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Abstract  The cytochrome oxidase ¢ subunit I (COI) partial sequences of all the nominal species of Belgrandiella Wagner,
1927, and Pontobelgrandiella Radoman, 1973 described so far from Bulgaria, collected from 16 populations, have been
studied. The results rejected the occurrence of any representative of the genus Belgrandiella in Bulgaria since all the popu-
lations belonged to Pontobelgrandiella. 60 sequences have been studied, among them eleven COI haplotypes (haplotype
diversity Hd=0.870) have been identified. Divergence level has been small, with nucleotide diversity=0.0078 and 14 variable
sites. With an exception of one population, no intrapopulation polymorphism has been found. The haplotypes formed four
clades, with low p-distances between them (0.7-1.5%). The clade I, represented by eight populations, all found in the Balkan
Mountains, has been characterised by the highest divergence (five haplotypes, p=0.6-1.2%, thus 3-6 point mutations). The
clade II, with one haplotype, has been found at two localities distant one from another. The clade I1I with three haplotypes, and
the clade IV with two haplotypes, have been found at small areas. The Principal Component Analysis of seven shell measure-
ments showed some morphological distinctness of the representatives of the distinguished clades, although with some overlap-
ping variability. The lack of polymorphism may reflect a founder effect, bottlenecks during subsequent local extinctions and/
or drastic reductions of population size, and may also be a result of strong selection. The genetic distances between the clades:
0.7-1.5%, would indicate the time of divergence from 0.38-0.43 Mya to 0.81-0.92 Mya. Thus the divergence took place in
the Pleistocene, more precisely in Calabrian and Middle Pleistocene. It suggests that the adaptation of Pontobelgrandiella to
troglobiont and stygobiont habitats was quite recent, and still incomplete. The results seem to follow the “climatic relict”
model. The Pleistocene unstable climatic conditions might have promoted the adaptation of this snail to underground waters.
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INTRODUCTION

The genus Belgrandiella Wagner, 1927, with its
type species B. kusceri (A. ]J. Wagner, 1914), was
described from the Rakek Spring in Slovenia.
Many minute truncatelloid gastropods with
ovate-conic or conic shells have been assigned to
Belgrandiella, without examining the anatomy. The
range of the genus, given in the literature, spans
from Slovenia (LoZek & Brtek, 1964) to Greece
(Schiitt, 1980). However, in Slovakia there is no
Belgrandiellabut Alzoniella (Szarowska, Falniowski
& Steffek, 2011), and no Belgrandiella in Greece
(Radoman 1983). The genus Pontobelgrandiella
Radoman, 1973, with its type species Belgrandiella
nitida Angelov, 1972, was described from a
spring at the cave entrance near village Polaten
N of Teteven town (Radoman, 1973, 1983). From
Bulgaria, many Belgrandiella species have been
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described (Wagner, 1927; Angelov, 1959, 1972,
1976; Pintér, 1968; Hubenov, 2005, 2007; Gloer
& Georgiev, 2009; Georgiev, 2011 a, b, ¢, d;
Georgiev, 2012; Georgiev, 2013a). Recently, a sec-
ond Pontobelgrandiella species was described: P.
tanevii Georgiev, 2013, from the pre-Balkan area
of the northern Bulgaria (Georgiev, 2013b). All
the Bulgarian “Belgrandiella”/Pontobelgrandiella
nominal taxa are subterranean: either troglobiont
or stygobiont, but there a few possible excep-
tions. At the surface in spring pools, especially
after periods of high flow, numerous empty
shells can be found along with the occassional
live specimen. Although at a few localities living
specimens can be more numerous. This makes
the collection of these snails difficult, especially
for any study of population genetic structure.
This also means that the habitats of these snails,
especially the troglobiont ones, have to be deline-
ated. Current phylogeographic studies confirmed
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theoretical assumptions that cave animal taxa are
often cryptic and possess highly restricted geo-
graphical distributions despite potential gene
flow from surface populations (Juan, Guzik,
Jaume & Cooper, 2010), which is not the case in
the Bulgarian “Belgrandiella”/Pontobelgrandiella.
Caves are relatively stable, long-lasting environ-
ments and individual ones often have an island
character with no subterranean connections to
any others. In some cases, particular caves can be
characterized by endemic taxa with long, inde-
pendent, evolutionary histories (e.g., Falniowski,
Szarowska, Sirbu, Hillebrand & Baciu, 2008) that
differ strongly from their sister taxa occurring
outside caves. To our knowledge, there is no
study on a group of widely (distances more than
200km) geographically distributed, phylogeneti-
cally close, subterranean populations, such as the
snails presented in this paper.

