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In this study, we present a molecular phylogeny of the Trissexodontidae and Helicodonti-

dae obtained by means of Maximum Parsimony, Neighbor Joining, Maximum Likelihood

and Bayesian analyses of DNA sequences. Nearly 3 KB of sequence data of two mitochon-

drial genes (COI, 16S rDNA) and the nuclear rRNA gene cluster including ITS-1, the

3¢end of the 5.8S gene, the complete ITS-2 region and 5¢ end of the large subunit 28S

were used to reconstruct the phylogeny of these two families. Monophyly of Tris-

sexodontidae and Helicodontidae at the family level is well supported. A new classification

of the genera in the Trissexodontidae is proposed. It includes two subfamilies: Gittenber-

geriinae (monotypic for Gittenbergeria turriplana) and Trissexodontinae. The latter includes

three strongly supported tribes: (i) Trissexodontini, including Mastigophallus, Trissexodon,

Oestophorella and Suboestophora; (ii) Oestophorini, with Oestophora; and (iii) Caracollinini,

with Caracollina, Gasulliella, Gasullia and Hatumia. The polytypic Oestophora and Suboesto-

phora are recovered as two monophyletic genera. The anatomy of the auxiliary copulatory

organs of the reproductive system is coherent with the new taxonomic interpretation of

the Trissexodontidae. Further work, including some more taxa is needed to delimitate sub-

families within Helicodontidae. Finally, the addition of some sequences of other Helicoi-

dea shows that the genus Ciliella is not closely related to Trissexodontidae, being grouped

within the Hygromiidae, instead.
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Introduction
Many problems in our understanding of systematic rela-

tionships within molluscs arise among the Gastropoda

(Haszprunar 1988; Barker 2001), the largest class of the

Mollusca. The history of evolutionary and classificatory

work on gastropods is summarised by Ponder & Lindberg

(1997, 2008); Dayrat et al. 2011, stimulating new

researches in gastropod phylogeny from ordinal to species

taxonomic levels. One of the major gastropod groups are

the stylommatophoran land slugs and snails, which are

thought to comprise nearly 25 000 living species, classified

in about 90 families. The phylogenetic relationships

among the Stylommatophora have been the subject of

extensive controversy (Schileyko 1979; Nordsieck 1985;

Tillier 1989) and are currently under revision with the aid

of molecular techniques (Tillier et al. 1996; Wade et al.

2001, 2006; Madeira et al. 2010).

The Helicoidea Rafinesque 1815 is one of the main

groups of terrestrial snails. It shows a Pangean distribu-

tion, being absent only in South America, sub-Saharan

Africa and some islands of the South Pacific (Scott 1997).

Recent molecular studies of the Stylommatophora (Wade

et al. 2001, 2006) suggested the monophyly of the Helicoi-

dea. Nevertheless, several questions as to its phylogenetic

position within the Stylommatophora, the number and
Fig. 1 Schematic trees summarising the current phylogenetic hypothe

the main classification systems. 1.Puente (1994); Bank et al. (2001); B

(1991, 2005).
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composition of families and ⁄ or subfamilies which have to

be considered within the group, or the evolutionary rela-

tionships of the Helicoidea, remain largely unresolved

indicating that further investigation is required. This is

the case of the genera included in the families Heli-

codontidae Kobelt, 1904 and Trissexodontidae Nordsieck,

1987 [following CLECOM system (Bank et al. 2001; Bank

2011a)]. While sometimes trissexodontids and helicodont-

ids are considered a monophyletic group (Zilch 1960;

Schileyko 1991, 2005), other authors consider them to be

different lineages (Gittenberger 1968; Nordsieck 1987;

