallis (Radoman, 1973) EF070616 Szarowska, 2006
Avenionia brevis berenguieri (Draparnaud, 1805) AF367638 Wilke et al., 2001
Belgrandia thermalis (Linnaeus, 1767) AF367648 Wilke et al., 2001
Belgrandiella cf. kuesteri (Boeters, 1970) MG551325 Osikowski et al., 2018
Daphniola louisi Falniowski & Szarowska, 2000 KM887915 Szarowska et al., 2014
Dalmatinella fluviatilis Radoman, 1973 KC344541 Falniowski & Szarowska, 2013
Ecrobia maritima (Milaschewitsch, 1916) KX355835 Osikowski et al., 2016
Fissuria boui Boeters, 1981 AF367654 Wilke et al., 2001
Graecoarganiella parnassiana Falniowski &  
Szarowska, 2011

JN202352 Falniowski & Szarowska, 2011

Graziana alpestris (Frauenfeld, 1863) AF367641 Wilke et al., 2001
Grossuana codreanui (Grossu, 1946) EF061919 Szarowska et al., 2007
Islamia zermanica (Radoman, 1973) KU662362 Beran et al., 2016
Montenegrospeum bogici (Pešić & Glöer, 2012) KM875510 Falniowski et al., 2014
Radomaniola curta (Küster, 1853) KC011814 Falniowski et al., 2012
’Sadleriana bavarica Boeters, 1989’ AY273997 Szarowska & Wilke, 2004
Sadleriana cavernosa Radoman, 1978 MG922562 Delicado, 2018
Sadleriana fluminensis (Küster, 1853) AY273996

KF193077-81
Szarowska & Wilke, 2004
Szarowska & Falniowski, 2013

Sadleriana robici (Clessin, 1890) KF193071-73 Szarowska & Falniowski, 2013 
‘Sadleriana sadleriana (Frauenfeld, 1863)’ MG922569 Delicado, 2018
Sarajana apfelbecki (Brancsik, 1888) MN031432 Hofman et al., 2019
Tanousia zrmanjae (Brusina, 1866) KU041812 Beran et al., 2015
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Figure 3  Shells of Sadleriana: 1T9 – locality 6, 1U41 – locality 16, 1U16 – locality 5, 1U56 – locality 18, 1U70 – local-
ity 15, 1U46 – locality 17, 1U20 – locality 11, 1S21 – locality 10, 2W89 – locality 1, 1H10 – locality 19, 1H11– locality 
20, 1W21 – locality 3, 1S23 – locality 10, 1S29 – locality 12, 1U73 – locality 7, 1U27 – locality 13, 1U32 – locality 14. 
Bar equals: 1mm, dots colour the same as in Fig. 2 and 4.

Table 3  p-distances for COI between (below diagonal) and within (diagonal, bold) Sadleriana putative species.

 S. fluminensis ‘S. bavarica’ ‘S. sadleriana’ S. robici S. cavernosa

S. fluminensis 0.020
‘S. bavarica’ 0.032 0.000
‘S. sadleriana’ 0.032 0.031 0.003
S. robici 0.069 0.070 0.053 0.003
S. cavernosa 0.120 0.119 0.116 0.117 -
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distances between the other three studied taxa:  
S. fluminensis, S. sadleriana and S. bavarica (Table 
3) were 0.031–0.032, comparable with 0.020 found 
between the populations of S. fluminensis.

The phylogram inferred for COI (Fig. 4) con-
firmed distinctness of S. cavernosa. Identity of the 
sequences for H3 in S. bavarica, S. fluminensis, S. 
sadleriana and S. robici reflected close relation-
ships of these four nominal taxa. For COI both 
p-distances (Table 3) and the phylogram (Fig. 3) 
confirm the species distinctness of S. robici (the 
clade with the bootstrap support 99%, Bayesian 
probability 0.99) and the other clade grouping 
the other three studied nominal species (boot-
strap support 93%, Bayesian probability 0.99), 
although the distinctness of S. robici is less evi-
dent than the one of S. cavernosa. The delimita-
tion methods confirmed the distinctness of only 
three Sadleriana species: S. cavernosa, S. fluminensis 
and S. robici. S. robici was found only in Slovenia, 
whereas S. fluminensis in all the study area (Fig. 
1). S. fluminensis and S. robici were found sympa-
trically at four localities (3, 10, 11 and 12).