The aim of the present study is: (i) to test the
occurrence of Belgrandiella in Bulgaria; (ii) to
describe a pattern of metapopulation genetic
structure of this group of mostly subterranean

gastropods; (iii) to infer the possible origin
and history of Pontobelgrandiella in Bulgaria. To
achieve this, the cytochrome oxidase ¢ subunit I
(COI) has been analysed.

MATERIAL AND METHODS

Sample Collection And Fixation

We collected “Belgrandiella” snails from 16 locali-
ties (including B. angelovi, B. dobrostanica, B.
pandurskii, B. stanimirae, B. zagoraensis nominal
species) and Pontobelgrandiella tanevi, from one
locality from the Bulgaria (Fig. 1 and Table 1).
Snails were collected by hand or with a sieve.
Individuals to be used for molecular analyses
were then washed in 80% ethanol and then left
to stand in it for about 12 hours. Afterwards, the
ethanol was changed twice in 24 hours and, after
few days, the 80% ethanol was replaced by 96%.
Samples were then stored in -20°C prior to DNA
extraction. Individuals for the morphological
study were fixed in 4% formaldehyde and then
stored in 80% ethanol.
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Figure 1 Sampling sites used in the present study. See also Table 1.



Table.1 The sampling localities with their geographical coordinates, and the haplotypes for COI gene detected
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in each locality. Compare with Fig. 1.

ID  morphological taxon Site Coordinates COI haplotypes
Bl  B. angelovi Bulgaria — Tvarditsa, spring 42°42'20"N  25°53'52"E  H1x6
B2 B. pandurskii Bulgaria — Devetashka cave, 43°14'03"N  24°53'04"E H2A, H2Bx3
entrance of the cave

B3 Belgrandiella sp. Bulgaria — Dalboki, water source 42°28'50"N  25°46'14"E  H3x2
near the hut of village

B4  B. dobrostanica Bulgaria — Chardaka, water source  41°53'13"N  24°53'07"E  H4x2

B5  B. zagoraensis Bulgaria — Stara Zagora, spring 42°26'22"N  25°38'25"E  H3
near the Park “Bedechka”

B6  B. pandurskii Bulgaria — Krushuna, spring near ~ 43°15'05"N  25°02'09"E H2Bx7
the entrance of Vodopada cave

B7  B. angelovi Bulgaria — Zeleno Darvo, two 42°48'50"N  25°17'16"E  H7x4
springs in a beech forest

B8  B. stanimirae Bulgaria — Tryavna, Zmeyova 42°52'35"N  25°28'35"E  H8x1
Dupka cave

B9  B. angelovi Bulgaria — Stokite, stream in a 42°53'32"N  25°04'10"E  H9x5
mixed deciduous forest

B10  B. zagoraensis Bulgaria — Stara Zagora, spring 42°25'53"N 25°39'14"E  H10x1
near Bedechka River

B11 B. angelovi Bulgaria — Gradets, water source 42°47'53"N 26°33'15"E  H1x2

B12 Pontobelgrandiella tanevi  Bulgaria — Bezhanovo, stream at 43°13'44"N  24°23'19"E  H4x11
the entrance of Parnitsite cave

B13 B. angelovi Bulgaria — Shipka Pass, water 42°49'02"N  25°19'28"E  H13x2
source at the north mountain slope

B14 Belgrandiella sp. Bulgaria — Kotel, spring at river 42°53'20"N  26°26'20"E  H14x4
bank

B15 B. angelovi Bulgaria — Stara Planina, Sinite 42°43'43"N  26°18'09"E  H3x5
Kamani Nat. Park spring

B16 Belgrandiella sp. Bulgaria — Lednika Cave, Stara 42°56'04"N  26°30'36"E  H1x3

Planina Mts.

Morphological Techniques

Snails were photographed with a CANON EOS
50D digital camera, attached to a NIKON SMZ18
stereo-microscope with dark field, measurements
were taken with a NIKON DIGITAL SIGHT DS-2
camera measurement system.

Morphometric Techniques

We measured seven shell morphometric param-
eters (Szarowska, 2006; Falniowski, Szarowska,
Gloer & Pesi¢, 2012) in ten specimens out of each
of the nine clades, represented by one population
each. The linear measurements were then loga-
rithmically transformed. For angular measure-
ments, the arcsine transformation was applied.
We calculated Euclidean distances and computed
minimum spanning tree (MST) using NTSYSpc
(Rohlf, 1998). The same program was used to
compute a principal component analysis (PCA),

based on the matrix of correlation (Falniowski,
2003). The original observations were projected
into PC space, with a superimposed minimum
spanning tree (performed for clarity, not pre-
sented in the figures) to detect local distortions
in the data.