Prieto et al. 1993; Bank et al. 2001; Bouchet & Rocroi

2005; Bank 2011a). Many authors disagree about the clas-

sification of the taxa included within these families mostly

because their taxonomy is based on shell morphology and

the anatomy of the reproductive apparatus, characters that

have been interpreted in various ways, resulting in con-

flicting phylogenetic reconstructions (summarised in

Fig. 1). Nordsieck (1987) stated that morphological simi-

larities of both families were basically the depressed shell

and the reduction in the auxiliary copulatory organs

(ACO), and that both characters could be the result of the

adaptation to the endogenous behaviour of species. The

supraspecific taxonomic hierarchies of both families rely

primarily on the morphology and composition of the
ses proposed for the Helicodontidae and the Trissexodontidae in

ouchet & Rocroi (2005); 2. Nordsieck (1987, 1993); 3. Schileyko
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ACO. They are based on the number of mucous glands,

the presence of a dart sac (with or without calcareous dart)

and accessory sac and their number, as well as their posi-

tion and opening into the vagina (Gittenberger 1968;

Schileyko 1978; Nordsieck 1987; Prieto et al. 1993).

Following Bank et al. (2001), there are eight genera

within the family Trissexodontidae [Trissexodon (one sp.),

Mastigophallus (one sp.), Oestophorella (one sp.), Suboestopho-

ra (five spp.), Gasulliella (one sp.), Oestophora (above

10 spp.), Gittenbergeria (one sp.) and Caracollina (2–

3 spp.)]. The recently described Hatumia (three spp.) also

belongs to the Trissexodontidae (Arrébola et al. 2006;

Bank 2011b). Some authors consider Gasullia (one sp.) to

be an independent genus, separated from Suboestophora

(Prieto et al. 1993; Arrébola et al. 2006; Bank 2011b).

With the exception of Caracollina lenticula and Oestophora

barbula which are widespread across the W Mediterranean

and Macaronesia, all species are restricted to small geo-

graphical areas in the Iberian Peninsula, S France and ⁄ or

N Africa. Some of them are of conservation concern

(Cuttelod et al. 2011; Verdú et al. 2011).

The Helicodontidae currently comprises about 10

species in five genera (Bank et al. 2001; Schileyko 2005):

Helicodonta (4–5 spp.) and Lindholmiola (three spp.) are

widely distributed in Europe; Atenia, Drepanostoma and

Falkneria are monotypic and restricted to more reduced

geographical areas in S Europe. The genus Soosia is

placed by several authors within the Helicodontidae, but

its taxonomic position remains to be clarified (Schileyko

2005).

Recent molecular studies have begun to provide

remarkable new insights into helicoidean phylogenetic

relationships (Wade et al. 2001, 2006, 2007; Manganelli

et al. 2005; Groenenberg et al. 2011). This study aims (i)

to test by molecular data whether Trissexodontidae and

Helicodontidae are monophyletic groups; (ii) to recover

the phylogenetic relationships within these two families

and (iii) to evaluate the systematic placement of these

taxa relative to other helicoid groups. Although our focus

is on these two families, we have used available sequence

data for other Helicoidea taxa. For this purpose, we used

several DNA sequence data. They included two mito-

chondrial and four nuclear gene fragments. This is the

first molecular phylogenetic study of the two families,

although some previous molecular studies focussing on

higher-level relationships have included a few species of

these taxa.

Material and methods
Specimens

A total of 43 individuals representing trissexodontid and

helicodontid land snails were sequenced for the study. The
172 ª 2012 The Authors d Zoologica Scri
genus Ciliella which has been considered by Nordsieck

(1987) to be closely related to the Trissexodontidae has

also been included. Additional sequences were also

obtained from GenBank database and together with a few

new ones (Elona, Helicigona, Trochulus, Sphincterochila) were

included in the phylogenetic analyses. Arion hortensis,

A. subfuscus, Discus rotundatus and Solatopupa similis were

used as outgroups. Details of specimens and sampling

localities are given in Table S1. Species have been identi-

fied according to Puente (1994) and Arrébola et al. (2006).

