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ABIDA SECALE
(MoLLusca, GASTROPODA, PULMONATA)
DISCREPANCIES BETWEEN MORPHOLOGY AND MOLECULES

B. KOKSHOORN
& E. GITTENBERGER






INTRODUCTION

The genus Abida Turton, 1831, consists of 10 currently known species, i.e. A. vas-
conica (Kobelt, 1882), A. bigerrensis (Moquin-Tandon, 1856), A. pyrenaearia (Michaud,
1831) [with two subspecies; A. p. pyrenaearia (Michaud, 1831) and A. p. vergniesiana
(Ktster, 1850)], A. partioti (De Saint-Simon, 1848), A. cylindrica (Michaud, 1829), A.
gittenbergeri Bossneck, 2000, A. attenuata (Fagot, 1886), A. occidentalis (Fagot, 1888),
A. polyodon (Draparnaud, 1801) and A. secale (Draparnaud, 1801). All representatives
of the genus are obligate limestone dwellers, and therefore their distribution is
restricted to calcareous habitats. Their distributional ranges all lie within the
Cantabrian mountains in NW. Spain and the Pyrenees, with the exception of A. poly-
odon and A. secale, which extend beyond this area. Abida polyodon also occurs north
of the Pyrenees in the Mediterranean zone as far as the Rhone valley in southeast-
ern France. Abida secale occurs throughout Europe from England in the west,
Belgium and southern Germany in the north and Slovakia and former Yugoslavia in
the east. The southern part of its distribution includes the extreme northwest. of
Italy, France and northeastern Spain (Gittenberger, 1973; Kerney, 1963: 235).

The morphological variation exhibited in A. secale is small over the largest part
of its range, where it shows only minor variation in the shape and size of the shell.
A striking exception to this morphological stability is found in the extreme south-
western part of the species’ range, where an impressive, geographically determined
morphological differentiation occurs in southern France and northeastern Spain
(Gittenberger, 1973). This has resulted in the description of three subspecies for the
French part of the Pyrenees, one for Andorra and a surprising eleven for the
province of Catalonia, Spain (Gittenberger, 1973; Bech, 1993; Martinez-Orti et al.,
2004) (fig. 1). In France, Abida secale secale (Draparnaud, 1801) occurs throughout
most of the country. Abida s. boileausiana (Kiister, 1845) is restricted to the depart-
ments of Aude and Pyrenees Orientales, A. s. saxicola (Fagot, 1888) is known from
only a single hill at Villefranche-de-Conflent in the Pyrenees Orientales, and A. s.
ateni Gittenberger, 1973, has been reported from only a small part of the Aspe val-
ley, SW. of Lourdes in the department of Pyrenees Atlantiques. From the Spanish
province of Huesca in the central part of the Pyrenees and some localities in adjoin-
ing France, isolated from the main range of the nominate subspecies, A. s. secale is
reported, with populations that are considered somewhat untypical (Gittenberger,
1973: 87). When their distinctness is confirmed, the name A. s. cylindroides (Moquin-
Tandon, 1856) could be used here (maybe Pupa secale elongata De Saulcy, 1853, was
introduced for the same form, but that is a junior homonym of both P. elongata
Bouillet, 1836, and P. elongata Melleville, 1843). Abida s. andorrensis (Bourguignat,
1863) is endemic to three limestone areas in Andorra and the northern part of the
province of Lerida in adjoining Spain. Abida s. meridionalis Martinez-Orti, Gomez &
Faci, 2004, occurs at scattered localities in the Spanish provinces of Castellon,
Tarragona and Teruel in Spain, whereas north of that area, in the province of
Barcelona near Montserrat and Cardona, A. s. bofilli (Fagot, 1884) is found. Abida s.
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affinis (Rossmassler, 1839) occurs from Gerona in the east to the river Ter valley at
Ripoll in the west. Abida s. elegantissima Gittenberger, 1973, has been described from
a single locality in the mountains approximately halfway between Banyoles and
Olot, but that subspecies has never been found again. We looked for it in vain twice,
in different years (2004 and 2005). The remaining taxa in A. secale, viz. A. s. brongers-
mai Gittenberger, 1973, A. s. margaridae Bech, 1993, A. s. cadiensis Gittenberger, 1973,
A. s. cadica (Westerlund, 1902), A. s. tuxensis (Westerlund, 1902), A. s. brauniopsis
(Altimira, 1963) and A. s. lilietensis (Bofill, 1886), all occur in and/or around the
Sierra de Cadi - Sierra Moixero mountain range, south of Andorra. The extreme
morphological differentiation here is surprising since the sierra and its immediate
surroundings constitute a more or less continuous stretch of suitable habitat. The
separation of these forms into distinct taxa is based on shell characters only, but all
subspecies can be identified quite easily, also because most populations are relative-
ly uniform. Their distribution conforms well with the geology and geomorphology
of the southern pre-Pyrenees. Subspecies are restricted to a few valleys and/or lime-
stone ‘islands’. Intermediate specimens can be found in the contact zones between
some subspecies, which are generally neither very broad nor complex.