DNA Extraction And Sequencing

DNA was extracted from foot tissue using a
SHERLOCK extracting kit (A&A Biotechnology)
and dissolved in 20 ul of TE buffer. PCR was
performed in the reaction mixture of total vol-
ume 50 pl using the following primers: LCOI490
(5’- GGTCAACAAATCATAAAGATATTGG-3)
(Folmer, Black, Hoeh, Lutz & Vrijenhoek, 1994)
and COR722b (5-TAAACTTCAGGGTGACCAA
AAAATYA-3") (Wilke & Davis, 2000) for the COI
gene. The PCR conditions were as follows: initial
denaturation step of 4 min at 94°C, followed by
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35 cycles at 94°C for 1 min, 55°C for 1 min, 72°C
for 2 min, and a final extension of 4 min at 72°C.
Ten pl of the PCR product was run on 1% agarose
gel to check the quality of the PCR product. The
PCR product was purified using Clean-Up col-
umns (A&A Biotechnology). The purified PCR
product was sequenced in both directions using
BigDye Terminator v3.1 (Applied Biosystems),
following the manufacturer’s protocol and using
the primers described above. The sequenc-
ing reaction products were purified using
ExTerminator Columns (A&A Biotechnology),
and the sequences were read using an ABI Prism
sequencer.

Molecular Data Analysis

Sequences were aligned in Bioedit 7.1.3.0 (Hall,
1999). Basic sequence statistics, including haplo-
type polymorphism and nucleotide divergence,
were calculated in DnaSP 5.10 (Librado & Rozas,
2009). The saturation test was examined using
DAMBE (Xia, 2013).

In the phylogenetic analysis three other
sequences from GenBank were used as outgroups:
Alzoniella slovenica (JF742656, Szarowska et al.,
2011), Avenionia brevis (AF367638, Wilke, Davis,
Falniowski, Giusti, Bodon & Szarowska, 2001)
and Belgrandiella kusceri (KT218520, Falniowski
& Beran, 2015). The data were analysed using
an approach based on Bayesian inference (BI)
and maximum likelihood (ML). We applied the
GTR +I +I" model because over-parameterization
seems to be less dangerous for BI analyses
than under-parameterization (Huelsenbeck &
Rannala, 2004). For ML analyses, GTR +I +I is
the only nucleotide substitution model imple-
mented in RAXML.

The Bayesian analyses were run with MrBayes
ver. 3.2.3 (Ronquist, Teslenko, van der Mark,
Ayres, Darling, Hohna, Larget, Liu, Suchard
& Huelsenbeck, 2012) with default priors. Two
simultaneous analyses were performed, each
lasting 10,000,000 generations with one cold
chain and three heated chains, starting from ran-
dom trees and sampling trees every 1000 gen-
erations. The first 25% of trees were discarded
as burn-in. The analyses were summarised on a
50% majority-rule tree.

A maximum likelihood (ML) approach was
applied in RAXML v8.0.24 (Stamatakis, 2014).
One thousand searches were initiated with
starting trees obtained through the randomized

stepwise addition maximum parsimony method.
The tree with the highest likelihood score was
considered as the best representation of the phy-
logeny. Bootstrap support was calculated with
1000 replicates and summarized onto the best
ML tree. RAXML analyses were performed using
free computational resource CIPRES Science
Gateway (Miller, Pfeiffer & Schwartz, 2010).

To infer haplotype networks of the markers
used, a median-joining calculation was imple-
mented in NETWORK 4.6.1.1 (Bandelt, Forster &
Rohl, 1999).

REsuLTS

In total we obtained 60 sequences of COI gene
(552 bp, GenBank Accession numbers KU496965—-
KU497024). The saturation test by Xia, Xie,
Salemi, Chen & Wang (2003) revealed no satura-
tion. Among them, eleven COI haplotypes (hap-
lotype diversity Hd=0.870) were identified (Table
1). All new sequences belonged to one mitochon-
drial lineage — Pontobelgrandiella, which is clearly
distinct from Belgrandiella haplotypes (p=0.124
for B. kusceri from Rakek in Slovenia: Falniowski
& Beran, 2015). The divergence level among
Pontobelgrandiella lineage is small, with nucleo-
tide diversity=0.0078 and 14 variable sites. With
the exception of the population at locality B3,
with two haplotypes, all other populations have
been found to have only one haplotype, thus no
infrapopulation polymorphism has been found.
The Pontobelgrandiella haplotypes formed four
clades (Fig. 2, 3), but differences between them
are small (0.7-1.5%, Table 2). The geographic dis-
tribution of the clades is shown in Fig. 4.