Extraction, PCR amplification and sequencing

The material examined was preserved in 96% ethanol, and

total genomic DNA was extracted from foot muscle using

the DNAeasy Tissue kit (Qiagen, Valencia, CA, USA). Six

gene fragments were selected for this study: two mito-

chondrial markers, 654 bp of the protein coding cyto-

chrome oxidase subunit I (COI) and around 420 bp of

ribosomal gene 16S rRNA; and four nuclear fragments,

approximately 1480 bp of the rRNA gene cluster, includ-

ing the 3¢ end (of the 5.8 S gene (�80 bp), the complete

ITS-2 region (�900 bp) and the 5¢ end (�500 bp) of the

large subunit (LSU; 28S) gene and about 705 bp of

nuclear transcribed spacer I (ITS-1). General PCR cycling

conditions used for DNA amplification were 5 min at

95 �C, [2 min at 94 �C, (45 s–2 min) at 47–60 �C

(depending on the annealing temperatures of primer pair

used), (1 min) at 72 �C] (repeated for 35–40 cycles) and

7 min at 72 �C. Amplicons were sequenced using the

dRhodamine Terminator Cycler Sequencing Ready reac-

tion Kit (Applied Biosystems, Foster City, CA) run on an

ABI PRISM model 3100 Avant Genetic Analyzer and

using the same primers as used for PCR (see Table S2 for

the primers used). The resulting forward and reverse

sequences were assembled with SEQUENCHER 4.10.1 (Gene

Codes Corporation), checked for errors ⁄ ambiguities

(including amino acid translation for COI). Sequences

were deposited in GenBank with accession numbers.

Alignment

COI sequences were aligned directly in MACCLADE 4.08

(Maddison & Maddison 2005), whereas length-variable

fragments were aligned with MAFFT 5.8 online version

(Katoh et al. 2002) that has been shown to perform better

than alternative pairwise alignment methods (Golubchik

et al. 2007). We used the G-INS-i algorithm and default

values for the other parameters. For 16S rRNA, we

aligned our sequences with several sequences published by

Manganelli et al. (2005), and other sequences obtained

from GenBank; for ITS-1, 5.8S, ITS-2 and 28S, we also

used some of these sequences. Indels were excluded from

the alignment when ambiguous using GBLOCKS software
pta ª 2012 The Norwegian Academy of Science and Letters, 42, 2, March 2013, pp 170–181



Table 1 Length of the sequenced fragments and number of

informative characters

Marker Length of

alignment

Number of

variable

sites

Number of

parsimony

informative sites

Total

number

of sites*

COI 654 255 229 654

1st codon 218 59 46 218

2nd codon 218 19 10 218

3rd codon 218 177 173 218

16S 401 121 107 220

ITS-1 705 158 124 400

ITS-2 + 28S 1185 333 209 1078

COI + 16S 1055 376 336 874

ITS-1 + 5.8S + ITS-2 + 28S 1921 491 333 1478

Total 2945 867 669 2352

*Total number of sites (excluding sites with gaps ⁄ missing data).

B. J. Gómez-Moliner et al. d Phylogeny of Helicodontidae and Trissexodontidae
(Castresana 2000) (see Fig S1 for indels considered in the

analysis).

Phylogenetic analyses

Each data set was analysed separately to compare overall

topologies and to check for inconsistencies within and

between taxa. Then, we analysed three different combined

data set: the first included the two mitochondrial markers

(COI and 16S rRNA), the second integrated the nuclear

markers (5.8S, ITS-2, 28S and ITS-1) and the third was a

combined matrix for all genes.

Phylogenetic inference was based on neighbor joining

(NJ), maximum parsimony (MP), maximum likelihood

(ML) and bayesian inference (BI). NJ and MP were per-

formed in PAUP* version 4.0b10 (Swofford 2002). For NJ

analysis, we implemented for each alignment the available

evolutionary model with the closest match to that selected

by MODELTEST 3.6 (Posada & Crandall 1998), using Akaike

weights as selection criteria. For MP, trees were generated

using heuristic searches with tree-bisection-reconnection

(TBR) branch swapping and 1000 random taxon additions.

We imposed a 3:3:1 weighting scheme on the COI-data

set to compensate for the relaxed mutation rate at third

base positions, rather than completely excluding these

positions. Statistical support for the resulting topologies

was assessed by bootstrapping (1000 pseudoreplicates for

NJ and MP) (Felsenstein 1985). For BI, performed in

MRBAYES 3.0b4 (Huelsenbeck & Ronquist 2001), data were

partitioned by gene and additionally by codon position

when COI marker was analysed. We used GTR + I + G

as the evolutionary model, estimated independently for

each of the gene partitions using MODELTEST 3.6 (Posada

& Crandall 1998) and Akaike weights as selection criteria.