Here we present the results of an intraspecific phylogenetic study, involving
both mitochondrial and nuclear DN A markers, to contribute to a better understand-
ing of the species’ extreme morphological diversification.

MATERIAL AND METHODS
SAMPLES AND DN A-EXTRACTION

The snails were collected during three periods of fieldwork in 2004-2006.
Although many (sub)species have relatively small distributions, their density at any
suitable habitat may be very high. Therefore sampling of 10-20 individuals (as was
done) will not have caused a serious threat to the (sub)species. Up to 5 individuals
were preserved in 96% ethanol for DNA extraction. The remaining snails were

Figure 1. Pictures of typical representatives of Abida secale subspecies. 1, A. s. secale, Slovakia; 2, A. s. secale,
England; 3, A. s. boileausiana, France; 4, A. s. saxicola from its type locality (Villefranche de Conflent,
France); 5, A. s. andorrensis, Andorra; 6, A. s. cf. cadiensis, Andorra; 7, A. s. brongersmai; 8, A. s. margaridae,
9, A. s. lilietensis from its type locality (La Pobla de Lillet, Spain); 10, A. s. elegantissima paratype from its
type locality (Sta. Maria de Finestras Mntn, Spain); 11, A. s. affinis; 12, A. s. tuxensis; 13, A. s. cadica from
its type locality (Comabona mountain, Sierra de Cadi, Spain); 14, A. s. cadiensis paratype; 15, A. s. merid-
ionalis; 16, A. s. bofilli from its type locality (Montserrat Mountain, Spain); 17; A. s. brauniopsis from its type
locality (Gosol, Spain); 18; A. attenuata, Spain; 19, A. attenuata, Spain; 20, A. attenuata, France; 21, A.
vergniesiana, Andorra; 22, A. ateni paratype, France. The pictures have been made with an Olympus
motorized stereomicroscope SZX12 with AnalySIS Extended Focal Imaging Software.
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either relaxed and stored in 70% ethanol for anatomical study or cleaned and dried
for morphological analysis of the shell.

Specimens could readily be identified based on shell morphology. All identifica-
tions were checked by both authors.

COI was sequenced for a total of 97 individuals representing all the known sub-
species of Abida secale except for A. s. elegantissima. All other known Abida species are
represented by at least one individual, with the exception of A. occidentalis, which
was not available for study. That species has always been rare and no specimens
have been found alive since the 1960s. Chondrina bigorriensis (Des Moulins, 1835)
was used as outgroup taxon in the COI dataset and C. avenacea avenacea (Bruguiere,
1792) with the ITS-1 data (table 1).

