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Abstract

Snails of the family Lymnaeidae are of great parasitological importance due to
the numerous helminth species they transmit, mainly trematodiases (such as
fascioliasis) of considerable medical and veterinary impact. The present
knowledge of the genetics and host–parasite relationships of this gastropod
group is far from adequate. Fascioliasis is caused by two species, Fasciola hepatica
and F. gigantica, which, as in the case of other trematodes, show a marked snail
host specificity. Many lymnaeid species involved in fascioliasis transmission still
show a confused systematic-taxonomic status. The need for tools to distinguish
and characterize species and populations of lymnaeids is evident and the present
review concerns new molecular tools developed in recent years using nuclear
ribosomal DNA sequences. The small subunit or 18S gene and the internal
transcribed spacers ITS-2 and ITS-1 are analysed and evaluated as markers for
taxon differentiation and relationships within the Lymnaeidae from genus and
species levels to subspecies and population levels. rDNA sequence differences
and genetic distances, and their value for reconstructing phylogenetic trees
using different methods are considered. Nuclear rDNA sequences are
appropriate tools on which to base a review of the systematics and taxonomy
of the family Lymnaeidae, without excluding other valuable snail characteristics
already available. A reconstruction of the lymnaeid system towards a more
natural classification will undoubtedly be helpful in understanding parasite
transmission and epidemiological features as well the dispersion of an
emerging-reemerging disease such as fascioliasis. Nomenclature for nuclear
rDNA genotyping in lymnaeids includes the main rDNA sequence regions able
to furnish important information on interspecific differentiation and grouping as
well as intraspecific variability of lymnaeid species. The composite haplotype
code includes the rDNA markers arranged in order according to their well-
known usefulness, in its turn related to their respective, more or less rapid
evolutionary ratios, to distinguish between different taxonomic levels, from
supraspecific taxa to the species level and up to the population level.

Introduction

Snails of the family Lymnaeidae are of great para-
sitological importance, because of their capacity to act as
intermediate hosts for numerous trematode parasites,
including those of medical and veterinary impact such as
Fasciola hepatica and F. gigantica (Malek, 1980; Boray, 1982;

Chen & Mott, 1990; Mas-Coma et al., 1999a,b, 2000; Mas-
Coma, 2004a,b). In recent years, the interest in lymnaeids
has markedly increased due to the detection of human
fascioliasis endemics, ranging from low to very high
prevalences and intensities and with estimates of up to 17
million people infected (Mas-Coma et al., 1999a,b, 2000,
2001, 2003; Mas-Coma, 2004a,b).
At the first intermediate host level, trematodes show a

marked snail host specificity, from usually oioxenous
(one digenean species/one snail species) or stenoxenous
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(one digenean species/a few, closely related snail species)
to less frequently oligoxenous (one digenean species/nu-
merous, family-, subfamily- or tribe-related snail species)
(Wright, 1973; Adema & Loker, 1997; Kalbe et al., 1997).
Variability in the susceptibility of a concrete snail species
to infection by a concrete digenean species has recently
been shown to be related to differences between snail
populations and also between individuals among a
concrete snail population (Rollinson & Southgate, 1985;
Adema & Loker, 1997). Differences in compatibility
between a trematode species and different geographic
populations of the same snail host species are already
known, including Fasciola (Boray, 1969, 1978). Among
lymnaeids, there are pronounced differences in suscep-
tibility between snail populations that occur in close
proximity to one another (Perez-Reyes et al., 1985), and
some snail populations even show a total lack of
susceptibility or resistance (Kendall & Parfitt, 1959;
Gutierrez et al., 2003).
The present knowledge of the classification of this

gastropod group, as well as their host–parasite inter-
relationships, is inadequate (Bargues et al., 2001). Both
aspects are crucial when taking into account the
importance of snail-trematode specificity in the epide-
miology and control of distomatoses. The aim of the
present paper is to briefly review the molecular tools
developed in recent years in relation to nuclear ribosomal
DNA sequences, which have provided valuable infor-
mation for clarifying the classification of species,
subspecies and populations, as well as to establish higher
taxons within the familiy Lymnaeidae.

