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Abstract

Harboring a large number of endemic species, the Alps and the Western Carpathians are considered as major centers of
biodiversity. Nonetheless, the general opinion until the turn of the millennium was that both Central European mountain
regions did not provide suitable habitat during the Last Glacial Maximum, but were colonized later from southern refuges.
However, recent molecular genetic studies provide new evidence for peripheral Alpine refuges. We studied the
phylogeography of the calciphilous land snail O. dolium across its distribution in the Alps and the Western Carpathians to
assess the amount of intraspecific differentiation and to detect potential glacial refuges. A partial sequence of the
mitochondrial COIl was analyzed in 373 specimens from 135 sampling sites, and for a subset of individuals, partial sequences
of the mitochondrial 16S and the nuclear histone H3 and H4 were sequenced. A molecular clock analysis was combined
with a reconstruction of the species’ geographic range history to estimate how its lineages spread in the course of time. In
order to obtain further information on the species’ past distribution, we also screened its extensive Pleistocene fossil record.
The reconstruction of geographic range history suggests that O. dolium is of Western Carpathian origin and diversified
already around the Miocene-Pliocene boundary. The fossil record supports the species’ presence at more than 40 sites
during the last glacial and earlier cold periods, most of them in the Western Carpathians and the Pannonian Basin. The
populations of O. dolium display a high genetic diversity with maximum intraspecific p-distances of 18.4% (COI) and 14.4%
(16S). The existence of various diverged clades suggests the survival in several geographically separated refuges. Moreover,
the sequence patterns provide evidence of multiple migrations between the Alps and the Western Carpathians. The results
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indicate that the Southern Calcareous Alps were probably colonized only during the Holocene.
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Introduction

The Pleistocene climate changes shaped the phylogeographic
patterns of various organisms [1]. In particular, the severe cooling
starting with the end of the Early Pleistocene (about 900 kya) was
the starting point for massive glaciations in the northern
hemisphere [2]. Mountainous regions such as the Central
European Alps were heavily affected due to shifts in temperature
and humidity, and the expansion of glaciers, resulting for many
taxa in the fragmentation of populations, complete or local
extinction, and the loss of variation due to genetic bottlenecks [1].
Thereby, the Last Glacial Maximum (LGM; 30-18 kya [3]) is of
most relevance in respect to the current distribution of Central
European species. Although the existence of glacial refuges at the
periphery of the Alps was discussed more than half a century ago
[4], the general opinion until end of the 20th century was that
glacial refuges were located mainly in southern regions [1].
However, molecular genetic analyses and fossil data revealed the
existence of northern refuges in the Western Carpathians [5,6]
and the Pannonian Basin [7]. Several peripheral Alpine refuges
were proposed for silicophilous mountain plants [8] and
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calciphilous land snails such as Aranta arbustorum [9-12], Carychium
minimum, Carychium  tridentatum [13)], Trochulus oreinos [14] and
Trochulus villosus [15].

Most molecular genetic studies investigating glacial refuges were
based on the assumption that populations diverged during
isolation in geographically separated areas, and that populations
of former refuge areas are now characterized by high genetic
diversity and the presence of rare (private) alleles [16]. Neverthe-
less, a major obstacle in identifying signatures of Pleistocene
refuges 1is that phylogenetic signals are blurred because of
migration and intermixture of previously separated populations.
Therefore, species showing low dispersal capabilities and specific
habitat requirements, which is the case in most land snails, might
be suited to infer past distributional patterns.

In the present study, we investigate the phylogeographic
patterns of the land snail Orcula dolium (Draparnaud, 1801). The
species inhabits all major limestone areas of the Alps and the
neighboring Western Carpathians [17,18]. O. dolwm is usually
associated with mountainous forest habitats or rocky landscapes
with patches of vegetation, but it is also found on rocky slopes at
high altitudes up to 2160 m above sea level (asl) [17] (and data of
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present study). Within the Alps, the east-west orientated Central
Alps, consisting mainly of silicate rock, represent the largest
distributional barrier for the species; they separate the Northern
Calcareous Alps from the Southern Calcareous Alps. The Vienna
Basin, closing the Pannonian Basin to the north, constitutes
another distributional gap because it separates the populations of
the Northern Calcareous Alps (including the Wienerwald) and the
Western Carpathians. Recent investigations of loess profiles from
the Pannonian Basin show that during the Late Pleistocene O.
dolium also occurred in the lowlands of the region [19], although
the species seems to have vanished from it during the Holocene.
The margins of the Northern Calcareous Alps and the Western
Carpathians, enclosing the Vienna Basin east and west, harbor the
majority of the described 23 subspecies [20]. As these areas were
only partially glaciated during the LGM, they also come into
consideration as potential refuges for the species.

We perform a comprehensive phylogeographic study of O.
dolium analyzing mt and nc markers to detect potential glacial
refuges and to assess the amount of intraspecific variability.
Furthermore, we test whether the described subspecies are
differentiated genetically in the mitochondrial (mt) and nuclear
(nc) markers. Our sample covers almost the entire range of the
species. We include data of the Pleistocene fossil record to obtain
insights into the species’ past distribution. In order to estimate
which potential areas were inhabited by ancestral populations of
O. dolium and to trace the distribution patterns of the mt lineages
throughout time, a molecular clock analysis is performed and
combined with a phylogeographic range reconstruction.

Methods
Study Area and Sampling

Specimens were collected from a large part of the species’
distribution, including several Alpine and Western Carpathian
type localities. O. dolium is not protected by conservation laws of
the countries where the collections were performed. Thus, in
general, permissions were not necessary. For protected areas in
Austria, permissions were provided by federal states authorities.
Permit numbers: RU5-BE-64/011-2013 (Lower Austria), FA13C-
53 Sch 6/6-2007 (Styria) and N10-117-2008 (Upper Austria).
Most samples of O. dolium were collected in the Northern
Calcareous Alps (Austria and Germany), a lesser fraction in the
Western Carpathians (Slovakia), the Southern Calcareous Alps
(Austria, Slovenia and Italy) and the Western Alps (Switzerland),
totaling 373 specimens of 135 sites (Table 1). The habitats include
wooded areas in the lowland, mountainous vegetated areas and
rocky slopes in the alpine zones, with an altitudinal range from
120 m to 2160 m asl. Elevation and position were determined via
GPS. At every sample locality, if available, a minimum of three
living specimens was collected, prepared for DNA analyses and
stored in 80% ethanol following the protocol of [21]. Orcula conica
(Rossmassler, 1837) (ID: 3899; Trogener Klamm, Carinthia) was
used as outgroup. Selected type specimens of O. dolium subspecies
included in the present study are shown in Fig. SI. For the
inference of substitution rates used in the molecular clock analysis,
six specimens of Orculella bulgarica (Hesse, 1915) and four specimens
of Orculella aragonica (Westerlund, 1897) were included. Samples of
Orculella bulgarica were collected by Barna Pall-Gergely (Shinshu
University, Matsumoto, Japan; Turkish samples) and Alexander
Reischuetz (Greek samples). DNA samples of O. aragonica were
obtained from Benjamin Gémez-Moliner (Universidad del Pais
Vasco, Vitoria, Spain). Voucher specimens of the first three taxa
are deposited in the Natural History Museum Vienna, the
whereabouts of the O. aragonica vouchers are provided in [22].
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Every individual sample was assigned an ID consisting of a unique
specimen number and a locality tag. The latter encodes the Alpine
geographic mountain region as classified in the SOIUSA system
[23], with localities of each region numbered from west to east
(Table 1). Due to their geographic vicinity to the Northern
Calcareous Alps, the sites located in the Fischbach Alps, Eastern
Styrian Prealps and Lavanttal Alps as well as those of the
Wienerwald, which are classified to the Central Alps in the
SOIUSA system, are treated as Northern Calcareous Alpine
mountain regions here. A map providing an overview of the
mountain regions investigated is shown in Fig. 1. The Slovakian
sites were each assigned to one of the geological areas defined for
the Carpathians [24]. To illustrate distribution patterns, the
haplotypes in the phylogenetic trees and the histone network are
marked by different colors, corresponding to the SOIUSA
mountain regions as shown in Fig. 1.

Molecular Markers and Primer Design

DNA was extracted from 373 O. dolwm specimens with the
QIAgen Blood and Tissue Kit, using a piece of foot tissue. A
partial region of the mt cytochrome c oxidase I gene (COI) was
sequenced in all 373 specimens. From a subset of 54 individuals
(including representatives of the major mt clades, type localities,
peripheral geographic regions and contact zones of distinct mt
clades), two additional markers were amplified: a section of the mt
16S gene, as well as a nc sequence comprising almost the entire
sequences of the histone 4 and 3 genes and the complete internal
spacer region (H4/H3). The two histone genes are orientated in
opposite direction and are separated by a non-coding spacer
region, an arrangement which is probably not universal in
gastropods but was verified so far particularly for species of the
informal group of Orthurethra (sensu [25]). The COI and 16S
sequences were also amplified in the eleven outgroup specimens.
The COI forward primer COIfolmerFwd [14] is a variant of the
standard primer LCOI1490 [26]; H2198-Alb [10] was used as
reverse primer. New 16S primers were designed for the
amplification of a fragment of approximately 850 bp. The forward
primers, 16SLOrcl_fiw and 16SLOrc2_fw, bind about 50 bp away
from the 5'-end of the 768 rRNA gene and the reverse primer
16SLOrc_rv 1s situated in a conserved region about 850 bp
downstream. The H4/H3 primers, OrcH4_lefil and OrcH4_lefi2
(positioned at the 3'-end of the H4 gene) were designed based on
alignments of H3 and H4 sequences from GenBank. The reverse
primer OrcH3_right] (at the 3'-end of the H3 gene) was published
by [27]. Internal primers for sequencing (OreH3S_right3 and
OrcH4S_lefi3) were positioned close to the spacer in the coding
sequences to obtain the complete 1100 bp fragment with two
sequencing runs. The PCR primers (OreH4_lefil, OrcH4_left2 and
OrcH3_rightl) cover a wider spectrum of Orthurethra taxa, while
the internal primers (OrcH3S_right3 and OrcH4S_lefi3) were
especially adapted to the genus Orcula. All primers are listed in

Table 2.