MrBayes ran 7.5 · 106 or 40 · 106 generations for the

gene and codon partitions, respectively, using default val-

ues and saving trees each 1000 generations and including a

burn-in of 4 · 106 and 25 · 106 generations for the gene

and codon partitions, respectively. Bayesian posterior

probabilities (PP) were calculated to evaluate the Bayesian

trees. We used ML as implemented in the online version

of RAXML 7.0.3 (which includes an estimation of bootstrap

node support, Stamatakis et al. 2008), using GTR + I + G

as the evolutionary model, estimated independently for

each of the gene partitions. To test for significant differ-

ences between the topologies obtained by the different

analysis, we performed Shimodaira–Hasegawa (SH) tests

(Shimodaira & Hasegawa 1999; full optimisation; 1000

bootstrap replicates) for the combined matrix of all genes

in PAUP*. For the different topologies obtained, we have

interpreted as significant the support values above 70% for

bootstrapping procedures and 95% for PP obtained by

Bayesian analysis.
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Results
Information on the sequence data is given in Table 1. The

final matrix included 94 specimens for 16S fragment, 59

for the concatenated mtDNA data set and 33 for the com-

plete concatenated matrix (mtDNA plus nuclear DNA

sequences). There were no length differences in the pro-

tein coding gene among the studied specimens, and gene

length differences appeared mostly in the 16S rRNA and

ITSs genes.

Mitochondrial analysis

Neither COI, nor 16S rRNA provided good resolution at

deeper nodes (data not shown). Results of the phylogenetic

analyses of the combined data set of both mitochondrial

gene fragments (COI and 16S) are shown in Fig. 2. The

monophyly of the family Helicidae, represented by five

helicid genera, was supported only by NJ (84%). The fam-

ilies Sphincterochilidae and Elonidae were represented

each by one single genus; they were recovered as two dif-

ferent lineages, but their position within Helicoidea was

not resolved. The monophyly of the Hygromiidae was not

recovered by any of the phylogenetic analyses.

The Helicodontidae constituted a monophyletic group

supported by NJ, BI and ML analyses (NJ = 76%; PP = 1,

ML = 84%). MtDNA analyses were unable to provide sup-

port for the monophyly of Trissexodontidae. The genus

Trissexodon formed one lineage (T1b clade) in the NJ analy-

sis, separated from Mastigophallus, Oestophorella and Suboesto-

phora (T1a clade). Nevertheless, Trissexodon and

Mastigophallus were joined as sister groups within a single

T1 group (together with Oestophorella and Suboestophora) in

the BI analysis, but below significance level (PP = 0.92).

The phylogenetic analysis showed the monophyly of the

polytypic genus Suboestophora, being placed as the sister

group of Oestophorella. Clade T2 comprised the polytypic
42, 2, March 2013, pp 170–181 173



Fig. 2 Phylogenetic tree of the Trissexodontidae and Helicodontidae based on NJ, bayesian inference (BI), maximum parsimony (MP)

and maximum likelihood (ML) analysis of a combined mitochondrial (COI and 16 S) sequences. Numbers correspond to NJ bootstrap,

BI posterior probabilities, MP and ML bootstrap values, respectively. Asterisks (*) indicate the sequences from GenBank.

Phylogeny of Helicodontidae and Trissexodontidae d B. J. Gómez-Moliner et al.
genus Oestophora (NJ = 0.90%; PP = 1, MP = 67%,

ML = 99%). The species of the genera Gasullia, Gasulliella

and Hatumia were grouped in the third monophyletic group
174 ª 2012 The Authors d Zoologica Scri
(T3), supported by all the phylogenetic analyses (NJ = 88%,

PP = 1; MP = 80%, ML = 100%). The fourth clade (T4)

was represented only by two haplotypes of C. lenticula. T4
pta ª 2012 The Norwegian Academy of Science and Letters, 42, 2, March 2013, pp 170–181
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was recovered as the sister group of T3 in NJ analysis, but

without support value (NJ = 69%), while it formed a poly-

tomy in BI and ML (with T1 and T2 + T3) and MP (T1,

T2 and T3) trees. The genus Gittenbergeria was recovered

as a clade separated from the other Trissexodontidae taxa

(clade T5). The phylogenetic position of Ciliella ciliata was

not resolved, although it grouped with the Hygromiidae but

without support.