Discussion

Slight differences in the shell morphology 
between S. sadleriana and S. fluminensis were 
also noticed by Radoman (1983). Morphological 
differences between congeneric truncatelloid 
species often does not exist (Falniowski, 2018). 
Our results confirm the ones of Szarowska & 
Falniowski (2013), and of Delicado (2018), that 
S. cavernosa and S. robici are distinct species, 
although the species distinctness of S. robici is 
less obvious. Unfortunately, such estimates of 
the threshold values of genetic distances justify-
ing the distinction of a species, like the ones pre-
sented for Bythinella by Bichain et al. (2007), are 
neither certain nor universal. In each group of 
species, the threshold values must be estimated. 
Usually, comparison of the intragroup and inter-
group distances is helpful. As we could see in 
the COI tree (Fig. 4), within the big clade group-
ing S. bavarica, S. fluminensis and S. sadleriana the 
diversity within S. fluminensis is nearly as high 
as between the three nominal taxa. Therefore, 
we conclude that S. bavarica and S. sadleriana 
belong to the same genetically variable species: 
S. fluminensis. Distinguishing S. bavarica as a dis-
tinct species, not supported by low p-distances, 
would result in rejection of the monophyly of  

S. fluminensis (Fig. 4). Both applied methods of 
species delimitation distinguished only two spe-
cies, additionally supporting the hypothesis of 
synonymy of S. bavarica.

“Sadleriana bavarica” is evidently an isolated 
population of S. fluminensis. The divergence 
about 3% between it and the other populations of 
S. fluminensis falls within the infraspecific diver-
gence in the latter. Also, neither the morphology 
of the shells and the soft parts anatomy nor the 
H3 sequences confirm interspecies differences. 
Considering the long geographic distance outside 
of the remaining range of the genus Sadleriana, 
as well as the occurrence only in one spring and 
short stream within a park within a big German 
city, coupled with the thousands of the German 
tourists visiting Yugoslavia in 1960s – 1980s, one 
could simply imagine somebody taking snails 
from some spring in former Yugoslavia and 
putting them in a spring in a park in his town. 
Accidental introduction with plants, fish or other 
material is likely as well, although in the case of 
spring and stream this is less probable than for, 
say, a pond or lake. The conditions in southern 
Germany have proved good enough for the sur-
vival but not enough for further expansion of 
the snail, thus a “man-made endemite” was cre-
ated. With the available genetic data we cannot 
indicate which of the Balkan populations was 
the source of the Bavarian one. The absence of 
genetic variation in the Bavarian population may 
reflect the founder effect, although the number 
of sequenced specimens was too low for certain 
estimation.

The second scenario, that “S. bavarica” repre-
sents a north-easternmost relict of a wider dis-
tribution of Sadleriana in the past, is much less 
likely, especially since the occurrence of this 
snail, easily identifiable and usually present in 
large numbers, has not been reported anywhere 
between Munich and the remaining known range 
of Sadleriana, (approximately 200km distance). 
Also, no fossil record is known from southern 
Germany. 

The anthropogenic transportation of snails 
is extremely common (Preston et al. 2022). 
Classic examples include repeated human-
mediated translocations of the Helix pomatia 
Linnaeus, 1758 (e.g., Lubell, 2004, Peltanová et 
al., 2011), some introductions of Physella acuta 
(Draparnaud, 1805) were intentional, through 
ponds and aquaria. Worldwide introductions of 
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Figure 4  Maximum likelihood tree computed for COI sequences; bootstrap support and Bayesian posterior 
probabilities were shown when bootstrap supports >60%. Results of delimitation analysis are also shown.
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Potamopyrgus antipodarum (J. E. Gray, 1843) were 
accidental (e.g., Ponder, 1988; Dillon et al., 2005). 
Bithynia tentaculata (Linnaeus, 1758), common 
Palaearctic species, was first recorded in Lake 
Michigan in 1871, but was probably introduced 
in 1870 (Mills et al. 1993), and now is common 
in North America. South American brackish 
water Heleobia haruana (d’Orbigny, 1841) invaded 
northwest European estuaries (Van Haaren et al. 
2021). Among nearly 500 alien species in Europe, 
more than 20 are molluscs (Nentwig et al., 2018). 
However, these large-scale introductions dif-
fer from a local relocation of the Sadleriana. 
Such a transfer of several individuals does not 
have to be only the result of human activity, 
but also accidental introduction by birds (Rees, 
1965, Cadée, 1988, 1994, Wesselingh et al., 1999, 
Charalambidou & Santamaria, 2002, Figuerola & 
Green, 2002 Wada et al., 2012) or other organisms.

To conclude, we contend that Sadleriana bavar-
ica Boeters, 1989 should be considered a younger 
synonym of S. fluminensis (Küster, 1853).
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