PCR Amplification and Cloning

COI and 16S fragments were amplified with the Roche Taq
DNA polymerase for direct sequencing. The PCR started with a
denaturation step for 3 min at 94°C, followed by 35 cycles with
30s at 94°C, 30s at the particular annealing temperature
(Table 2), and 1 min at 72°C, followed by a final extension for
7 min at 72°C. The PCR for the nc H4/H3 fragments was
performed with the standard protocol of the Finnzymes Phusion
polymerase, which has proofreading activity. PCR started with a
denaturation step for 30 s at 98°C, followed by 35 cycles with 10 s
at 98°C, 10 s at the particular annealing temperature (see Table 2),

May 2014 | Volume 9 | Issue 5 | 96012



Phylogeography of the Land Snail Orcula dolium

(Juddse)
91NYJ3|_YIUBYIDIMN

i/3/p Lcly 8 elrl ,CCLTSCL €S9 LT LY ‘193N SAUIBUIRIS ‘S ‘LY 9059
(pus 3)
uaqelbydeqssiomiagqo

i8/p LLLy ‘OLLY ‘60LY 8 058 L66°1S5.CL /867'8C LY '1I93|A SAUIBUIRIS S ‘LY Saog
J9|palsuly

1/3/p 6LLY BLLY ‘LLLY <lH 8 6201 LS. TL CC99C LY ‘193N SUIBUILIS ‘S ‘LY ¥asqa
(p1w)
uaqelbydeqssiomiago

P SLLY ‘PLLY ‘ELLY 8 (074 9LLLS.CL ,88C'8C.LY "IN SBUIRUIRIS ‘S ‘1Y €059
uaqeiblassauIaqQ
‘lleyusydiay

p £80% ‘9801 L <09 /69587, L €65 T LY peg ‘Ad ‘3d ¢asg
pueig

P 0607 ‘6801 ‘8801 L 189 (C6'LETL ¥00'Sv.Ly ‘Buipjodyny ‘Ag ‘3@ Laog

sd|y snoaJedjed uwiayiioN
(3pIs S) 1e4gaD

2 676€ ‘8T6E 'LT6E '9T6E €1H S 00 YLLULL6L VLY S.67 “osaquiozny ‘1Z NS L43A
elag
eysejep ‘AYdin

p 9661 X1H 6 Sty ,697°CT.81 615€S.8Y MSA0ZRNS ‘DL NS Tyl1S
edapy
Alew ‘aiida).

* 3 0L6€ ‘606€ ‘806 L1H 6 08t 6¥9°01.81 LLES8Y Asuenuall ‘J1 NS LY1S
elRIA-BAOYDID |

P €LEL 'TLEL X1H L 799 9€C.61 Y99vL.67 ‘eljed elei ‘IZ ‘NS L4TN
‘(€) LS6€E '0S6€ ysnozens
'6¥6€ ‘8V6€ 'LV6E ‘OV6E ‘SV6E Aeys ‘ad1da)

» w ‘Pr6€ ‘(1) ¥S6E '€S6€E ‘TS6E X1H/€1H €L (VA4 SYLLY.8L /G186 aaley 17 HS 94T
Aoy de4

p ‘(0L) 08€L "9LEL ‘SLEL ‘(£) ¥LEL X1IH oLz 935S ,€98°GE.8L ,L00°0,6% ‘enled elei ‘1z ‘NS S4TN
‘(6) €€6€ ‘(1) SE6€E Alexs saojns

p 'PE6E ‘TE6E ‘LEGE '0E6E €1H 6L SLE (EE9VELBL ,10L°0L.67 ‘eUpeIH-AOINS ‘|Z NS 74T
eAeUS3I}
L16€ X1H/4ea ejsuuely ‘edunsig

*9q 'SL6E ‘VL6E ‘EL6E ‘TLOE €1H L (004 ,SLY'0E.8L ,99€'8.67 24szenod DL NS €41
eAeUSaN}
ST6E 'VT6E ‘€T6E 'TTO6E ejsujuely ‘eduisAg

*q 'LZ6E ‘0T6€ ‘616€ ‘8L6E €1H L 08¢ (LTY0E.8L /86€'8.67 2yszenod DL ‘NS <l
‘(6) Tr6E '6E6E ‘(€) EV6E ‘L¥6E peiy Ayszenod ‘esusAg

p ‘0v6€ '8€6€ '9£6€ ‘(T) LE6E JeA LIH 6 ‘€ ‘T 00s JCTY' LT 8L YELB6V 2)szeA0d DL ‘NS L4

sueiyjedied uiayssm

sapads-qng aipui EETET | (3w) |se-w 3 N fyjeco apod Ajijedo|

auolsly apep

‘Apn1s Juasaid ay3 Ul Papn|dul S|enpIAIPUl pue Sa13|ed0] JO IsIT *L d]qel

May 2014 | Volume 9 | Issue 5 | 96012

PLOS ONE | www.plosone.org



Phylogeography of the Land Snail Orcula dolium

T 9NH-1ey|puteH

“Iey|purey

P €95 ‘€€9S ‘TE9S L 8/0L JELL9E VL 6E0VELY sagoin ‘IS ‘1v CLNN3
J2unabiz

P S68 768 ‘€68 L €09 ,S69°9€.7L YLUSELY “Iexj|putey ‘1S ‘1v LLNN3
4 BuasH wy

i/3/p ST9S 'vT9S ‘€795 L 6€01L 90L°9€.pL EE0VELY ‘leaydeqsuyor ‘1S ‘1v OLNN3
(Med piw) € busso wj

p 819S L 992 (L89°SE L ,S80VELY ‘leaydeqsuyor ‘1S ‘1v 6NN3
ulL3s Ja3ydl|IsH

p 816 ‘916 V16 ‘€16 L 909 8YESEVL YYSYELY ‘leayoeqsuyor ‘IS ‘1v 8NN3
(mojaq) | Buss wiy

P 7595 L S09 VE6VENL WYOVELY ‘leayaegsuyor ‘1S ‘1v 9NN3
|djesapey

P 9/8 'S/8 /8 L €9 ,668VE VL E90VELY ‘leayaeqsuyor ‘IS ‘1v YNNI
abpuq saubue

P 8%9S ‘L¥9S ‘9¥9S L L€9 SY8YEPL L8 EELY ‘leaydeqsuyor ‘1S ‘1v ENN3I
uaqeibsaubue]

4 LELL 'OELL 'SELL L 0L YOVENL APIEE LY ‘leaydeqsuyor ‘IS ‘1v CNN3
(wejselH)
sebiykd Jagoin

p S80€ ¥80€ ‘€80€ L 6L ,S6S°TC 7L /8E9'BE LY ‘uisne J9jjey ‘1S ‘1V LNN3
a1nybulwwn

p 0¥9S '6£9S '8€9S 8 8€6 C96°T L ,S98°0€.LY ‘Buiwwiuo ‘IS ‘1Y Sovda
(z 3uddse 35) bulwwpun

P €¥9S ‘T¥9S ‘L¥9S ClH 8 67l 9TET L TLULELY ‘Bulwuo ‘IS ‘1Y ¥ovd
(sneybiaqgsaip)
w|ebiagsaim

p 1821 ‘08TL ‘6LTL deAa LIH 8 G891 6V LEEL 605 LELY ‘uPIsydeq 300 ‘LY €ova
(££1L1 Bamuspuemussse|d)

P STLlL L L1 T8V LEEL ASLYELY ness|jeH ‘b199zjes ‘s ‘Lv ova
uunigsney

p 8LEL 'LLEL 'LSEL L 06 ,SSL°9€.€L (LB8LTELY ‘uisydeq 300 ‘LY Lova
(new3) |9nes Jauiuaiqg

P (8) zLL (L) €£LL JeA LIH 8L 9sCL Y€l ELLET LY ‘BIUQMYI0H ‘S ‘1Y 11asg
Biaqgy3

P 180 ‘080% ‘6£0% L JA7ZA 680°L.EL LLE LYo LY ‘613gs123un ‘Ad ‘3 0Landg
(3p1s N) Biagsiaun

i/3/p €Cly ‘TCly L 0€SL (L6Y'0.EL E0L°EVoLY ‘Biagsiun ‘s ‘LY 6059

P 8TLY LTl '9CLY L SLS ,C85°6S.CL TS VLY uuniquasing ‘biagsiaun ‘s ‘L 8059
[3Yd_qUIIA SISIN

i/8/p S80v ‘¥80v ‘€801 L 0001 F90vS.CL 96SVELY ‘leaydequip ‘Ag ‘3 £a59

sapads-qng aipui EETET | (3w) |se-w 3 N fyjeco apod Ajijedo|

auoisiy apep

quo) *L d|qel

May 2014 | Volume 9 | Issue 5 | 96012

PLOS ONE | www.plosone.org



Phylogeography of the Land Snail Orcula dolium

d/b/p

1/3/d/6/p

1/2/d/6/p

1/3/d/6/p

4/2/d/6/p

d/6/p

d

i/a/p

ia/p

p

890€ ‘£90€ ‘990€

9/0€ ‘SL0€ ‘vLOE

£V0E ‘TVOE ‘LYOE

¥861 ‘709 ‘€09 ‘709

£9€ "19€

6€€

TTLL ‘LZLL ‘909

TLE 'LLE 'OLE

£€8 '0€9 ‘679

098 ‘658 ‘858

80LE ‘LOLE ‘90LE

09LL ‘6SLL ‘8SLL

068€ ‘688¢€ ‘L88€

89LL ‘Z911 ‘99LL

LL6 016 268

Twe 'Lv8

6CLL ‘8TLL

£0S

6v9

6€L

Y¥A4)

€¢sl

evel

6CcCl

[44]

0S6

€¢S

(V94

ov6l

LLEL

899

679

679

WVL8TY.SL

[LE6'0V.SL

FS8'8E.SL

/€9CS.S1

/80£°1S.SL

[C9LS.SL

8CT'LS.SL

APLLS.SL

Y69 LY.SL

,§99°£C.SL

8LLYY VL

1699V YL

L LY pL

LSO0P.PL

LTEBEVL

,ST8E YL

ST8E L

1€06'9S. LY

LCEYS LY

/8E9CS.LY

9LT8E LY

ASLLE LY

(E8LLE LY

89 LE LY

Y09 LE LY

LLY6E LY

SCSCLoLY

EL09E.LY

8Y'6E.LY

CE6'9E.LY

CLOCELY

(L6TSELY

WYLSELY

WYLSELY

[19Zut3py

‘leaydeqeH ‘JON ‘LY
L Wwepjydeqssoy
‘leaydegieH ‘JON ‘LY
JaneqydQ

‘|e3ua4311 ‘I0N ‘1Y
(4amen)

zinydseney
‘BulsWWSS ‘JON ‘LY
(e1nysaus|jod)
UI9}SPUIMUUOS
‘Buswiwsas ‘JON ‘LY
jwwns
UI9)1SPUIMUUOS
‘BupdWWIS ‘JON ‘1Y
(eveL Bamuwyy)
UI9}SPUIMUULOS
‘Buswiwas ‘JON ‘LY
(6zzL Bamuwiy)
UI9)1SPUIMUUOS
‘BulsWWSS ‘JON ‘LY
(duury aey)

biag 4210y
‘BuLBWIWSS ‘JON ‘LY
VIEINETLEY]