Nuclear analysis

The phylogenetic analyses of the combined nuclear gene

fragments data set (ITS-1, the 3¢end of the 5.8 S gene,

complete ITS-2 region) are shown in Fig. 3. They recov-

ered Helicidae and Hygromiidae (represented only by Py-

renaearia and Trochulus) as different lineages, with C. ciliata

belonging to the Hygromiidae (NJ = 100%; PP = 1;

MP = 99%, ML = 100%). Sphincterochila (Sphincterochili-

dae) and Elona (Elonidae) were recovered as another two

lineages. None of the three analyses grouped the helic-

odontids Helicodonta and Atenia. No sequences of these

gene fragments have been published for any other helic-

odontid species. Four clades were recovered with the

nuclear gene fragment analyses for the Trissexodontidae:

Clade T1, joining Trissexodon and Mastigophallus as sister

groups with Suboestophora and Oestophorella, the latter being

placed as the sister group of the clade joining the other

three genera (NJ = 97%; PP = 1, MP = 99%,

ML = 100%). Clade T2, joining all the haplotypes of Oes-

tophora (NJ = 100%; PP = 1, MP = 99%, ML = 100%).

Clade T3, grouping Hatumia and Gasullia (NJ = 91%;

PP = 1, MP = 100%) together with Gasulliella (NJ = 70%;

PP = 1, MP = 69%, ML = 92%). Hatumia constituted a

monophyletic group in NJ analysis (NJ = 91%), but it was

paraphyletic in BI and MP analyses, with Gasullia being

grouped together within the Hatumia clade.

Caracollina lenticula (clade T4) constituted the sister

group of T3 clade (NJ = 98%; PP = 1, MP = 94%,

ML = 100%). T3 and T4 clades were joined together with

T2, although the monophyly of this clade was weakly sup-

ported (NJ = 87%; PP = 0.85, MP = 68%, ML = 69%).

Finally, Gittenbergeria was grouped as the sister group of

the other four clades T1-T4. The monophyly of the Tris-

sexodontidae was strongly supported (NJ = 96%; PP = 1,

MP = 86%, ML = 82%).

Combined data set

The overall combination of data produced an alignment of

2976 positions, of which 868 were variable, and 666 were

parsimony informative. NJ phylogeny of the combined

data set of all these gene fragments is presented in Fig. 4.

SH tests revealed no significant differences between the

likelihood values of the alternative topologies.
ª 2012 The Authors d Zoologica Scripta ª 2012 The Norwegian Academy of Science and Letters,
The Sphincterochilidae, represented only by Sphinctero-

chila candidissima, the Elonidae, represented by Elona quim-

periana and the Helicidae represented by Cornu, Helicigona

and Arianta formed separate lineages. Another lineage was

formed by the Hygromiidae, restricted to the genera Pyre-

naearia and Trochulus, with Ciliella ciliata belonging to this

group (NJ = 100%; PP = 1%, MP = 98%, ML = 100%).

Helicodonta and Atenia were clustered as another monophy-

letic group (NJ = 88%; PP = 1%, MP = 57%, ML =

83%). The Trissexodontidae were also clustered in a

clade, separated from other Helicoidea families, but its

monophyly was not supported by none of the phylogenetic

analyses (NJ = 65%; PP = 0.92, MP = 53%, ML = 61%).

Gittenbergeria turriplana was recovered as the sister group

of the other trissexodontids. Clades T1-T4 were clustered

together and their sister group relationships were well

resolved. The monophyly of this clade was highly sup-

ported (NJ = 99%; PP = 1, MP = 92%, ML = 99%).