Fasciolid–lymnaeid specificity

Fasciola hepatica is present in five continents. In Europe,
Galba truncatula is its preferred snail host, although other
European lymnaeids, i.e. Omphiscola glabra and Lymnaea
(Stagnicola) palustris, have also been found to be infected
under special natural conditions. In the laboratory,
O. glabra, L. (S.) palustris and L. (S.) fuscus, and even
L. (L.) stagnalis, Radix peregra and Myxas glutinosa can
become heavily infected if infection by miracidia takes
place during the first few days of the snail’s life, although
a high mortality level is obtained (Mas-Coma & Bargues,
1997; Bargues et al., 2001). Natural infections with
F. hepatica have also been reported in Polish populations
of Catascopia occulta and L. (S.) p. turricula (Bargues et al.,
2003). In other continents, other main or obligatory
intermediate snail hosts of F. hepatica are G. truncatula and
Pseudosuccinea columella in Africa, Fossaria humilis,
F. bulimoides and F. cubensis in North America, F. cubensis
and P. columella in Central America, F. viatrix ( ¼ F. viator),
L. diaphana, F. cubensis and G. truncatula in South America,
G. truncatula and Austropeplea ollula ( ¼ A. viridis) in Asia,
L. tomentosa in Australia, L. tomentosa, P. columella and G.
truncatula in New Zealand, and A. ollula in Hawaii, Papua
New Guinea, the Philippines and Japan. Alternate or
facultative host species cited in other continents are
P. columella in North and South America, P. columella and
A. ollula in Australia, and Radix gedrosiana in Iran (Boray,
1982; Malek, 1985; Mas-Coma & Bargues, 1997).

Fasciola gigantica is mainly distributed in Africa and
Asia. Less important endemic areas of F. gigantica are the
southern parts of Europe, Turkey, the Near East, and
some southern states of the old USSR, particularly
Armenia, and sporadically in North America. Principal
or obligatory intermediate snail hosts mentioned for
F. gigantica are R. natalensis in Africa, R. auricularia sspp. in
the Near East, Middle East, Far East and southern states
of the old USSR, F. cubensis in the North American gulf
coast, R. rufescens in Asia and the Indian subcontinent,
R. rubiginosa in the Far East and Malaysia, R. swinhoei
in South East Asia and the Philippines, and A. ollula
in Hawaii and Japan. Alternate or facultative host species
are G. truncatula in Africa, R. peregra in the Near East,
Middle East, and southern states of the old USSR,
P. columella in the North American gulf coast, and A. ollula
in the Far East (Boray, 1982; Mas-Coma & Bargues, 1997).
Radix caillaudi ( ¼ junior synonym of R. natalensis) in
Egypt, R. gedrosiana in Iran, R. euphratica in Iraq, R. luteola
in Nepal, and R. bactriana, R. tenera and R. subdisjuncta in
Turkmenia were more recently added (Mas-Coma &
Bargues, 1997).
Many of these lymnaeid species involved in fascioliasis

transmission still show a confused systematic-taxonomic
status. At the lymnaeid species level, problems are
encountered due to the interspecific morphological and
anatomic uniformity which numerous species show,
making classification difficult or impossible (Oviedo
et al., 1995). Moreover, intraspecific variation of shell
shape is particularly well marked within lymnaeids
according to environmental conditions (Burch, 1968a;
Burch & Lindsay, 1973b), although a genetic component
in shell shape has been demostrated at least in some
lymnaeid populations (Samadi et al., 2000). In Europe,
there are many classification problems, mainly concerned
with species of the ‘stagnicola’ and ‘radix’ type groups
(Glöer & Meier-Brook, 1998). Similar confusion arises at
the species level in other continents, specially with
species of the ‘fossaria’ group in the Americas, the
‘natalensis’ group in Africa, or the ‘stagnicola’ and ‘radix’
groups in Asia.
At the supraspecific (genus, subgenus) level, the

confusion is even more evident, including from special-
ists considering numerous genera and subgenera in the
Lymnaeidae (e.g. Malek, 1985) up to authors who only
accept the large genus Lymnaea Lamarck, 1799 sensu lato,
following the old classification of Hubendick (1951, 1978).
About 1800 species and 34 genera of lymnaeids have been
previously recorded (Hubendick, 1951; Te, 1976), with
classifications recognizing a single genus (Walter, 1968),
two genera (Hubendick, 1951; Jackiewicz, 1998), or more
than two genera (Zilch, 1959–1960; Burch, 1965, 1980,
1982a,b; Malek, 1985; Jackiewicz, 1993; Glöer & Meier-
Brook, 1998). Although not always followed, the multi-
generic scheme of Burch (1965, 1980, 1982a) has served as
a convenient means for species-group identification
(Burch & Lindsay, 1973a; Burch, 1982a).