PPOYIS ‘IS ‘LY
Lejesuddauyds
‘neyaly ‘1S ‘LY
Buyraugorn
‘buiaigols ‘Is ‘1v
Jwwns uo abpu
‘waniydeqydsiwe]
‘1S 1V

wiex3201yds
‘leaydeqsuyor ‘1S ‘1v
uaqeibzidsue|d
‘uspoganelso ‘1S 1y
annysiewy
‘uspoganelsn ‘1S 1y
snunysiswy
‘uspoqaneIsH ‘IS ‘1v

€1NS

aino

L1NS

8404

9404

sd04

7404

€404

904

1404

6LNN3

8LNN3

LLNN3

9LNN3

SLNN3

71INN3

€LNN3

sapads-qng

aipui

Ise ‘w

N

fyjeco

apod Ajijedo|

quo) *L d|qel

May 2014 | Volume 9 | Issue 5 | 96012

PLOS ONE | www.plosone.org



Phylogeography of the Land Snail Orcula dolium

||ej191em
Janewusydopy 43[109

p 1167 ‘06T 874 P97 TESL ,S0L'8Y.LY ‘JON ‘LY SZ4W

P #96¢ '€96T ‘T96T 'L96T Ly, V9T TESL S0L'8Y LY Janewudydopy 43|19 ‘JON ‘LY vZ4W

i/a/p 0€0€ '870€ 718 BLLULESL /S0L'8Y.LY Janewwuny 49]199 ‘JON ‘LV €24
[9nesuye 19)|99

1/3/p ¥£6T '€L6T 'TL6T 0zolL SPL'6T.SL (€67 9Y.LY ‘JON ‘LY TZ4WN
p1aYdso 191199

1/3/p 8167 '116T '9/6T ¥1l6 ¥80°£T.S1 TT9'8Y.LY ‘JON ‘LY LZ4W
yoofuuaruyeH

p 7€65 4214} 1995'9€,0L STTLLLY asw| L ‘LY 1>31
(uaqesbBbuigms)
uszenjued

d 998 ‘598 ‘98 0€L PE60LSL 99Y'6.LY 15 ‘adjeud|d ‘1S ‘1v LAV
210Ys A\ 93Suaydy

p €861 ‘£19 'SL9 ‘19 556 80T LL £V LTl ‘nesiuad 1“1V LIMY
yoeqnibydoH

p 1861 ‘svLL ‘ThLL 9991 #0981, LSEEELY ‘Jasiey] J3P|IM ‘L ‘LY IV
Jabueswen)

p 9059 ‘L0LL ‘8€8 8€61 8T8L.TL C89'€EE LY ‘Jasiey] J3P|IM ‘L ‘LY €IV)
auuly 210y

p 0zLL ‘6LLL 651T /8ET8LTL PTOEE LY ‘Uasiey] JIP|IM ‘L ‘LY 417
jdospasiey

p 7861 ‘OvLL ‘'8ELL 6451 £TT8LTL STTEELY ‘1as1ey| J9P|IM ‘L ‘LY LIV
(uspoqjasydiam)
|elez|es

1/3/p L80€ '6/0€ ‘80€ 099 T18'6.5L 96'6E.L1 ‘qemydsydoH ‘IS 1V ZOSH

1/3/p 76€L ‘8S€EL 6LL1 /5609151 6LT8E LY USZJLIeIS JZUDJY ‘eMYISYOH ‘IS ‘LY LDSH
(1uoy J3s1aS)
m\_wncﬂw‘_w ‘_ocm>>

p YELL ‘66T ‘86T 08 ,€05°0,91 09€'8Y.LY 9YoH ‘JON ‘LY 81ND
(Buison) puemiazie|{

d 9€6T 'SE6T 'PE6T 149 ,S1T°0.9L 678 YLy ‘buisD ‘JON ‘LV £1ND
(apIs M) Buisoo

1/3/d/p SY6T '€V6T ‘TH6T 798 ,S0T'6S.51 OV YY.LY ‘BuIseD ‘JON ‘LV 91N>
(®pIs M 11142009)
Buison

d SLYS 'VLYS ‘€LYS ‘TUYS 00/ /8616551 LEV Y.Ly ‘buisD ‘JON ‘LV SLND
(BuiseD |j1y100y)
Bupais

d LLYS 95€ €TL'85.51 66E Y.Ly ‘BuIsed ‘JON ‘LV 1AND)

sapads-qns aipui Ise ‘w 3 N fyjeco apod A3ijedo|

quo) *L d|qel

May 2014 | Volume 9 | Issue 5 | 96012

PLOS ONE | www.plosone.org



Phylogeography of the Land Snail Orcula dolium

(ure1suaniaig)
uaqgeibzypy

« a6 SL8T ‘YL8T ‘L6€ '96€ 'S6E L 059 /891°05.51 L9E6ELY ‘BunswwaS ‘JON ‘LY €THNS
uaqeJbiaplauyds

x 4P 68€l '/8€EL den LIH L Lol 1666151 1960'9Y.Ly ‘613g93uUydS ‘JON ‘LV TTHNS
GZSL Spuemuspey

% 4/ T9EL deA LIH 9  SzSL ,659'87.51 ESTLYoLY ‘619933uYdS ‘JON 1V LZHNS
6191S-uI1y|0SD

* 4/3/p 798¢ ‘098¢ '658€ L 0ovl €66'97.SL YL €Y Ly ‘xey JON ‘LY OTHNS
wiwepjjeaydiam

P LGE ‘0S€ ‘6¥€ L 265 677951 €88V LY ‘|e1ud||oH ‘JON ‘LY 6LHNS
| Bi=suyny|

* 4/2/p LLLL L /6glL /66€ €S IV LYo ly -1999 ‘xey ‘JON ‘LY 8LHNS
EILITEE]S

* 4/2/p LLE ‘9LE ‘SLE den LIH L1921 [EEEPSL ELLTYoLY ‘xey ‘10N ‘LY LLHNS
p1aYdsH

* 4/2/p €TLlL L 6vzlL VCLERSL L8607 .LY Jaulaid ‘xey ‘JON ‘LY 9LHNS
(T Yoegplem) p1aydso

* 4/3/p 0S6C L 18 L60°LY.SL /S6E6E.LY Jauiaid ‘xey ‘JON 'LV SLHNS
(L Yoegplem) p1aydso

* 4/3/P 86T 'LV6T L L18 L60°L17.SL /S6E6E.LY JauiRid ‘xey ‘JON 'LV VLHNS
(sneyuad|esauyds)
|obox1aneyds

1a/p PEEE 'EEEE ‘TEEE L Tl 19699€.51 SL8' LYo Ly ‘ad|easuyds ‘1S ‘1Y €LHNS
(pueisiauga|yoy) [dwey

1/3/p LTEE 'STEE 'pTEe L /8yl LL99E.SL L8OV LY ‘ad[eaauyds ‘1S ‘1Y TLHNS

13/p 0€€€ ‘6TEE 'BTEE L €0l ,T8L'9E.S1 960" LyoLy (dnnyyosieny)) dwey ‘adjessuyds ‘IS ‘LY LLHNS
1363|Yyd0H-Z3Nne

p 729 ‘179 ‘079 L zesl L6'GT.LL /629'9C.LY 'SSIY20H ‘L ‘1Y L1404
FALVENTT TR

»d 8095 ‘£09S ‘9095 LLH L 0SS LLT89L 9L8'07 LY ‘UI91sU3qe3S “JON ‘LY €4SO
ulRisuswwo auinibing

d €195 ‘L19S 1eA LIH L L19 68T L9 6V6'LELY ‘ulRIsusWWLD ‘JON ‘LY LYSO
Biayswieliepy

ia/p L18T '018C 8  99LL LP00S.€EL 96'LS.LY ‘uRlsunel] ‘300 ‘1V 7 Yele}
a1NH-Isupunwo

1/3/p 109 ‘009 '66S ZLH 8 09l 910°05.€L (ECETS LY ‘uRlsunel] ‘300 1V ZAOO
L wwexpjim

13/p L¥19 ‘919 L /8SL POTYTSL 96€°6E.LY ‘YasUIA 3YOH ‘IS ‘1Y LZYWN
T wwiepim

13/p 0519 '6¥719 L levl [LEV'ETSL 9L9'6E.LY ‘YasHIA 3YOH ‘IS ‘LY 9Z4W

sapads-qng aipui sa|9||e (3w) |se-w 3 N fyjeco apod Ajijedo|

auojsiy apep

quo) *L d|qel

May 2014 | Volume 9 | Issue 5 | 96012

PLOS ONE | www.plosone.org



Phylogeography of the Land Snail Orcula dolium

(I6uspiaH)
3lyoy|Buspiay

i3/p 6vLL ‘8vLL L 0S8 ,900°6S.771L VL9908, LY ‘uiPlsualng ‘JON ‘LY L99A
|ewuapIasiey

! 879 ClH av €5C ,S0T°SL.9L ,S19°0Z.87 ‘UuI9isuyIvI ‘JON ‘LY 8MIM
|exydequaney

! Z9LL ‘L9LL Z1H av 014 96L°TL9L EVLEL8Y ‘Yoequaney ‘M ‘LY EMIM
X1H wuwepjysequabeH
/4en TI1H ‘UISpIOM

! ¥6€ ‘€6€ ‘T6E 'L8€ '98€ ‘S8E /1A L1H av 161 ,C8STLIL 99'81.87 -eIpuy 1S ‘JON ‘LY TMIM
ENJSEENETTY

P €/8€ 'T/8¢€ 'L/8¢€ <lH 8 yAZA% 6671 OV EV.LY ‘Bud 19goio ‘300 ‘LY €101
uaqeIbIddy JINUN

p 188€ ‘088€ ‘6/8¢€ 8  Sevl 69TPL BV VLY ‘lSld 19goio ‘300 ‘LY 101
uaqelbIaddYy ISISPIOA

p S98€ '¥98€ '€98€ 8  /[T0L YOST YL VCLEY LY ‘[oud 43g01D 300 ‘1Y L1OL
911NYISUIPIM

i/3/p ‘(8) v6vL ‘e6vL ‘(1) S6¥L deA LIH 8L 6961 AL9PLLEL LLEGTLY ‘UOIYIYOOH ‘S ‘1V ENIL
JaMdjUOIY L

/3/p ¥ZS1 ‘€Sl 4eA L1H 8 o6l ALL9TLLEL ALE6LCLY "UOIYIYIOH ‘S 1V C¢NIL
|ejuoay] sasdun

i/3/p 06%1 ‘6871 '88¥L JeA L1H 8 LLLL Le0TL.EL LoY'6C. LY ‘UOIYIYIOH ‘S 1V LN3L
wielpajd

i3/p opLL ‘SLL b¥9 8 b 424" 6VSEVLEL ¥86'8Y.LY ‘9bosyana4 ‘300 ‘LV 0LMZS
1oboyuIms Jagoin