Snail shells were broken into two parts to extract the body tissue. Shell remains,
including the undamaged aperture which carries the key features for identification
of these taxa, were stored as vouchers. The entire snail tissue was than sliced into
pieces and genomic DNA was extracted using Qiagen DNEasy tissue kit following
the manufacturers protocol. Final elution of the DNA was done in 200 il of provid-
ed buffer. With dry specimens, the E.Z.N.A. Mollusc DNA kit (Omega Bio-tek) was
used. Elution was done here with 100 il.

A 600 bp fragment of the Cytochrome Oxidase I (COI) gene was amplified using
primers H2198-alb (5'-ACT CAA CGA ATC ATA AAG ATA TTG G-3’) and L1490-
alb (5-TAT ACT TCA GGA TGA CCA AAA AAT CA-3’) (Uit de Weerd et al., 2004)
in the polymerase chain reaction (PCR). The PCR started with a 5" denaturing step
at 94°and consisted of 40 cycles with 30” at 94°, 30” at 49° and 1" at 72°, with an addi-
tional extension step at the end of all cycles of 5. The PCR products were cleaned
using the Nucleospin Extract II kit from Clontech. Sequences were subsequently
obtained by either cycle sequencing using Big Dye Terminator v1.1 from Applied
Biosystems and an ABI 377 gel sequencer, or by sequencing on a Megabace 1000
capillary sequencer. Some products were sequenced by Macrogen, Seoul, Korea.

The primers 18d-ALB (5-CAC ACC GCC CGT CGC TAC TAC C-3’) and 5.8s-
ALB (5-ATG CGT TCA AGA TGT CGA TGT TCA A-3) (Uit de Weerd &
Gittenberger, 2004) were used to sequence the Internal Transcribed Spacer 1 (ITS1).
The sequence product included a stretch of 180 bp of the 18s- and 50 bp of the 5.8s
ribosomal genes. Direct sequencing yielded ‘unreadable’ and therefore unusable
chromatograms due to polymorphic signals. The PCR products were therefore
cloned using pGEM-T easy vectors from PROMEGA. This was done using a quar-
ter of the prescribed reaction volume. 50il of the final mixture was plated on agar
plates. Depending on the sample, 1 to 40 colonies were than sequenced.

PHYLOGENETIC ANALYSES
For both COI and ITS1 PCR products both strands of the DNA were sequenced.

Forward and reverse chromatograms were aligned using the Chromas Pro package
(Technelysium, Australia). In most cases ambiguous positions could easily be solved
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and where this was not possible [IUPAC ambiguity codes were used. Consensus
sequences were exported as Fasta file and individual sequences were aligned using
Clustal X (Thompson et al., 1997) with default parameters, as incorporated in
BioEdit (Hall, 1999). The alignment was saved in fasta format and subsequently
imported in Macclade 4.04 (Maddison & Maddison, 2002). All variable base posi-
tions were manually checked and compared with the chromatograms to rule out
editing errors. Primer sites were identified and omitted from the dataset. With CQOlI,
another 20 base positions on both sides of the sequence alignment were left out of
the analyses. This was done to increase the reliability of the dataset, since the termi-
nal parts of the chromatograms were of low quality in many cases. Sequences were
deposited with GENBANK (accession numbers: COI, EU395301- EU395427; ITS-1,
EU394966-EU395300).