Clades T1 (NJ = 99%; PP = 1, MP = 97%, ML = 100%),

T2 (NJ = 100%; PP = 1, MP = 100%, ML = 100%) and

T3 (NJ = 100%; PP = 1, MP = 97%, ML = 100%) were

also strongly supported. Caracollina lenticula (T4) was

recovered as the sister group of T3 clade (NJ = 82%;

PP = 1, MP = 75%, ML = 86%). The genus Oestophora

(T2) constituted the sister group of clades T3 + T4, but

this relationship was only supported by NJ analysis. Hatu-

mia formed a monophyletic group only in BI analysis,

becoming paraphyletic in the other trees, with Gasullia ga-

sulli grouping within this clade.

Discussion
This study represents the first comprehensive molecular

phylogenetic analysis of the Helicodontidae and

Trissexodontidae. Other molecular studies focused on the

Helicoidea phylogeny included the Camaenidae (Wade

et al. 2007), the Humboldtianidae (Mejı́a & Zúñiga 2007),

as well as several dart-possessing land snails (Koene &

Schulenburg 2005). In previous molecular studies dealing

with higher-level relationships of the Helicoidea (Steinke

et al. 2004; Manganelli et al. 2005), only sequences of Heli-

codonta obvoluta, Lindholmiola girva and G. turriplana (=Oes-
tophora turriplana sensu Steinke et al. 2004) were included.

Groenenberg et al. (2011) also analysed C. lenticula and

H. obvoluta mtDNA sequences. Sequences of COI, 16S

and ITS-1 fragments assigned to C. lenticula in the work

of Steinke et al. (2004) belonged to the helicid Helicigona

lapicida (see Groenenberg et al. 2011), and thus, they have

not been included in our phylogenetic analyses. Taxon

sampling of the present work covered all the trissexodon-

tid genera. Only the helicodontids Drepanostoma and Falk-

neria, and the poorly known Soosia, were not included

here.
42, 2, March 2013, pp 170–181 175



Fig. 3 Phylogenetic tree of the Trissexodontidae and Helicodontidae based on NJ, bayesian inference (BI), maximum parsimony (MP)

and maximum likelihood (ML) analysis of a combined nuclear ITS-1, 5, 8 S, ITS-2 and 28 S sequences. Numbers correspond to NJ

bootstrap, BI posterior probabilities, MP and ML bootstrap values, respectively. Asterisks (*) indicate the sequences from GenBank.

Phylogeny of Helicodontidae and Trissexodontidae d B. J. Gómez-Moliner et al.
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MtDNA trees did not recover the monophyly of the

Trissexodontidae, with G. turriplana being located apart

from the other trissexodontids. Trissexodon constrictus was

also recovered apart from other trissexodontids when com-

bining 16S and COI gene fragments. Nevertheless, the

monophyly of the Trissexodontidae was evidenced when

nuclear gene fragments were included in the analyses.

Monophyly of the Trissexodontidae was strongly sup-

ported when including only the nuclear gene fragments,

but it became weaker in the combined mitochondrial and

nuclear analyses. Both nuclear and combined analyses

showed that Gittenbergeria is the sister group of all other

Trissexodontidae genera. Gittenbergeria turriplana has been

considered closely related to Oestophora by some authors

(Ortiz de Zárate 1962; Nordsieck 1987, 1993; Steinke

et al. 2004), but this close relationship cannot be main-

tained after the new molecular evidence. Following the

CLECOM arrangement (Bank et al. 2001), we consider

the Gittenbergeriinae Schileyko, 1991 as a trissexodontid

subfamily monotypic for G. turriplana. This conclusion is

in agreement with Schileyko (1991, 2005) who considered

Gittenbergeriinae a valid taxon, although this author clas-

sified this subfamily within his Helicodontidae (=Heli-

codontidae + Trissexodontidae of present work).