P 059 ‘6v9 ‘8¥9 8 LestL CELTYEL LELBYLY ‘9boxuIRIS ‘300 ‘LV 6MZS
pI1auUYdSYd0H

14 8YE ‘LVE 'OVE L1H 8 ol JEESTLYLEL 8SY' 8. LY ‘PIBUYISY20H ‘OO0 ‘LY 8MZS
jdnbuaqgesbusio]

i/3/p 609 ‘£09 8 9€LL 6L LYLEL LT 8BV LY ‘|9B03U3|IOH ‘100 ‘LY INZS
91INYyJIapaly

P L€8 ‘L€9 '9€9 8 LSL1 ,C09°0.EL 8ECBY.LY ‘|9B0XU3|IOH ‘I00 ‘LY MZS
Bunidsin yoeiny

i/3/p 76T '88T 8 LS8 LY LEEL /80€°0S.LY ‘US3|Y20H ‘300 ‘LY NZS
zye|dyied

p €0S1 ‘T0SL ‘L0SL L LSSl ,LT89L.€L CSEBELY ‘Biagquiel] ‘s 1y wIZS
wiepsuys

P 80S1L L (K24} (L9LEL 6E.LY ‘biagnel] ‘s ‘1Y ENZS
995p|EMIS

p 0ZSL ‘6151 ‘8LSL JeA L1H L SLLL YYToL.EL ALSLLELY ‘le1p|emass ‘s ‘1 ZS
SAINY Jonebun

p £0SL ‘9051 L S6¢CL STYSLLEL Y8TBELY ‘UdeqNeILSPIOA ‘S ‘1Y LMZS

sapads-qns aipui EETET 1] (3w) |se - w 3 N fAjecor apo> Ajjedo|

auolsly apep

quo) *L d|qel

May 2014 | Volume 9 | Issue 5 | 96012

PLOS ONE | www.plosone.org



Phylogeography of the Land Snail Orcula dolium

9Zn

P G9€l ‘v9€lL ‘€9€lL L1H 9 0/8 ,6'0€,€L 80C.9% ‘nejbul N ‘uw>0m,_ ‘__M vinr
L 9zn[y eaefupi] ‘Asjea

p Sove 9 YeS T9SEEL 19LT.97 ed|u3lIoy ‘>3n0g ‘IS €nr
T 3zn|y| eaefupl] ‘As|jen

P Sv6l ‘Y6l 9 veS 9GEEL A9'LZ.9Y edjujloy 29n0g ‘IS anr
ssed |Ipaid

p Love 9 €Sl B6SYEEL BYL'ST9Y ‘lipaid "IN 29109 ‘L] Lnr
uleJusayoH

/3/p w9 ‘0v9 L1H 9 0061 AYOLY.EL 870°SE. 9 ‘Yasiesqoq Y ‘1Y IVD
uaqeibydeqplemjie

P LSLL ‘0SLL 9 088 BTVEEL 671°0v.9% ‘usznaly y ‘1v €IVD
uaqeibydeqpemjien

P 60L1 ‘'80LL 9 088 ,9007€.€L 0v.97 ‘usznany y 'LV Vo

P €ELL ‘TELL 'LELL L1H L £LT6 ,S1L09C.€L ,820° LY. 9% SUSIB ‘UdZNAIY Y ‘LY LIVD

sd]y snoaiedje) wiayinos
I3UIeqYI0H

i/3/p 9¢61 ‘SE6L vE6L L 0S8 ,CEOTL.SL WAL RI1YA 4 “23u4eqyd0H ‘JON ‘LY [45: 1N
uaqeibyay

p €€6L L ozy E87LL.SL /86'99.L “P3uleqyd0H ‘JION ‘LY LL99A
|oboyuannH

i/8/p ¥88€ '€88€ L 5091 ALLULLSL AL6T LS LY ‘192510 ‘JON ‘LY 0L99A
Jswpenng

p sl L 0oLl F¥9'6.G1 LETEY LY ‘ueinedy ‘IS ‘1v 699A
(9pIs 3 1ULdse) uRIsUaLNg

/2 ¥Zll ‘56 L LE9lL 0LYP.SL N AAYAS ‘uPisusINg ‘JON ‘LY 84dA
(ssnjyasje]) uaqgesbisuyda

/3 00€ L 09LL EL9°TSL WAL N 2944 ‘uiPlsualng ‘JON ‘LY £99A
(pueiuauijoq) [960xb6uLds

472 76 ‘€6 ‘T6 L G991 /€08°T.S1 M9S' LY LY ‘uRisusng ‘JON ‘LY 999A
(3)19nbuieisba) yo9ssoy

4/ 80€ '90€ ‘86 L6 96 L osvl (ETSTSL YO8V LY ‘ulsisuaung JON ‘LY SdaA
(19Box12uYNH)
329ZIIH USYOoH Wy

/3 GE8 V€] ‘ELE L oLyl ALTSL 868,V ‘uPisusLIng ‘JON ‘LY 7aaA
(196ox12uyNH)
Wwi[euasalp

4/ £TLL'9TLL L Syl YEOTSL 2988V LY ‘ulsisuaning ‘JON ‘LY €49A
(19113e6p]1M)
uaqesbiauyda]

p S9LL ‘POLL ‘€E9LL L L9 6857151 Y6'61.LY ‘ulPisusLIng ‘JON ‘LY [4:1<VN

sapads-qns aipui ECTET (1 (3w) |se-w 3 N Ajjedo apod Ajijedo|

auoisiy apep

quo) *L d|qel

May 2014 | Volume 9 | Issue 5 | 96012

PLOS ONE | www.plosone.org



Phylogeography of the Land Snail Orcula dolium

3y *Aujedo| yoea 1oy papiroid ale ‘saped 1w 9A1D3dSII 3Y) UO UOIIRWLIOY

yum J1ay3aboy ‘susawidads ay3 Jo (saipul) sl [ENPIAIPUL BYL “(ISB) [9AS] e3S SA0QE SI9}3W Ul dpn

L00¥Z109600"3u0d"[ewInof/L Z€1"0L:10p
'9|ge1 BY) JO pud 3Y1 1e papiroid aie SIDLISIP [eI9Pa) PUB SSWeU AIlUNod JO SUONeIAIgQY "saldadsans 9AIdadsal ay) Jo Aljedo|
2dA1 oYy s1 aus Buldwes ay) 1ey) d1ed1pUL SYSUISY (UL 33 ‘DWIUIW (W ‘DI1IDIGaI 3 “IyjIsaup.q :q) sa1dadsgns uelyiedied Jo sanijed0| 9dAy yuasaidal 4o (Jolyapib b “‘wnjjop :p ‘pwiyul i1 ‘supbjnbopnasd :d ‘apxp. i1 ‘ppa :3) seale duid|y
aA11Dadsal ay1 10y [£1] Aq parodas saadsgns sy se1edipul uwn|od 1se| ay| "saj||e anbiun Buuayip A|buoiis ate X H, pue ‘sajajje ulew aaiy1 9yl wouy buneinsp Apybils syueuea papiaoid suswidads 1eyl saledipul Jea, Juswydene

e 33 apisbuole (F8SOM) ¥861 Wa1sAS d119posD

Pl4OA BY) 01 Buipiodde USAID 3B S91RUIPIO0D SdD Y] UOleZIpJepuelS o) uoneziuebiQ [euoneusalu] 9yl Ag paulyap se apod L-991€ OS| 9Yl 01 Huipiodde paleirsiqge aie saweu A13uno) ‘(ssweu [|ny Joy | “B14 93s) [€Z] Buimoljoy
uolbaJ ulelunow e 01 puodsaliod Yoes sapod YSNIOS YL (YD) suelyiedied ui1sap pue (VM) sdiy u1e1sap ‘(vDS) sdiy snoaiedjed wiayinos ‘(YIN) sdjy Snoasedjed UISYLION :Uleyd ulejunow 3yl sa1edipul Uwnjod 1sily ay |

soLL 7591 ¥9€.0 ,§'95.6€ alexdy ‘wninzig Y1 INOd
£099 ‘9099 088l 6'EE.0F ¥05.6€ SleySY ‘wninzi3 ‘Y1 LNOd
euuol4
#00Z ‘€00Z ‘200 08S L0PoLT b 0r ‘elUOpPdE ISOM ‘YD LNId
mu.twm\:Q e[[e/n210
uod0o|
(6d) LELL SoglL L9'€T.€— 9LSL.LE ‘epeueln ‘ednjepuy ‘s3 ¥ave
odleq |3
(£d) s€1L LEVL BEWY.C— /S6'LELE ‘epeuel ‘epnjepuy ‘s3 €3vd
uod0]
(9d) €€1L LEVL E9LT.E— ALY'TLLE ‘epeueln ‘eidnjepuy ‘s3 zave
euseln
(€d) z€LL ov6 A8YL.E— WP8L.LE ‘epeuel ‘ednjepuy ‘s3 13ve
NU.FSQN\N e[[e|n210
wwepy
668€ [4°74 LL8'6T 7L LT LT 1ouabol] ‘eInydsoyl Y ‘v LN
esJjuos enaiQ
exe} dnoabinQ
uNno) ap sabion
p S¥19 ‘brL9 LLH 44 059 1902, 9ESLoLY “JanNo ‘Ndg ‘HD 7INS
(o N) a104ds
P orL9 v 990l ,01Z'8€.L LL99L LY ‘Bragsiwny ‘Nugd ‘HD LLTNS
Jen ullep 1§
p 0¥L9 'VE6S '€€6S LLH/LLH Yy LbEL [EEE'LT6 ESE'SS. 9P ‘lejuasiajled 'OS ‘HD LV19
sd|y ui21sam
wwepy| Jausbol)
p 906€ ‘S06€ ‘€06€ LLH 9 9L LL86TbL ZLTLT 9% ‘einydsoy N ‘LY LN
uebuely ‘euewoljep
p LLSL ‘0LSL ‘60SL 9  6LEL U LYEL 96Y°LT.9% ul auisng 'OA4 ‘1| sinr
sapads-qng aipui sa|9||e (3w) |se-w 3 N fyjeco apod Ajijedo|

auoisiy apep

quo) *L d|qel

May 2014 | Volume 9 | Issue 5 | 96012

10

PLOS ONE | www.plosone.org



Phylogeography of the Land Snail Orcula dolium

SML

Switzerland

[ —
BGD Berchtesgaden Alps KWL Karwendel SNH Rax-Schneeberg Alps
DAC Dachstein Mts KWN Karawanks STR Strazovské vrchy
ENN Ennstal Alps LAV Lavanttal Alps SZK Salzkammergut Mts
FOB-Fischbach Alps LEC Lechtal Alps TEN Tennengebirge C MLE
GAIl Gailtal‘Alp MLF Mala Fatra TOT Totes Gebirge Rennthlic
GLA Glarner/Alps MRZ Miirzsteg Alps VEL Velka Fatra (’
GUT Gutesstein Alps OOV Upper Austriain’ Prealp WIW_ Wienerwald @
HSC Hoghschwab OSR ern Styrian Prealps YBB Ybbstal Alps VEF;
JUL Julian Alps ROF  Rofan Mts
KAI aiser Mts SML Swiss Plateau
) ")(\\)be .
_-é: ermair Vienna | ia
i3