Clade I (Figs 2-3) shows the highest diver-
gence of the sequences (p=0.6%). All populations
representing this clade inhabit central-eastern
Bulgaria (Fig. 4). Population B8 represents the
nominal species Belgrandiella stanimirae, B5 and
B10 represent Belgrandiella zagoraensis, three

Table. 2 p-distances between main COI clades of
Pontobelgrandiella. For details see Fig. 2. Mean dis-
tances within clades are also shown (italics).

clade I

clade I 0.006

clade II 0.008 0.003

clade III 0.014 0.007 -

clade IV 0.015 0.007 0.008 0.002

cladeII clade III clade IV
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Figure 2 The maximum-likelihood phylogram for COI gene.
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Figure 3 The median-joining haplotype network of COI haplotypes. The shades/colours indicate the specific
clades, see Fig. 2.
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Figure 5 Shell biometry (PCA) of Pontobelgrandiella for the four main clades (see COI phylogenetic tree, Fig. 2).
Shell measurements were as shown in the inset: a — shell height, b — body whorl breadth, ¢ — aperture height,
d — spire height, e — aperture breadth, o — apex angle, p — angle between body whorl suture and horizontal
surface.
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Figure 6 Shells of Pontobelgrandiella; scale bar equals Imm.

populations of B. angelovi and two Belgrandiella
sp. also belong to this clade. The locality B8 and
the other populations belonging to clade I, are
characterized by relatively high genetic distance
(p-distance: 0.6-1.2%, respectively, thus 3-6 point
mutations). PCA on the seven shell characters
(Fig. 5) also shows that morphological variability
is the highest in clade I.

Clade II is represented by single haplotype
(Figs 2-3), found in two populations: B4 and B12
(Fig. 4), separated by a long distance, meridion-
ally. The shells within this clade are characterized
by wide variability, partly overlapping clade I
(Fig. 4). The representatives of the other two
clades have been found close to each other, in the
northern part of the central Bulgaria (Fig. 4).

Clade III, represented by three haplotypes
(Figs 2—4 ; p=0.3%) has been found at three local-
ities (B2, B6, B9), and clade IV, with two haplo-
types (p=0.2%), at two localities (B7 and B13).

Shell variability within clade III is also wide, but
nearly not overlapping with clade I (Fig. 6).

DiscussioN

The results undoubtedly reject the occurrence
of representatives of the genus Belgrandiella in
Bulgaria. This confirms the opinion of Radoman
(1985), but contradicts the allegations of Schiitt
(1980) who expanded the range of Belgrandiella
as far as to Greece, and including in it several
tiny representatives of various families such
as Litthabitella or Grossuana. All the Bulgarian
populations studied here belong to the genus
Pontobelgrandiella, and, which should be stressed,
they cover all the known range of the genus.

In general, the nominal morphospecies of
“Belgrandiella” molecularly do not form distinct
clades, since sequences of “B. angelovi” belonged
to three clades (I, III and the most distinct clade
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IV). It is noteworthy that “B”. pandurskii has been
found in caves, springs and streams at the sur-
face, thus its genetic variability may be accom-
panied by the suite of inhabited habitats. The “B.
pandurskii” formed a subclade with one of “B.
angelovi” within clade III. The “B. dobrostanica”
was identical to Pontobengrandiella sp. and both
formed clade II. The “Belgrandiella stanimirae”
and “B. zagoraensis” belonged to clade I, with
“B. angelovi”, and two “Belgrandiella” sp. popu-
lations. Interestingly, “B. stanimirae” (from the
cave) is distant from the rest of the clade I with
p-distance 0.006-0.012.

As already pointed out in the introduction,
Pontobelgrandiella is an inhabitant of subterranean
waters, either stygobiont or troglobiont, thus at
the surface (usually in springs) available popula-
tions are formed by single or a few living speci-
mens, only empty shell may be numerous. At a
few localities some more living specimens were
found at the surface, although it seems dubi-
ous that they survive or could reproduce there.
This makes it difficult to study the genetic struc-
ture of those populations, as is the case of other
inhabitants of caves and subterranean waters
as reflected in the sparse literature (Falniowski
et al., 2008, Juan et al., 2010: references therein).
For cavernicolous gastropods the following
studies are representative; Kano & Kase (2004)
(neritopsid Neritilia cavernicola from Philippines),
Schilthuizen, Cabanban & Haase (2006) (cae-
nogastropod representative of Hydrocenidae
Georissa from Borneo), and Bichain et al., 2007 a,
b (Bythinella from France).