Codon positions were calculated by minimizing the number of stop codons,
using the Drosophila (invertebrate) mitochondrial code. The final alignment was
than translated and checked for stop codons. A test for saturation was performed for
the entire COI dataset and for the individual codon positions. Nei’s test for satura-
tion was performed using the program DAMBE v.4.5.33 (Xia & Xie, 2001).
Uncorrected pairwise distances for transition and transversion substitutions were
also plotted to visualize saturation and eventually identify the taxa responsible.
Additionally, base frequencies were checked for the individual codon positions and
for the entire dataset using chi-square statistics implemented in Paup* (Swofford,
2002). A G1-skewness test (Hillis & Huelsenbeck, 1992) based on 1,000 random trees
was used to test for phylogenetic signal. The best fitting model for substitution was
calculated using MrModeltest v2.2 (Nylander, 2004). Phenetic and parsimony phy-
logenetic analyses were performed using PAUP* v4.0b10. A neighbor joining tree
was created and subsequently bootstrapped with 1,000 replicates, using the model
suggested by MrModeltest. A heuristic search was performed and followed by a
parsimony bootstrap using 100 replicates with ACCTRAN optimization, 10 random
sequence addition replicates and full heuristic search. The model suggested by
MrModeltest was applied in MrBayes v3.1 (Huelsenbeck & Ronquist, 2001;
Ronquist & Huelsenbeck, 2003) for Bayesian inference. Here 5 incrementally heated
chains were used next to a cold one. The program was run until the average stan-
dard deviation between the two simultaneous runs was below 0.01 for a minimum
of 1,000,000 generations. An additional 1 million generations were than run with a
sample frequency of 1000. The initial trees were discarded as “burnin” and a 50%
majority rule consensus of the 2,000 remaining trees (from both runs) was created
using the ‘sumt’ option in MrBayes.

The molecular clock hypothesis was tested a priori. An UPGMA tree based on
uncorrected p-distances was constructed and subsequently used for the test as
implemented in DAMBE.

Table 1 (pages 80-84). Samples used in this study.
Samples collected by the authors, unless stated otherwise.
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RESuULTS AND DISCUSSION
COI

Stop codons were absent in all COI sequences. Therefore it was assumed that no
pseudogenes were incidentally sequenced. The estimated proportion of invariant
sites that was used in the saturation test, was obtained from the MrModeltest out-
put. Saturation is present, but only in the third codon position. It was decided not
to exclude the third codon position however, since saturation is mostly due to out-
group versus ingroup comparison. The third codon position registered 199 parsi-
mony informative characters against 50 for the first and 11 for the second.

The chi-square test for homogeneity of base frequencies across taxa showed no
significant deviation from the expected distribution (pos. 1, p=1.00; pos. 2, p=1.00;
pos. 3, p=0.97; entire dataset, p=1.00). The G1 skewness statistic was highly signifi-
cant (g1=-0.51, p<0.01), indicating the presence of nonrandomized signal in the
dataset.

MrModeltest suggested the use of the General Time Reversible (GTR) model
with an estimated proportion of invariable sites (I; 0.4722) and Gamma shape
parameter (G; 0.8348). This was suggested both by the hierarchical ratio likelihood
tests and the Akaike Information Criterion (AIC). The molecular clock hypothesis
was rejected (p=0.00). Since the scarce fossil record does not allow for sensible cali-
bration, it was decided to refrain from molecular clock analyses in this study.

The three different phylogenetic reconstruction methods that were used showed
broadly the same topology for the COI data (fig. 2). In contrast with the Bayesian
analysis, both the Neighbor Joining and Parsimony bootstrap analyses gave very
low support values for most clades. However, since they all gave largely the same
topology, we consider this a robust phylogenetic reconstruction. Abida vasconica and
A. partioti make up the most basal clade(s) in the trees. The species’ distributions are
strongly vicariant, with A. vasconica in the Cantabrian mountains and A. partioti in
the central Pyrenees. The next two clades are formed by A. polyodon and A. bigerren-
sis. These two species are mostly vicariant, but at a few locations in Navarra (Spain).
The third clade shows another couple, i.e. A. cylindrica and A. gittenbergeri. The lat-
ter is known from a restricted area just west of Figueres, on the eastern edge of the
distribution of the other species. Extensive field studies in that area have shown that
the two species never occur in sympatry (Tarruela Ruestes, 2006; unpub. data) and
that intermediate forms are not found. Nevertheless, A. gittenbergeri appears to be
paraphyletic with A. cylindrica as a derived clade.