Austria

Basin

Danube

Pannonian Basin

Slovenia

Figure 1. Distribution of mountain areas investigated in the present study. The colors correspond to those used in the mt trees (Figs. 1 and
4) and in the histone H4/H3 network (Fig. 5). The outlines of the Northern Calcareous Alps (NCA), the Southern Calcareous Alps (SCA), the Western
Alps (WA) and the Central Alps (CA) are framed in black. The names of the mountain regions and abbreviations are provided in the figure.

doi:10.1371/journal.pone.0096012.g001

and 30 s at 72°C, followed by a final extension for 7 min at 72°C.
Purification and sequencing of the PCR products (both directions)
were performed at LGC Genomics (Berlin, Germany), using the
PCR primers for sequencing, except for the H4/H3 section, which
was sequenced with the internal primers OrcH3S_right3 and
OrcH4S_lefi3. The cloning of PCR products was performed for
the H4/H3 primer design phase and for those individuals that
proved to be heterozygous with respect to insertions and deletions
(indels), resulting in varying spacer lengths and thus impeding
direct sequencing. Nine of the 14 specimens with heterozygous
sequences yielded fragments differing in spacer length. The
fragments were purified using the QIAquick Gel Extraction Kit
(QIAGEN), extended by A-endings with the DyNAzyme II DNA
polymerase (Finnzymes) and cloned with the TOPO TA cloning
kit (Invitrogen). Two to four clones were sequenced until the two
main variants were obtained. In two cases (samples WIW2_392
and MLF1_3939) more than two length variants were obtained,
which is not completely unexpected in multi-copy gene families.
Sequencing was also performed at LGC Genomics (Berlin) using
M13 universal primers. All sequences are deposited in GenBank
under the following accession numbers: KC568830-KC569204,
KJ656162-KJ656172 (COI); KC569205-KC569260, KJ656173—
KJ656183 (16S); KC569261-K(C569327 (H4/H3).

Sequence Analysis and Phylogenetic Tree Calculation
Sequences were edited using Bioedit 7.1.3 [28]. When directly
sequenced H4/H3 fragments provided ambiguous positions, the
respective sites were filled with the corresponding IUPAC codes.
The complete COI data set comprises 374 sequences (including a
single specimen of O. conica as outgroup). The alignment of the 655
nucleotide sites was straightforward because there were no indels.
Statistical analyses were performed using all COI sequences.
Haplotype and nucleotide diversity were calculated with DnaSP

PLOS ONE | www.plosone.org
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5.10 [29], and uncorrected genetic p-distances between the clades
of O. dolium and O. conica were calculated with MEGA 5.2 [30]. For
phylogenetic tree calculation, identical haplotypes from the same
geographic areas (SOIUSA codes) were collapsed resulting in a
total of 220 COI sequences of O. dolium (197 haplotypes). Prior to
the phylogenetic tree inference, a search for the best fitting
substitution model was performed with jModelTest 0.1 [31]. A
Bayesian inference (BI) was calculated with MrBayes 3.2.2 [32,33]
for 5x10° generations (samplefreq = 100; nruns = 2; nchains = 4),
applying the parameters obtained from the model test (GTR+G+I;
nst =6, rates =invgamma). Tracer 1.5 [34] was used to assess
whether the two runs had converged and when the stationary
phase was reached. The first 25% of the trees were discarded as
burnin and a 50% majority rule consensus tree was calculated
from the remaining trees.

The 16S sequences (55 specimens including O. conica) were
aligned with ClustalX [35] using default parameters. The original
alignment contained 879 positions of which all 61 gap positions
were excluded with TrimAl 1.3 [36], implemented in the
Phylemon 2.0 web tools [37], using the “no gap” option. Another
84 sites were excluded by performing the “strict” option, leaving
734 positions in the final alignment for the phylogenetic tree
analyses. Of those, 217 sites were variable, compared to 331 in the
original and 298 sites in the “gaps excluded” alignment. The “no
gap” alignment was also used for calculation of uncorrected p-
distances. The BI was performed with two data partitions (COI
and 16S “strict”), using the substitution models suggested by
jModelTest 0.1 [31] (COI: HKY+I+G: nst =2, rates = invgamma;
16S “strict”: HKY+I+G: nst = 2, rates = invgamma), and allowing
MrBayes to evaluate the model priors independently. A Maximum
Likelihood (ML) tree was calculated with MEGA 5.2 [30],
applying the sequence evolution model GTR+G (5 rate catego-
ries)+] and performing 1000 bootstrap replicates with SPR

May 2014 | Volume 9 | Issue 5 | 96012



Phylogeography of the Land Snail Orcula dolium

(Subtree-Pruning-Redrafting) as heuristic method for tree infer-
ence. Support values of the ML analysis are provided for the
combined COI and 16S tree.

A Median-Joining network was calculated from the H4/H3
data with Network 4.6.0.0 (Fluxus Technology Ltd.) using the
default settings. Two networks were calculated: one without gaps
and one keeping the gap positions. The networks were then post-
processed to reduce unnecessary median vectors using the MP
option. As the gap positions contained valuable information, we
show the network including the gap sites.

Molecular Clock Analysis and Geographic Range
Reconstruction

A reconstruction of the historical biogeography of O. dolium was
performed with Lagrange 2.0.1 [38]. Lagrange 2.0.1 uses a
dispersal-extinction-cladogenesis (DEC) modeling, which allows
analyzing the ML values of rate transitions as a function of time.
The calculations were based on a molecular clock dated linearized
BI tree calculated with BEAST 1.7.5 [39]. The fossil record of O.
dolium comprises only material of the Holocene and the Middle
and Late Pleistocene. This might be due to the fact that during
these time periods climate conditions promoted the accumulation
of loess sediments containing high numbers of gastropod shells. In
contrast, fossil records of the Early Pleistocene and the Pliocene
are very scarce and lack many land snail species endemic to
Central Europe, among them O. dolium. Consequently, dating the
stem of the tree with the species first occurrence in the fossil record
was not a reasonable option. Hence, substitution rates were
inferred from a comparison of two other Orculidae, Orculella
aragonica and O. bulgarica. The latter is widespread in South-Eastern
Europe and Western Asia, whereas its sister species, O. aragonica, is
distributed only in the Iberian Peninsula [22]. The earliest fossil
record of O. aragonica/ O. bulgarica dates from about 1.8 mya at the
Almenara-Casablanca karst complex (Castellon, Eastern Spain),
which contains Miocene to Early Pleistocene sediments [40,41].
We assumed that the earliest record coincides with the time period

PLOS ONE | www.plosone.org
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Table 2. Primer sets for amplification and sequencing.
Region Primer (5’ to 3’) Origin Fragment size T Phusion T Roche
COlI fwd COlfolmer_fwd: [26] 655 bp 54°C 50°C
GGTCAACAATCATAAAGATATTGG
COl rev H2198-Alb: [10]
TATACTTCAGGATGACCAAAAAATC
16S fwd 16SLOrc1_fwd: present c. 850 bp 60°C 54°C
TTACCTTTTGCATAATGGTTAAACTA study
165LOrc2_fwd: present
TTACCTTTTGCATAATGGTTAAATTA study
16S rev 16SLOrc_rev: present
CGGTCTGAACTCAGATCATG study
H4/H3 fwd OrcH4_left1: present ¢.1100 bp 71°C 57°C
GTGCGTCCCTGGCGCTTCA study
OrcH4_left2: present
GGCGCTTCAGGGCGTACACT study
H4/H3 rev OrcH3_right1: [27]
TGGGCATGATGGTGACACGCT
intern fwd OrcH4S_left3: present
CGGTCTGAACTCAGATCATG study
intern rev OrcH3S_right3: present
CGGTCTGAACTCAGATCATG study
The annealing temperatures are provided for the Finnzymes Phusion and the RocheTaq Polymerase, respectively.
doi:10.1371/journal.pone.0096012.t002

when the ancestral lineages of the two species split from each
other. Calculation of substitution rates and molecular clock
analysis were both performed with the same COI and 16S
(“strict”, 696 positions) alignments (including the sequences of O.
conica and the two Orculella species). For each partition, TN93+G
was applied both to the measurement of substitution rates and the
inference of the molecular clock dated tree. Molecular clock tests
were performed independently for the COI and 16S alignments
with MEGA 5.2 under the TN93 model, using a discrete Gamma
(G) distribution to model differences in evolutionary rates among
sites. The null hypotheses of equal evolutionary rates throughout
the trees were rejected at a 5% significance level. Substitution rates
(COI: 0.02333, 16S: 0.02528; substitutions/ma) were assigned in
the prior settings of BEAUt 1.7.5 (part of the BEAST package),
and uncorrelated relaxed lognormal molecular clocks were
implemented for both sequence partitions. “Speciation: Yule
Process” was chosen as tree prior. The BEAST analysis was
performed with four independent runs with 107 generations each
(sample freq.: 1000). Tracer 1.5 [34] was used to assess whether
the four runs had converged. The four independent runs were
then combined with LogCombiner 1.7.5 (part of the BEAST
package). Subsequently, 25% of the trees were discarded as burnin
and a 50% majority rule consensus tree was calculated from the
remaining 3x10° trees. Median node heights and 95% highest
posterior density (95% HPD) intervals are provided for major
nodes in the results section. The rate-calibrated linearized tree was
then prepared for Lagrange configurator 20130526, together with
a range matrix in which each lineage was assigned either to the
Northern Calcareous Alps, the Southern Calcareous Alps, the
Western Alps or the Western Carpathians. Migration was
permitted between all regions, but lower probabilities (‘0.5 instead
of ‘1.0°) were assigned in the dispersal constraints for migration
between areas not being immediately adjacent (Southern Calcar-
cous Alps and Western Carpathians; Southern Calcareous Alps
and Western Alps; Western Carpathians and Western Alps). The
ancestors were allowed to occupy a maximum of two geographic
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Figure 2. Bl analysis of COIl haplotypes. The central tree provides an overview. Posterior probabilities are given at the main nodes. Black dots
indicate nodes with maximum support. A specimen of O. conica is used as outgroup. More details are provided in the partial trees with different
colors corresponding to the geographic mountain regions depicted in Fig. 1. The scale bars indicate the expected number of substitutions per site

according to the model of sequence evolution applied.
doi:10.1371/journal.pone.0096012.g002

areas. Alternative analyses were run with unlimited range sizes
(allowing the taxa to inhabit all four geographic areas) and
assigning the same probabilities (‘1.0°) for migration between the
four areas in the dispersal constraints.