With the exception of one population, there
was no intrapopulation polymorphism. This,
in part, could be explained by low numbers of
sequenced specimens per population, as a con-
sequence of low numbers of collected animals.
On the other hand, in some cases there were six
to eleven sequences in single population, but
there was also no polymorphism. Low poly-
morphism or no polymorphism at all is char-
acteristic of troglobiont populations (Juan et al.,
2010). The lack of polymorphism may reflect a
“founder effect” resulting from the initial colo-
nization by a few specimens. Alternatively a
“bottleneck” during subsequent local extinc-
tions and/or drastic reductions of population
size may result in low polymorphism. Strong
selection pressures may also result in low
polymorphism.

The genetic p-distances between the clades:
0.7-1.5%, applying the calibration of the molecu-
lar clock given by Wilke (2003) and Hershler &
Liu (2008), would indicate the time of divergence
from 0.38-0.43 Mya, respectively, to 0.81-0.92
Mya. Thus the divergence took place in the
Pleistocene, more precisely in the Calabrian and
Middle Pleistocene. Subsequent interglacials
and glacials, the latter forming local glaciers in
Bulgaria (Zagorchev, 2007) obviously resulted
in formation of numerous barriers, promoting
allopatric differentiation. Anyway, the history
of the studied populations may not be long. The
observed diversity within clade I, with relatively
high haplotype diversity coupled with low nucle-
otide diversity, is in accordance with the model
of rapid population growth from the ancestral
population characterized by low evolutionary
effective size (Avise, 2000). There was enough
time to bring back haplotype diversity through
mutations, but too less to accumulate the muta-
tions to restore higher distances between the
haplotypes. Such interpretation seems justified
in case of those subterranean gastropods, whose
populations probably are established by a few
immigrants. Similar remarks could concern clade
ML

The representatives of clade II have been
found at two localities only, nearly 200km dis-
tant one from another, between this localities,
Pontobelgrandiella have not been found. Perhaps
the sampling has not been dense enough. Despite
such high distance, between the two localities the
haplotype is the same.

The general pattern of the genotypic diver-
gence in Pontobelgrandiella indicates a short life-
time for all the populations, and their presence
over a relatively big area suggests the ability of
the snail to passively invade new localities. This
ability seems rather unexpected for a representa-
tive of a subterranean fauna. The route of expan-
sion to new localities, and forming new popu-
lations, remains enigmatic in Pontobelgrandiella.
The few observed cases of rather numerous
living specimens at the surface may reflect the
ability of Pontobelgrandiella to survive some time
at the surface. It has to be noted that in case of
troglobionts inhabiting caves one could expect
stabile, long lasting habitats, but in case of stygo-
bionts inhabiting ground and interstitial waters
rather drastic instability may be typical. The
latter may substantially influence the pattern



of differentiation. We cannot specify the fac-
tors that preclude inhabiting surface waters by
Pontobelgrandiella. We could only speculate that
there might be: high temperature, solar radiation,
competition with the other spring inhabitants, or
predation. It could be supposed that, during gla-
ciations, all the above factors had a lower effect
on Pontobelgrandiella than in interglacials, which
thus promoted expansion of Pontobelgrandiella
during glaciations. The low genetic divergence
may also indicate quite recent adaptation of
Pontobelgrandiella to troglobiont and stygobiont
habitats. The Calabrian and Middle Pleistocene
may have been times of adaptation of this snail
to underground waters, which may be promoted
by the Pleistocene unstable climatic conditions.
Perhaps the surface ancestral population, before
its shift to the underground waters, during the
more and more severe conditions on the sur-
face, was drastically bottlenecked; the shift to
the underground conditions was also, possibly,
accompanied by selection. However, it seems
that the subterranean populations were formed
by one or only a few haplotypes, and that later
mutations restored slight polymorphism.

Two alternative models of the speciation of the
cave fauna have been proposed: “climatic relict”
and “adaptive shift” (Howarth, 1973; Holsinger,
2000; Rivera, Howarth, Taiti & Roderick, 2002).
The first of them, proposed for continental eco-
systems of the temperate zone (Holsinger, 1988,
2000; Peck & Finston, 1993) assumes that inva-
sion of subterranean habitats, with the gene
flow from the surface populations still present
after invasion, is followed by later speciation
of the subterranean populations in strict allopa-
try, after extinction of the surface populations
caused by the climatic shifts, like glaciations
or aridity. This model most probably holds for
Pontobelgrandiella, although the process seems
unfinished.
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