The remaining taxa show an intriguing pattern. At the base of a clade we see A.
attenuata, which clusters with a large number of OTU’s that allegedly belong to A.
secale. Next to it we see A. s. ateni and A. p. vergniesiana branching off. The former is
known from a few localities in the valley of the River Aspe in the western French
Pyrenees and the latter from a slightly larger range in and north of Andorra. These
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are widely separated distributional ranges. It must be mentioned once more how-
ever, that A. occidentalis is missing from our analyses. Its known range fits right in
between that of the former two taxa and in shell morphology it is similar to A. p.
vergniesiana. Therefore, it is possible that A. occidentalis belongs to this clade. As a
sistergroup to the latter clade, we see the remaining A. secale individuals, including
those from the range of A. s. secale in northwestern Europe.

According to the mtDNA, A. secale is subdivided into two distinct clades, here
refered to as clades ‘A’ and ‘B’, each with different sister taxa. Quite surprisingly,
the geographical distribution of both clades is not congruent with the morphologi-
cally determined subspecies’ ranges (fig. 3). Individuals of morphologically indis-
tinguishable populations of A. s. affinis, A. s. cadiensis, A. s. brauniopsis and A. s. [ili-
etensis end up in both clades ‘A’ and ‘B’. However, despite their incongruence, both
the morphology-based and the mtDNA-based geographical pattern are coherent.

The seemingly conflicting patterns might be explained by hybridization and sub-
sequent unilateral introgression of the ‘attenuata’ mitochondrion. Here we hypothe-
size that there has been a hybridization event between A. attenuata and A. secale in
the Aude region in France, where A. attenuata and A. s. boileausiana occur sympatri-
cally. From that region the ‘attenuata’ mitochondrion could have spread into the
nearby populations of A. secale, irrespective of the subspecies and passing intraspe-
cific hybrid zones (fig. 4). If so, we may assume that A. s. margaridae and A. s. bofil-
li, and most populations of Abida s. secale have not or not yet been reached.

Two individuals of A. s. affinis from Gombrén and Sta. Maria de Montgrony
Monastery, respectively, also appear in clade ‘A’. This fits the introgression scenario,
since A. s. affinis occurs also north of the Pyrenees in France. The southernmost part
of the species’ range in Spain is occupied by A. s. meridionalis, which is in clade ‘A’.
Just north of its range A. s. bofilli occurs, which shows up in clade ‘B’. Introgression
into A. s. meridionalis but not in A. s. bofilli could be explained by the occurrences in
different river-basins. In and south of the valley of the Ebro and its tributary the
Segre, A. s. meridionalis, A. s. brongersmai and A. s. tuxensis occur, all of which having
the ‘A. attenuata’ COL. In the Llobregat basin, where Abida s. bofilli occurs and popu-
lations of A. s. lilietensis the invasive mitochondrion has not been recorded.

Abida attenuata has a strictly disjunct distribution, with two small ranges in
Orduna (Basque Country, Spain) and in the French department of Aude, respective-
ly (fig. 4), whereas its phylogeography is obscure. The species has never been found
in between. Maybe, the hybridization between A. attenuata and A. secale has

Figure 2. Bayesian likelihood, 50% majority rule consensus tree. Two examples are shown of specimens
of morphologically well defined subspecies that end up in both clade A and clade B. Values at the nodes
represent Bayesian posterior probabilities, Neighbor Joining and Parsimony bootstrap support respec-
tively. For explanation of clade names see text.
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been caused by an introduction of the former species into France. Obviously, A. s.
secale has colonized by far the largest part of its range during the Holocene. This
view is supported by the monophyly and the low genetic differentiation between
even the most distant populations (England versus Austria/Switzerland), as well as
by the fossil record. The species appears in fossil assemblages after 13,000 yr bp in
England (Kerney, 1963; Preece, 1994; Preece & Bridgland, 1999), Germany (Meyrick,
2001) and France (Lautridou & Puisségur, 1977). There is evidence however, that A.
secale was already present in central Europe during the Lower Pleniglacial, i.e.
around 60,000 years ago (Moine et al., 2005). The subsequent glacial maximum
would then have forced the species into more southerly refugia.