Literature Search for Fossil Records of O. dolium

We screened various papers for fossil records of O. dolium. The
dating of the Alpine sites seems to be rather tentative because all
but one site were dated only using reconciliation with vertebrate
fossils of the same layers. Most reliable is the stratigraphic dating of
recently investigated loess profiles of the Pannonian Basin,
including measurements of carbonate content variations, low-field
magnetic susceptibility and radiocarbon dating using macro
charcoal fragments. Most of the Western Carpathian records are
based on investigations of soil profiles as well. The publications
with positive records of O. dolium are listed according to the
countries investigated: Austria [42,43], Croatia [44,45], Czech
Republic [46-48], Germany [49], Hungary [19,50], Serbia [51—
53] and Slovakia [47,48]. Since the evaluation of the fossil record
of Orcula dolium was based on literature data only, no permits were
required for that part of the study. We assigned each record to a
time period of either cold or warm climate phases of Middle and
Late Pleistocene according to the Quaternary divisions of the
North European climate cycles of Zagwijn [54]: the Weichselian
(115-11 ka ago), Saalian (350-130 ka ago) and Elsterian (475—
370 ka ago) were considered as cold climate stages (glacials),

compared to the warm stages (interglacials), Holocene (11 ka ago -
present), Weichselian-Saalian interglacial (= Eemian; 130-115 ka
ago) and Saalian-Elsterian interglacial (= Holsteinian; 370-350 ka
ago). However, it has to be noted that massive glaciations of the
Alps and northern Europe occurred only at some times of the
glacials, most recent during the LGM (30-18 kya). The maps
showing the distribution of genetic clades and fossil records were
prepared using ArcMap Desktop 10.0 and manually edited in
Adobe Photoshop CS4 version 12.

Results

Mitochondrial Clades

Among the 373 individuals of O. dolium investigated, 197 COIL
haplotypes are observed. The phylogenetic trees calculated with
different algorithms show similar topologies. Ten major clades,
some of them divided into distinct sub-clades, are highly supported
in all analyses. Six of the major clades occur exclusively in the
Western Carpathians (2, 3, 5, 7, 9 and 10), three clades are
distributed solely in the Alpine region (4, 6 and 8). The final clade,
clade 1, is subdivided into four sub-clades themselves restricted to
particular regions (Alps: 1A; Western Carpathians: 1B, 1C and
1D) (Figs. 2, 3 and 4). Sub-clade 1A is distributed throughout the
Northern Calcareous Alps but occurs also in a distinct area of the
Southern Calcareous Alps. Similarly, clade 6 is distributed in
separate areas of the Northern Calcareous Alps and the Southern

Germany

Switzerland

0 50 100 /
B mw  km

4 N
mitochondrial clades
12345678910
AjooEvVvooeoes -~ P
Re

Slovakia
Vienna
\ 4 v Basin

Danube

Pannonian Basin

Figure 3. Distribution of localities investigated in the Alps and the Western Carpathians. The symbols indicate the presence of the
respective mt clades. If specimens of different mt clades are present at the same localities, the respective clade symbols are shown encircled with a
line pointing towards the locality. A picture of the shell of a type specimen of O. dolium (Syntype NHMW 14765/1820.26.61/2; size: 6.8 mm in height)

is provided in the left upper corner.
doi:10.1371/journal.pone.0096012.g003
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Figure 4. Bl tree of the concatenated COIl and 16S sequences. Posterior probabilities and ML bootstrap values are provided for all nodes
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The dots indicate nodes with posterior probabilities of 1.0 and bootstrap values of more than 98% (black) or 95% to 97% (grey) in the ML analyses,

respectively.
doi:10.1371/journal.pone.0096012.9g004

Calcareous Alps. Clade 4 also has a disjunct distribution, but in an
east-west orientation, occurring in the eastern-most part of the
Northern Calcareous Alps (4B) and in the Western Alps (4A). In
contrast, clade 8 is geographically restricted to a small area in the
Northern Calcareous Alps. The BI tree based on COI and 16S
reveals the same highly supported clades, sub-clades and overall
topology as the COI tree, but some nodes are better supported.
Nevertheless, the topology remains partly ambiguous, e.g., the
relationships between clades 1, 2 and 3 as well as between 4, 5, and
6 are unresolved trichotomies.

Nuclear Data Set

The H4/H3 data is shown as a phylogenetic network (Fig. 5). It
1s not possible to incorporate the division of the mt clades into the
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H4/H3 network because the pattern differs considerably from that
obtained in the mt trees - specimens of the same mt clades often
provide very different H4/H3 alleles. The general scheme of the
network exhibits three frequent alleles (HT'1, HT2 and HT3), each
encircled by several similar haplotypes, which differ by a few
substitutions or indels only. Additionally, there are several unique
alleles, particularly in specimens from the Western Carpathians
(e.g. in 1996_STR2, 1376_MLF5, 3952_MLF6, 3915_MLF3 and
1373_MLF?7). In the Alpine populations, HT'1 is the most frequent
allele and, apart from a unique Western Alpine allele (differing by
2 substitutions from HT1), it is the only one found in the Western
Alps and the Southern Calcareous Alps. In the Western
Carpathians, HT'1 is detected in a single specimen (STR1_3909)
only. However, HT1 is encircled by several slightly differing
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haplotypes of both the Northern Calcareous Alps and the Western
Carpathians. In contrast, HT2 and HT3 are each found
exclusively in either the Northern Calcareous Alps or the Western
Carpathians, respectively. Thus, all populations having HT2
additionally feature HT1 or haplotypes slightly deviating from
HT1. Within the Alps, the populations of the eastern-most margin
of the Northern Calcareous Alps exhibit the largest allele diversity.

Genetic Diversity

Intraspecific distances are extraordinarily high for the COI
gene, with up to 18.4% mean p-distance between the clades
(Table 3). The maximum p-distance within the Alpine populations
is 16.9%, compared to 18.3% in the Western Carpathian ones.
The mean p-distance between O. dolium and O. conica is only slightly
higher at 18.4% (Table 3). The respective haplotype and
nucleotide diversities of the COI clades are high in all populations
(Table 4). Distances were also calculated for the 16S sequences
(Table 5). The largest mean p-distance between clades of O. dolium
is 14.4%, the distance between O. dolium and O. conica is 19.3%,
indicating that the conserved parts of the 16S suffered less from
saturation than COI. Regarding the nc H4/H3 sequences, the
Western Carpathian populations almost consistently show larger p-
distances (max.: H3 1.5%, H4 2.7%, Spacer 2.6%; clones
excluded: H3 0.3%, H4 1.6%, Spacer 1.0%) than the Alpine
ones (max.: H3 0.6%, H4 1.9%, Spacer 2.1%; clones excluded:
H3 0.3%, H4 1.2%, Spacer 1.5%). The max. p-distances within O.
dolium (H3 1.5%, H4 2.7%, Spacer 2.6%; clones excluded: H3
0.3%, H4 1.9%, Spacer 1.8%) are comparable to the mean
distances between O. dolium and O. conica (H3 0.67%, H4 1.30%,
Spacer 2.38%).

9 STR2_1996
1AFOB1_858 9 STR1_3909
1AFOB3_370 4A GLA1_5934
1AFOB3_371 1A KAI4_1981
6 GUTS_1134 1A KWL1_615
1A OSR3_5606 1A LEC1_5932 TAMLF 3937 2
1: OSR3_5607 :: o 3 MLF1_3938
6 6
6 8 SZK8_347 1AFOB3 371 2
. 9 MLF1_3939_3 1A SNH22_1387
8 TEN2_1523 : 6 SNH21_1362

8BGD11_1172_1

By

8 DAC3_1279
1A SZK2_1520
1A TEN3_1495

8 TEN1_1490

8 BGD11_1172_2

-3

9 MLF1_3942
3 MLF1_3941_2
2 MLF1_3937_1

4A WIW2_392_4 ‘

+5

4A WIW2_392 1 .