Excluding Gittenbergeria, the other trissexodontid genera

were included in one clade that should be named Tris-

sexodontinae. This monophyly was only recovered by

nuclear and combined phylogentic analyses, but it was

only partly recovered by mtDNA study. Trissexodontinae

included the four clades (T1–T4) defined in the present

work. Three of them could be attributed tribe rank:

(T1) = Trissexodontini Nordsieck, 1987; (T2) = Oesto-

phorini Nordsieck, 1987; and (T3 + T4) = Caracollinini

Nordsieck, 1987. There is broad agreement between this

classification and the helicoidean systems of Nordsieck

(1987) and Schileyko (1991, 2005). Prieto et al. (1993),

Puente (1994) and Bank et al. (2001) did not consider su-

prageneric arrangements within trissexodontids. Nordsieck

(1987) considered the same three taxa (Trissexodontini,

Oestophorini and Caracollinini), but placed them together

with the Ciliellini (monotypic for C. ciliata) within Cilielli-

nae. Later on, Nordsieck (1993) classified Caracollina

within Oestophorini. The addition of C. ciliata sequences

in the present study contradicted the consideration of

Nordsieck (1987, 1993) about the taxonomic placement of

this genus. Our results indicated that Ciliella does not

belong to the Trissexodontidae, which is in agreement

with the helicoidean systems of Schileyko (1991, 2005),

Puente (1994) and Bank et al. (2001). The molecular

phylogenetic results indicated that Ciliella belongs to the

Hygromiidae, as it was previously indicated by Prieto et al.

(1993) based on the reproductive system anatomy and shell
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microsculpture. The present results are also in conflict

with the molecular phylogeny obtained by Steinke et al.

(2004). These authors obtained a clade (called Heli-

codontinae) for H. obvoluta and G. turriplana. We have

included in our phylogenetic analyses the two mtDNA

sequences published by these authors for these two spe-

cies, confirming that they belong to two different lin-

eages, Gittenbergeriinae and Helicodontidae, in mtDNA

analysis.

In the two Helicoidean systems that defined supragener-

ic taxa within the Trissexodontidae (Nordsieck 1987;

Schileyko 1991), the systematic position and rank of the

different genera were highly controversial. Nordsieck

(1987) placed Mastigophallus, Trissexodon and Oestophorella

within Trissexodontini, while Suboestophora, Gasullia, Ga-

sulliella, Oestophora and Caracollina were grouped within

Oestophorini. On the other hand, Schileyko (1991, 2005)

placed Trissexodon and Mastigophallus within Trissexodonti-

nae; Oestophorella, Oestophora, Suboestophora (with Gasulliel-

la) and Gasullia were included in Oestophorinae;

Caracollina constituted the monotypic Caracollininae. We

obtained a robust phylogenetic subdivision of the Tris-

sexodontinae into three highly supported monophyletic

groups (Trissexodontini, Oestophorini and Caracollinini).

In agreement with both systems, Trissexodon and Mastigo-
phallus were grouped together in the present work, but

also with Oestophorella as proposed by Nordsieck (1993).

The present work showed that Suboestophora is more clo-

sely related to the Trissexodontini than to the Oestopho-

rini which is in conflict with the systems of Nordsieck

(1993) and Schileyko (1991). The monophyly of the Tris-

sexodontini, including Suboestophora, was strongly sup-

ported by all but COI and mtDNA concatenated analyses.

Consequently, we consider that Trissexodontini should

include all these four genera, which constitutes a new

combination for this tribus. The genus Oestophora is

neither closely related to the Caracollinini, nor with the

Trissexodontini. From these results, it can be inferred that

Oestophorini is monotypic for Oestophora, Gasulliella,

Hatumia and Gasullia (clade T3 of present work), were

grouped with Caracollina (clade T4). The close relationship

of Caracollina with T3 group was not supported in

mtDNA studies. Nevertheless, it was strongly supported

in nuclear and concatenated studies. This result suggested

that clades T3 and T4, both together, constitute the tribe

Caracollinini.

Some of the clades obtained within the Trissexodonti-

dae by DNA sequences are coherent with morphology.