The source of the Holocene range expansion may be situated in the Segre valley,
as is suggested by the phylogeny reconstruction. Nearly all populations in that area
(fig. 3), and especially those just north of the Pyrenees, now keep the ‘attenuata’
mitochondrion. Therefore, this introgression should have occurred only after the
northwards dispersal wave of A. secale. This conclusion is supported by the minimal
extent of mtDNA genetic variation (short branchlengths) in clade ‘A" as compared to
clade ‘B’.

Three distinct subclades can be identified within clade ‘B’. These do not corres-
pond with the subspecies delimitations based on morphology. Abida s. lilietensis, for
instance, is found in two distinct clades. There is substantial genetic variation
between A. s. lilietensis individuals in the two clades. The average, uncorrected, pair-
wise distance is 0.14 (n=9 pairwise comparisons), which is equal to the average
genetic distance between all A. secale individuals (n=136) or even between two clear-
ly differentiated Abida species, like A. bigerrensis and A. polyodon (n=8 pairwise com-
parisons). Such a contrast between morphology and mitochondrial phylogeny
reconstruction has previously been observed in other organisms as well (i.e. Babik
et al.,, 2005; Van Riel et al., 2005; Spooner & Ritchie, 2006; Hagemann & Prohl, 2007)
and several explanations for this phenomenon have been proposed. In this particu-
lar case the different mitochondrial lineages may have evolved during temporary
isolation in different river valleys. The first two subclades are distributed south of
the Cadi mountain range (figs 2 and 3). One (B1) is found from Tuxen in the west to
Gerona in the east. The other subclade (B2) ranges from Vall de Gresolet (east of the
Pedraforca mountain) in the west to La Pobla de Lillet in the east, including the crest
of the mountain range. Its origin is probably linked to the northern part of the

Figure 3. Map of the primary research area south of Andorra showing limestone areas (shaded grey).
Localities from which material was sequenced for the COI dataset are shown. Symbols correspond to
subspecies identifications based on shell morphology. Cross, A. s. andorrensis; black square, A. s. brongers-
mai; black circles, A. s. margaridae; white circles, A .s. cadiensis; black/white diamonds, A. s. affinis; black
triangles, A. s. tuxensis; white squares, A. s. brauniopsis; star, A. s. cadica; white triangles, A. s. lilietensis.
The dashed line represents the approximate border between the distribution of clade A and clade B (fig.
2). The map is in UTM projection.
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Llobregat valley. The third subclade (B3) represents the individuals found east of
Martinet and north of the mountain range (B3a), including all populations of A. s.
secale north of the Pyrenees (B3b). Its origin might be associated with the eastern
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part of the Segre valley.

Pairwise genetic distances between for instance A. polyodon and A. bigerrensis
range from 0.14 to 0.16. Such a degree of variation is comparable to that between A.
s. secale populations from the French departments of Jura and Isére (0.16). Founder
effects and population bottlenecks are probable causes for the relatively large genet-
ic variation within A. s. secale.

ITS-1

The ITS-1 data show a strong AT-bias of 69%, which is a common observation in
functionally unconstrained spacers. Abida vasconica, A. partioti, A. bigerrensis and A.
polydon were shown as monophyletic. The clones sequenced for these individuals
formed monophyletic groups in the phylogeny reconstruction. These taxa had the
same topology here as in the COI-based phylogeny. Abida cylindrica and A. gitten-
bergeri cluster together but the individual sequences are mixed. Also a single cloned
sequence of A. s. lilietensis is found in this clade. Towards the crown of the tree the
individuals representing A. attenuata, A. p. vergniesiana, A. s. ateni and A. s. saxicola
cluster in monophyletic groups. These are, however, interspersed with diverse
clones of the remaining A. secale individuals. The magnitude of intra-individual
variation results in a mix of gene-trees that is phylogenetically uninformative.