1A SNH17_317

1A MLF6_3952_1

1A OSR1_5611

3 MLF1_3941_1
9 MLF1_3939_1

-3

Phylogeography of the Land Snail Orcula dolium

Molecular Clock Analysis and Reconstruction of the

Phylogeographic Range Evolution

The linearized tree resulting from the BEAST 1.7.5 analysis was
combined with a biogeographical range reconstruction using
Lagrange v.20130526 (Fig. 6). For the nodes marking major splits
of mt lineages, the node ages and the 95% HPD intervals (in mya)
are provided. The alternative ancestral subdivision/inheritance
scenarios with likelihoods of 15% or more are also indicated in the
tree. As a main result, the analyses suggest that O. dolium originated
6.92 to 4.13 mya (95% HPD interval) around the Miocene-
Pliocene boundary. However, the analyses support that the broad
diversification into numerous lineages happened during the
Pleistocene. According to the reconstruction of the species’
geographic range history (ancestors allowed to occupy a maximum
of two geographic areas/dispersal constraint for areas not
immediately adjacent: ‘0.5’), the ancestral O. dolium was distributed
in the Western Carpathians (Maximum Likelihood of ancestral
stage at cladogenesis event: 0.83). The alternative analysis run
without range restrictions (ancestors allowed to occupy all four
geographic areas/dispersal constraint for areas not immediately
adjacent: ‘0.5°) predicted similar ancestral ranges but the most
likely ancestral range scenarios generally obtained lower likelihood
values. Moreover, alternative ancestral ranges predicted for several
nodes comprised differing geographic areas (Fig. S2). Analyses run
with the same range constraints as in the two previous analyses,
but with differing dispersal constraint (migrations between all areas
are equally likely) resulted in identical ancestral ranges for almost
all nodes, only the ML values differed slightly (by a maximum of
10 percent) (data not shown).
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Figure 5. Median Joining network of the H4/H3 sequences. Bars indicate substitutions within the H3, H4 and the spacer region. The loss or
gain of bases (indels) in the spacer region is displayed by arrows pointing in the respective direction and the numbers indicate in how many bases
the haplotypes/alleles differ from each other. The three most common alleles are named as HT1, HT2 and HT3. The size of the circles corresponds to
the number of sequences providing the same allele. The colors correspond to one of the mountain regions defined in Fig. 1. To facilitate the
comparison of nc and mt data, the specimen labels and the clade affiliation are indicated next to the haplotype circles.

doi:10.1371/journal.pone.0096012.g005
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Table 3. Mean and maximum genetic p-distances (in %) for the COI sequences.
mt clade 1A 1B 1C 1D 2 3 4A 4B 5 6 7 8 9 10
dist. @ 09 0.1 09 0.5 n/c 22 26 0.2 04 12 08 0.7 4.1 13
dist. max. 26 03 1.8 0.9 n/c 43 38 0.6 08 29 1.1 14 6.7 14
1A
1B 38
1C 3.0 3.7
D 36 4.4 33
2 5.1 56 48 58
3 57 59 53 57 5.1
4A 7.2 7.7 6.9 74 6.7 8.1
4B 6.1 6.7 58 7.0 5.7 7.0 46
5 7.2 7.6 6.8 7.5 5.7 7.1 6.5 54
6 7.1 7.1 7.0 7.7 6.9 7.8 74 6.3 6.0
7 135 143 142 136 13.6 134 136 14.5 134 14.8
8 145 15.2 15.2 15.0 14.6 13.9 14.7 16.1 147 15.8 56
9 15.4 15.8 153 15.1 16.0 15.1 15.1 152 15.6 15.9 16.7 16.9
10 169 17.5 16.8 16.2 18.1 16.8 17.2 16.8 17.9 184 15.9 16.4 14.2
0. conica 18.0 17.9 187 182 18.8 182 186 18.6 182 19.1 187 20.1 16.6 16.5
doi:10.1371/journal.pone.0096012.t003
Middle and Late Pleistocene Distribution Derived from Discussion

Fossil Record

The information about the fossil distribution of O. dolium is
displayed in Fig. 7. Separate maps are presented for cold and
warm Pleistocene climate stages because several localities provide
records of both glacial and interglacial periods. The literature
reports O. dolium from about 100 fossil sites, most of which are
located in the Western Carpathians, including 40 sites in Slovakia
alone [47,48]. Four Czech localities provide Middle Pleistocene to
Holocene fossils, among them the northern-most confirmed site,
which is located about 30 km north of Prague [47]. Around 20
sites are located in the Western Carpathians of Northern Hungary,
with Holocene, Weichselian, Eemian and Elsterian deposits
[19,48,50]. Some of these represent the earliest fossil records of
the species, particularly the sites in the Hungarian Biikk mountains
and the surroundings of Budapest. Deposits from the Slovenska
Skala in South-Eastern Slovakia also date back to the Elsterian
and Holsteinian about 400 ka ago [48]. Fewer data are available
from Austria and Germany. Most of the 18 sites of the Northern
Calcareous Alps are dated to the Holocene or the Weichselian.
Only a single Alpine site (Vienna, Austria) was tentatively classified
to the end of the Middle Pleistocene by [42]; it is not included in
the maps because an assignment to a cold or warm climate stage is
not possible. The Nuploch site (Baden-Wiirttemberg, Germany) is
the earliest fossil occurrence in the foreland of the Western Alps in
the Early and Middle Weichselian, with an increasing frequency in
the Late Weichselian layers [49]. Numerous fossil records of O.
dolium were reported from loess deposits of the Pannonian Basin
[19,52,55], most of which are located along the Danube in
southern Hungary and Northern Serbia, where the rivers Sava
and Danube join. Most Pannonian sites provide Weichselian
deposits, although the species was already present close to Novi
Sad in Serbia at the end of the Saalian [51]. In Eastern Croatia,
fossils of O. dolium date back from the Weichselian to the Saalian
(over 200 ka ago) [44,45].
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Origin and Diversification of O. dolium

Zimmermann [56] hypothesized that O. dolium originated in the
Northern Calcareous Alps like several congeneric species. Frank
[42] took up the same position and stated that O. dolium emerged
in the Northern Calcareous Alps in the Early Pleistocene.
However, these assumptions regarding the species’ origin are
rather tentative because no Pliocene and Early Pleistocene fossils
are known from Central Europe. The earliest record of O. dolium
from South-Eastern Slovakia and North-Western Hungary dates
back to the Elsterian (475-370 kya) and even earlier [19,48],
whereas almost all records from Alpine sites were assigned to the
Weichselian (115-11 ka ago) or the Holocene; only a single record
(Austria, Vienna) was vaguely dated to the Late Middle Pleistocene
[42]. In general, the gastropod record before the Middle
Pleistocene is extremely scarce because sediments predominantly
consist of red clay, being inappropriate for the fossilization of
gastropod shells [19]. Besides, environmental dynamics in the
mountainous regions, especially in the preferred limestone
habitats, offer few opportunities for shell fossilization. Hence, in
the present study, hypotheses regarding the origin and diversifi-
cation of O. dolium are mainly based on molecular genetic data.

Contradicting the assumption of Zimmermann [56] and Frank
[42], the variability of the mt and nc markers and the geographic
distribution of haplotypes support an origin of O. doliwwm in the
Western Carpathians. Seven out of ten clades occur in the
Western Carpathians, including two highly diverged clades (9 and
10) which split from the basal nodes of the trees. The populations
of the Alps and the Western Carpathians are not reciprocally
monophyletic - lineages of both areas derive from three nodes in
the mt trees each. The number of H4/HS3 alleles highly diverged
from the three main alleles HT'1, HT2 and HT3 is larger in the
Western Carpathians as well. The geographic range reconstruc-
tion supports a scenario in which the most recent common
ancestor was distributed in the Western Carpathians (ML: 0.83)
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total
373
197
0.990
0.069
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321 52
157 40
0.987 0.985
0.062 0.092

10
1.000
0.013

0.810
0.041

19
0.882
0.007

1.000
0.008

32
18
0.938
0.012

1.000
0.004

4B
0.583
0.002

1.000
0.026

4A

13
0.910
0.022

0.000
0.000

1D
1.000
0.016

1C
0.714 0.917
0.001 0.008

1B

1A
218
1m
0.983
0.009

Table 4. Haplotype and nucleotide diversity within clades for the COI sequences.

mt clade

sequence no.
haplotype no. (h)
haplotype div. (Hd)
nucleotide div. (Pi)

doi:10.1371/journal.pone.0096012.t004
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around 6.26 mya (95% HPD: 5.15 to 7.42); the Northern
Calcareous Alps were probably settled later (Fig. 6). A scenario in
which the MRCA was distributed in both the Western
Carpathians and the Northern Calcareous Alps obtained only
low support (ML: 0.12). The distributional patterns of mt clades/
variants can best be explained by multiple (probably two or three)
migrations between Alps and Western Carpathians with single
specimens or populations carrying unique or similar mt variants,
respectively. Since the Alpine clades are embedded within the
diversity of the Western Carpathians, a predominant east-west
migration route is most probable. Alternative to scenarios with
multiple migrations, the Alpine diversity could have resulted from
a single migration involving multiple individuals carrying strongly
differing mt variants. However, the geographically distinct
distributions of the Alpine mt clades suggest that the lineages
evolved independently from each other. Moreover, the molecular
clock analysis indicated that the Alpine mt clades separated from
their closest related Western Carpathian lineages during different
time periods. The results of the analysis suggested that the Alpine
mt sub-clade 1A descended from the Western Carpathians rather
recently during the Middle Pleistocene, whereas clade 8 and the
cluster including clades 4 and 6 separated from their closest related
Western Carpathians lineages probably during the Early Pleisto-
cene already. The nc H4/H3 sequence patterns also support at
least two independent migration events, as two highly diverged,
geographically more or less separated clusters (HT'1, HT2 and

similar variants) were found.

Pleistocene Refuges and Postglacial Expansion Routes

One of the present study’s main objectives is the detection of
potential glacial refuges of O. dolium. The four major limestone
areas currently inhabited by O. dolium (Western Alps, Northern
Calcareous Alps, Southern Calcareous Alps and Western Car-
pathians) are treated separately, as is the Pannonian Basin, in
which the species is apparently not found nowadays.

The extensive fossil record of the Western Carpathians, with
data from both glacials and interglacials, confirms that the area
was permanently settled, at least during the second half of the
Middle Pleistocene and the Late Pleistocene [48]. In particular the
extensive record of Weichselian (115-11 ka ago) fossils provides
evidence that O. dolium was widely distributed during the last
glacial (Fig. 7). Moreover, despite the comparably small sample
size, the Western Carpathian populations show a large genetic
diversity with complex distribution patterns. There is no clear
geographic structure regarding the distribution of mt clades and nc
alleles, and the data do not indicate a serious loss of genetic
diversity due to genetic bottlenecks. Unlike in the Alpine region,
the loss of potential habitat presumably was less significant in the
Western Carpathians, which were not affected by massive
glaciations during Pleistocene cold stages. The scattered distribu-
tion of limestone bedrock in the Western Carpathians is another
factor, which may have triggered diversification and preservation
of numerous genetic lineages.