The reproductive system anatomy and particularly the

morphology of the ACO which is of prime importance in

the taxonomy of the Helicoidea supports the close phylo-

genetic relationship of the four genera included in the new
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Fig. 4 Phylogenetic tree of the Trissexodontidae and Helicodontidae based on NJ, bayesian inference (BI), maximum parsimony (MP)

and maximum likelihood (ML) analysis of a combined mitochondrial (COI and 16 S) and nuclear (ITS-1, 5, 8 S, ITS-2 and 28 S)

sequences. Numbers correspond to NJ bootstrap, BI posterior probabilities, MP and ML bootstrap values, respectively. Asterisks (*)

indicate the sequences from GenBank. Some schematic representations of the reproductive system of representative species of the main

clades obtained for Trissexodontidae and Helicodontidae have been included to the right of the tree. Whole reproductive system of

Gittenbergeria turriplana for clade T5; Details of auxiliary copulatory organs of Trissexodon constrictus (T1 clade), Oestophora lusitanica (T2

clade), Hatumia pseudogasulli (T3 clade) Caracollina lenticula (T4 clade) and Helicodonta obvoluta (Helicodontidae clade). as, accessory sac;

ds, dart sac; mg, mucous glands. Modified from the study by Puente (1994) and Arrébola et al. (2006).
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combination proposed for the Trissexodontini (Fig. 4):

Trissexodon, Mastigophallus, Oestophorella and Suboestophora.

All of them have a short dart sac placed right next to the

accessory sac, with the former even surrounding the base

of the accessory sac (Puente et al. 1998; Martı́nez-Ortı́ &

Robles 2002). Both, the dart sac and the accessory sac,

open into the vagina. In the genus Oestophora (Puente

1996a; Arrébola et al. 2006), the accessory sac is a long

and muscular organ, free from the vagina wall and opens

on the top of the small dart sac, which is hardly visible. In

Hatumia and Gasullia, the accessory sac is similar to that

of Oestophora, thick, muscular and opening on the small

dart sac. Nevertheless, it is completely (Hatumia) or partly

(Gasullia) attached to the vagina wall (Arrébola et al.

2006). In Gasulliella, the third genus included in the clade

T3, ACO are absent (Puente et al. 1998), probably as a

consequence of the complete reduction in these organs.

After Prieto et al. (1993), the peculiar (long and narrow)

accessory sac of Caracollina is not attached to the vagina,

but it is also connected to the top of the dart sac.

Gittenbergeria turriplana has an elongated accessory sac

that opens laterally into the middle part of the dart sac

(Fig. 4). A second duct connects the accessory sac with the

vagina, too (Puente 1996b). Besides, the shell microsculp-

ture of Gittenbergeria is very different from that of the

Trissexodontinae genera, showing a peculiar delicate retic-

ulate sculpture (Puente 1996b). Here, the exceptional mor-

phology of shell microsculpture, together with the unusual

opening of the accessory sac into two organs simulta-

neously constitutes simply autapomorphies of this genus.

With respect to the Helicodontidae, molecular analyses

did not support the traditional classifications (Nordsieck

1987; Schileyko 1991; Bank et al. 2001) of Lindholmiolinae

(grouping Atenia and Lindholmiola) and Helicodontinae

(containing Helicodonta and, probably, Drepanostoma and

Falkneria). The separation of both subfamilies was based

on the morphology of the ACO with Lindholmiolinae

being characterised by loss of ACO distal organs. We only

have information of Atenia and Helicodonta for the six gene

fragments and DNA sequence of Lindholmiola for the 16S.

The phylogenetic analyses of the 16S (data not shown) did

not recover the monophyly of Atenia and Lindholmiola. Sev-

eral studies have mentioned that loss of ACO distal organs
ª 2012 The Authors d Zoologica Scripta ª 2012 The Norwegian Academy of Science and Letters,
could have occurred several times in the Helicoidea (Wade

et al. 2007). Here, in Atenia and Lindholmiola, the reduction

in vaginal organs could also constitute a homoplasic char-

acter. Additional studies, including DNA sequences of

Drepanostoma and Falkneria, and new gene fragments of

Lindholmiola are required to consider subfamilies within

the Helicodontidae. The affinities of Soosia remain to be

evaluated to completely resolve the relationships within the

Helicodontidae. The monophyly of the Helicodontidae

was recovered in the mtDNA analyses, although it was not

very highly supported. On the contrary, Helicodonta and

Atenia were not grouped together in nuclear DNA analy-

ses. But they definitely constituted a clade supported when

combining all the information of the different gene frag-

ments. With the limitation of the few helicodontid taxa

that were included in the present work, the monophyly of

this family is supported by our molecular results.
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