ITS --@-- .

CR --fre- A. s. brongersmai RMNH 100561 A

'g§ ;:;;;; A. s. cadiensis RMNH 104121 Ze
20T | ITS —e— - .

CR —o— A s lilietensis RMNH 100598

-
v “o--a
O Om e Om = Om = Om 2 Om 20 = Om ST =T = Om = Om = Om = Om 2O = O = O = Om = O = O = O

10 20

Figure 5. Graph showing increase of unique clones for the whole ITS-1 region (ITS) and for the conserved
regions (CR) only.
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Excluding those characters that showed intra-individual variation (Gittenberger et
al., 2006) resulted in the loss of practically all phylogenetic information. Reduction
of the intra-individual variation in the ITS-1 data by combining them into a single
sequence cannot be an option, since they are heterologous genes. In other words,
genes or alleles with a different evolutionary history would be combined.

Eventually it was decided to reduce the amount of variation by analysing only
the six conserved regions that had been identified by Armbruster et al. (2000). This
resulted in a dataset of 118 base pairs and 60 “haplotypes” for all Abida species (55)
and Chondrina avenacea (5), with a substantial reduction in intra-individual variation
(fig. 5). The conserved regions (CRs) showed no AT-bias (50%), which is consistent
with their alleged function in gene splicing. Gaps in these CRs were considered
informative and therefore taken into account. One haplotype was considered part of
a pseudogene since here CR 1 was completely absent. Although the animal-specific
motive at the end of the 18s gene (‘GATCATTA’) was intact, it was decided to
exclude it from subsequent analyses. This haplotype was represented by six
sequences, all from A. s. brongersmai (RMNH 104117).

The remaining haplotypes contained practically no phylogenetic information.
Fourteen out of 118 characters (11%) were parsimony informative, but all suffered
from homoplasy. This resulted in a non-informative basal polytomy. The haplotypes
were therefore plotted in a median joining network (fig. 6). The high number of pos-
sible connections (‘loops’) suggest a high number of recombination events. The hap-
lotypes also suffer from incomplete lineage sorting. Haplotype 7 is shared, for
instance, between A. vasconica and A. partioti, as well as with A. s. ateni. Haplotype
12 is shared between A. polyodon and A. bigerrensis and again A. s. ateni. Extensive
sampling within A. secale revealed a large amount of variation, in that 41 haplotypes
were found to be unique to this taxon. There are two main haplotypes, 1 (103 clones)
and 4 (86 clones). The first is shared with A. attenuata, A. p. pyrenaearia and A. p.
vergniesiana, while the second one is unique to A. secale. Within A. secale there are six
haplotypes in this dataset that occur in more than a single individual. When these
haplotypes are plotted on a map (fig. 4 and 7) a pattern emerges that is geographi-
cally coherent. Haplotype 12, 44 and 51 are restricted to two individuals each.
Haplotype 12 (blue) is found in A. s. lilietensis and A. s. brongersmai. Haplotype 44
(yellow) is found in A. s. brongersmai and a geographically close individual of A. s.
cadiensis. Haplotype 51 (black) is found in two individuals of A. s. tuxensis.

Haplotype 1 (green) is found in subspecies north of the Cadi-Moixero mountain
range, i.e. A. s. saxicola, A. s. andorrensis, A. s. brongersmai and A. s. margaridae. The
exception is A. s. brauniopsis, which occurs south of the mountain range and also
shares this haplotype. This subspecies is morphologically similar to A. s. brongersmai
and also shares COI clade ‘A’ with this subspecies. It is therefore assumed that A. s.
brauniopsis reached its present day range south of the mountain range by dispersal.
The distribution pattern of haplotype 1 coincides roughly with that of the COI based
clade ‘A’. Haplotype 51 (black), which occurs in two individuals of A. s. tuxensis that
also share the A. attenuata mitochondrion, is derived from haplotype 1 (fig. 6 and 7).
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The pattern might have originated by introgression from A. attenuata into A. secale,
as was assumed for the COI data. However, here we cannot distinguish between
introgression and incomplete lineage sorting as possible causes of the observed pat-
tern.