The eastern part of the Northern Calcareous Alps potentially
provided the largest Alpine refuge for calciphilous taxa because it
continuously offered non-glaciated limestone areas. Patterns of
endemism and comparative phylogeographic analyses in Alpine
plants [8] provide additional evidence for refuges in this area.
Similarly, the Northern Calcareous Alps harbor a number of
endemic species such as Trochulus oreinos and Cylindrus obtusus which
probably originated in that region [14]. Haplotypes of all four
Alpine mt clades are found here, with populations located
somewhat separated from each other, and therefore suggesting
several smaller refuges. Moreover, the respective populations show
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a high diversity in nc H4/H3 alleles. The most common mt clade
(1A) is distributed from Lower Austria (Gutenstein Alps) in the east
to Tirol (Lechtal Alps) in the west, spanning a distance of 400 km
(Fig. 3). A distinct mt clade (4B) is present at the eastern edge of the
Alps (Wienerwald), a region which is geologically somewhat
isolated from the Northern Calcareous Alps due to the predom-
inance of siliciclastics in the intermediate region. The large nc
diversity with several H4/H3 alleles, each strongly diverged from
the most common alleles HT'1 and HT?2, and the presence of
Weichselian fossil deposits support the assumption that the
Wienerwald served as a long-term refuge. The Gutenstein Alps
at the northeastern margin of the Northern Calcareous Alps may
have provided a refuge area for the population exhibiting mt clade
6. Another potential refuge was located close to the former LGM
glacier line in Salzburg and Upper Austria - mt clade 8 is
distributed exclusively in this region, and fossil deposits indicate
the local presence of the species during the Weichselian [42].
Some of the specimens carrying haplotypes of mt clade 8 possess
the nc allele HT2 or similar ones, which elsewhere occur in the
Wienerwald only. This can either be explained by past gene flow
between the two currently separated populations or by ancestral
polymorphism, i.e., the persistence of ancestral histone variants in
both areas.

The geographic range reconstruction suggests that the Western
Alps were settled from the Northern Calcareous Alps during the
Middle Pleistocene 1.05 to 0.66 mya (95% HPD interval). Samples
from the Western Alpine sites all form a single mt sub-clade (4A)
and have the nc haplotype HT1 or similar types. Although
material is available from three sample sites only, the Western
Alpine populations show higher distances in the mt sequences
(max. uncorrected p-distance COI: 3.8%) than any other Alpine
clade. The unique presence of the highly diverged mt clade 4A
provides support for a refuge in the Western Alps. Since the
Western Alps were almost completely covered by ice during
several glacials, populations may have outlasted the glacial periods
in several smaller refuges at the Western Alpine margins of
Switzerland and France as was proposed for Trochulus villosus [15]
or Carychium tridentatum [13]. Fossils in Early to Late Weichselian
deposits of the Western Alpine foreland (Nufloch, Baden-
Wiirttemberg, Germany) clearly support that assumption, at least
for the last glacial period [49]. We have no molecular data from
the German and French areas, but a common ancestry of the
western populations is supported by similar conchological traits
(collection material of the Natural History Museum, Vienna and
Naturmuseum Senckenberg, Frankfurt am Main; Harl et al. in
prep.).

The Southern Calcareous Alps were almost completely covered
by glaciers during the LGM and hence provided only a small
potential refuge for calciphilous taxa in the eastern-most part: a
small non-glaciated area in the Karawanks [57]. The phylogenetic
data argue against a permanent refuge of O. dolium in the Southern
Calcareous Alps and suggest that clades 1A and 6 probably
reached this region rather recently. In the Southern Calcareous
Alps, sub-clade 1A is found at a single site (GAIl) only, with
haplotypes similar to those in populations of the Tirolian and
Bavarian Northern Calcareous Alps. Since both areas were fully
glaciated, clade 1A might have crossed the Central Alps in this
area after the LGM. Apart from this single locality, all other sites
of the Southern Calcareous Alps possessed haplotypes of clade 6,
which is distributed in the Northern Calcarcous Alps as well. The
similarity of clade 6 haplotypes rather indicates a very recent
expansion during the Late Pleistocene or Holocene. However, the
presence of a distinct variant of clade 6 at a single site in the
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Karawanks (KWN1) could be an indication for a Southern
Calcareous Alpine refuge.

The fossil record indicates a more or less continuous presence of
O. dolium in the Pannonian Basin at least from the Saalian onwards
(over 200 ka ago). The habitats of the Pannonian populations were
probably patchily distributed forests near rivers, which were
present in the area even during the LGM [7]. The occurrence of
trees at the respective sites is additionally supported by the co-
occurrence of other woodland species in the same loess strata, such
as Semelimax semilimax, Ena montana or Aegopinella ressmanni [45,58].
One might ask whether riparian drift from Alpine or Western
Carpathian regions could account for the presence of O. dolium in
the fossil record of the southern part of the Pannonian Basin.
However, the high abundance of fossil O. dolium in the Pannonian
Basin indicates a local source. The contemporary absence of the
species is probably the result of anthropogenically induced loss of
suitable habitat. Lozek [48] stated that deforestation and
dehydration are probably the reasons why these areas lack several
gastropod species which were still widely distributed during the
Eemian. Thus, the expansion of agricultural areas is a reasonable
explanation for the decline of O. dolium populations in the
Pannonian Basin during the Holocene.

Genetic Differentiation and Taxonomic Considerations

The intraspecific distances measured for the mt genes are
among the highest found in pulmonate species (uncorrected p-
distances: COI, 18.4%; 16S, 14.4%). By comparison, the
genetically diverse helicid taxa Theba pisana and Arianta arbustorum
show COI distances of 13.6% [59] and 15% [10], respectively.
Regarding the non-protein coding 16S, higher intraspecific
distances were found in the clausiliid species Charpentieria itala with
24.2% [60]. 16S divergence is also high in the bradybaenid
Euhadra quaesita with 14.1% [61]. Regarding the nc sequences
analyzed, the largest p-distance measured within the protein
coding H4 and H3 sequences is 0.8%. The highest distance
observed in the non-protein coding spacer region is 1.8%. [59]
reported p-distances of 0.5% in the non-coding I'T'S1 sequences of
Theba pisana, whereas the intraspecific sequence divergence within
Anron subfuscus, a species extremely variable in its mtDNA, is only
0.3% for the I'T'S1 sequence [62].

Considering the large genetic variability found within the
populations of O. dolium, the question arises whether some of the
lineages might even represent distinct species. However, there are
no indications of hybridization barriers that would suggest splitting
the groups into different species. The data indicate gene flow
between clades, as suggested by the fact that the specimens
displaying the main histone gene variants each feature haplotypes
of very distant mt clades (see Fig. 5). However, whether genetic
groups correspond to currently accepted subspecies remains a
problematic issue. More than 20 subspecies have been described
for O. dolum, equally divided between the Alps and the Western
Carpathians [20]. Most were characterized by minor differences in
shell shape and the formation of the aperture folds. Our study
includes specimens from several type localities of Slovakian
subspecies, namely of O. d. titan Brancsik, 1887, O. d. brancsiki
Clessin, 1887, O. d. mimima Brancsik, 1887, and O. d. cebratica
Westerlund, 1887 (Table 1 and Fig. S1). However, none of the
clades can be definitively attributed to one of these subspecies. For
instance, populations of the very slender, large-shelled O. d.
brancsikii share the same mt haplotypes (clade 1C), and the nc
haplotype HT3, with compact, small O. d. minima morphs. The
very large-shelled O. d. titan possesses a diverged mt haplotype
within clade 9 but shows the most common nc haplotype HT1,
which otherwise is found in the Alps only. The Slovakian O. d.
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cebratica (clade 5) clusters with the Alpine mt clades 4 and 6 but
displays a distinct nc haplotype (HT'3). Despite the extremely high
conchological and genetic variability in the Western Carpathians,
we could not detect a clear correspondence between genetic
haplotype groups and subspecies ranges defined by [17]. The
geographically isolated and conchologically aberrant endemic of
the Wienerwald, O. dolium infima, is genetically differentiated from
other populations in the mt trees (sub-clade 4B). In contrast,
individuals from the type localities of O. dolium gracilior Zimmer-
mann, 1932, O. dolium pseudogularis Wagner, 1912, O. dolium edita
Ehrmann, 1933, and O. dolium raxae Gittenberger, 1978, all possess
haplotypes of the homogeneous mt clade 1 and exhibit the nc
haplotypes HT'1 or its derivatives, none of them forming a distinct
sub-clade. The latter two taxa, O. d. edita and O. d. raxae, initially
were of special interest for our study because they were reported to
occur only at high altitudes [17,56]. Nonetheless, specimens from
the corresponding localities do not differ from the common types
of the surrounding lowlands in the markers analyzed. However,
for final taxonomic decisions, the most important question is
whether the presumed morphological distinctness of the various
subspecies can be confirmed by morphometric investigations.
Such analyses are under way to quantify morphological differences
and to focus on the effect of altitude on shape formation and shell
size (Harl et al., in prep.).

Supporting Information

Figure S1 Pictures of selected types of O. dolium
subspecies. Specimens collected at the type localities of the
respective subspecies were investigated in the present study. The
types shown shall rather be considered as examples for the species’
variability than defined discrete entities of morphologically
separated populations. Some of the types indeed represent extreme
morphs but transitional forms are found in most populations. The
pictures were already published by Harl et al. (2011) together with
data on all other currently known subspecies. In the following we
provide the collection data of the specimens shown: A: O. d. dolium
(syntype NHMW 14765/1820.26.61/2), B: O. d. edita (syntype
LML ALT/5319/1), C: O. d. raxae (syntype LML ALT/5354/1),
D: 0. d. pseudogularis (syntype NHMW 56138), E: O. d. gracilior
(syntype LML ALT/5343), F: O. d. infina (syntype LML/
ALT5353/1), G: O. d. brancsikii (syntype ? NHMW J. N. 22075),
H: 0. d. titan (syntype NHMW 68377 (5448)/3), I: O. d. cebratica
(syntype MNHG Wstld2090), J: O. d. minima (syntype 27044/2).
Abbreviations for Museums: NHMW (Naturhistorisches Museum,
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Wien), LML (Oberosterreichisches Landesmuseum, Linz) and
MNHG (Naturhistoriska Museum, Goteborg). The scale bar
indicates 5 mm.

(TIF)

Figure S$2 Reconstruction of the geographic range
evolution. The map shows the distribution areas of O. dolum in
the four Alpine and Carpathian mountain areas sampled (encoded
by different colors). Small black dots represent localities sampled in
the present study. The linearized molecular clock dated BI tree
shows the relationships of selected mt lineages (COI/16S data) of
O. dolium. Black and grey dots indicate nodes with high posterior
probabilities (see figure for values). The colored symbols at the
branch tips indicate the geographic origin of the haplotypes. The
ancestors were allowed to occupy all four geographic areas. At the
cladogenesis events (nodes), all alternative ancestral subdivision/
inheritance scenarios with likelihoods of 15% or more are
indicated, together with the respective likelihoods, and separated
by an “or”. When scenarios for cladogenesis events involve two or
more ancestral areas, the symbol for the likely ancestral area/—s
is/are provided left to each of the two branches. For nodes
representing major splits, node ages and 95% posterior HPD
intervals are indicated. A time scale in mya is given below.
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