Haplotype 46 (grey) is found in two individuals of A. s. brongersmai, as well as in
the three individuals of A. s. secale from England, France and Austria. This suggests,
in concordance with the COI data, that the latter subspecies has originated in the
Segre valley. Haplotype 1 is missing in these three individuals. This might support
the introgression scenario for haplotype 1 into A. secale, since it has already been
established from the COI data that this occurred after the initial dispersal of this
subspecies. However, the absence of haplotype 1 in these three individuals (which
amount to only 14 sequenced clones) is considered non-informative in this respect.

The origin of the exceptionally large morphological variation of A. secale in the
Sierra del Cadi remains enigmatic. The habitat is mostly homogeneous, as are the
climatic conditions (This thesis, chapter 5). We could not identify any factors to
which the observed shell morphologies might be considered adapted. The allopatric
ranges of the subspecies and the small zones with intermediates, without any obvi-
ous differentiation in habitats, suggest a case of non-adaptive radiation
(Gittenberger, 1991, 2004). This, however, is not an explanation for the extreme mor-
phological diversity in Abida secale.

BARCODING

The COI marker used in this study is the one chosen for species barcoding by the
international Consortium for the Barcode of Life (CBOL.: http://barcoding.si.edu). In
this particular case, the identification of species or subspecies on the basis of only
this mitochondrial DNA barcode may result in serious error. All identifications
should be verified by additionally using morphological characters or other, prefer-
entially nuclear DNA markers.

TAXONOMIC IMPLICATIONS

The results of this study necessitate a reconsideration of the status of some nom-
inal taxa. Abida s. ateni and A. p. vergniesiana belong to the same clade in the COI-
based tree. We conclude that either the so-called subspecies A. s. ateni does in fact
not belong to A. secale, or that A. p. vergniesiana also belongs as a subspecies to that
species. However, A. p. vergniesiana and A. s. andorrensis are found in sympatry.
Since they belong to distinct clades we can assume that they are reproductively iso-
lated. Abida s. ateni and A. p. vergniesiana are sister taxa, that do not belong to Abida
secale. Furthermore, as the so-called A. pyrenaearia pyrenaearia is more closely related
to other Abida species (fig. 2), they also do not belong to that taxon. We therefore
propose to regard both taxa as separate species, viz. Abida ateni and A. vergniesiana.
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Figure 6. Median joining haplotype network of conserved region haplotypes. Green, haplotype 1; red,
haplotype 4; blue, haplotype 12; yellow, haplotype 44; grey, haplotype 46; black, haplotype 51. The num-
bers in the open squares indicate the number of clones that differ by a single mutation from the “parent’
haplotype. Open circles with crosses indicate inferred, not observed haplotypes. The size of the nodes is
related to the number of clones with that specific haplotype.
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Figure 7. Map of the primary research area showing localities from which individuals were selected for
ITS-1 sequences. Pie charts represent individual snails and show the percentages of the haplotypes pres-
ent in the individual. The number indicates the number of clones that were sequenced. The chart in the
upper right corner represents A. s. saxicola. Its true location lies just NE of the map area. Green, haplo-
type 1; red, haplotype 4; blue, haplotype 12; yellow, haplotype 44; grey, haplotype 46; black, haplotype
51. The dashed line represents the approximate border between the distribution of clade ‘A’ and clade ‘B’
as found in the COI based phylogeny reconstruction. The map is in UTM projection.
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