Tools for characterizing lymnaeids

Within the Lymnaeidae, several approaches have been
used to evaluate taxonomic relationships: morphology
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(Hubendick, 1951; Walter, 1968; Burch, 1982a,b, 1988),
palaeontology (Zilch, 1959–1960; Inaba, 1969), karyology
(Burch, 1965; Inaba, 1969), experimental cross-breeding
(Burch & Ayers, 1973), enzyme electrophoresis (Rudolph
& Burch, 1989), and immunology (Burch, 1968b; Burch &
Lindsay, 1968). However, a consensus has not yet been
reached, due to inadequate systematic resolution, as with
chromosome numbers (Patterson & Burch, 1978), or the
disagreement of results of morphological studies on the
shell, radula, and prostate gland with those from
karyological and biochemical methods (see reviews by
Davis, 1978 and Patterson & Burch, 1978), suggesting that
morphological homoplasy is common among lymnaeids.
On the other hand, reproductive tract characteristics have
occasionally been useful for lower taxonomic unit
distinction between closely related lymnaeid species
(i.e. Jackiewicz, 1988, 1989; Glöer & Meier-Brook, 1998).
Some genetic and molecular techniques have proved

to be useful tools for studies on lymnaeids. Isoenzyme
electrophoresis and DNA microsatellites are useful at
the population level and have shown that a large range
of situations can be found within the lymnaeids, from
heterogeneous, polymorphic populations (Rudolph &
Burch, 1989; Jarne & Delay, 1990a; Coutellec-Vreto et al.,
1994) to completely homogeneous, monomorphic
populations (Jabbour-Zahab et al., 1997; Trouve et al.,
2000; Meunier et al., 2001), a phenomenon related to
both selfing and crossing capacities of these freshwater
snails (Jarne & Delay, 1990b; Jarne et al., 1993).
Randomly amplified polymorphic DNA (RAPD) anal-
ysis was not, however, sufficient conclusive when
applied to lymnaeids (Rybska et al., 2000) despite
having been used on other gastropod groups; Backeljau
et al. (1995) have already emphasized that results of
RAPD studies should be used with great caution in
taxonomic analyses.
DNA sequencing of well known markers has proved to

be the best tool to date. Some studies have been made
with mitochondrial DNA markers. Sequence analyses of
the large subunit (16S) mitochondrial ribosomal DNA
have indicated differences between several lymnaeid
species and provided more information on their
phylogenetic relationships (Remigio & Blair, 1997a;
Remigio, 2002). However, mitochondrial DNA sequences
have not been used to further our knowledge of lymnaeid
systematics and taxonomy.
Most of the information used to clarify systematic and

taxonomic aspects and population genetic characteriz-
ation of lymnaeids in recent years has been furnished by
nuclear ribosomal DNA sequences. rRNA molecules
provide a good opportunity to examine the patterns of
nucleotide sequence change (Wheeler & Honeycutt,
1988). Different ribosomal genes (28S, 5.8S and 18S)
have different rates of evolution and hence have been
extensively used in phylogenetic analyses. 18S rRNA
genes evolve slower than 28S rRNA genes and are thus
used to construct deeper phylogenies. The efficacy of
small ribosomal RNA sequences for resolving evolution-
ary relationships among taxa has been well demon-
strated, and a large body of sequences representing
diverse organisms has been compiled (De Rijk et al., 1992)
and used extensively in phylogenetic studies, even for
molluscs (Winnepenninckx et al., 1994).

Differences in nucleotide sequences in the two internal
transcribed spacers (ITS-1 and ITS-2) are useful for
resolving affiliations of closely related taxa that have
diverged relatively recently (,50 million years ago).
There is, moreover, much experience already available on
the usefulness of ITS sequences as excellent markers for
species distinction and hybridization in many groups of
organisms (Mas-Coma, 1999). Two additional aspects of
ITSs are of interest. Firstly, the sequencing of only one of
the two spacers is usually sufficient, as a balanced G þ C
content between ITS-1 and ITS-2 sequences is a shared
feature of all eukaryotic taxa (Torres et al., 1990) due to the
apparent coevolution of the spacers. This structural
conservatism of the ITS regions has been ascribed to their
function in ribosomal RNA maturation (Gonzalez et al.,
1990). Secondly, ITSs usually present microsatellite
sequences (Almeyda-Artigas et al., 2000a,b). Microsatel-
lites are tandemly repeated sequences whose units of
repetition are usually between one and five base pairs.
They may be classified into three families (pure,
compound and interrupted repeats) and di-, tri- and
tetranucleotide repeats are the types that are mostly
found (Jarne & Lagoda, 1996). Neither the origin of
microsatellites, nor their mutation model evolution and
function, if any, are fully understood (Jarne et al., 1998),
but a recent large bibliography proves that microsatellite
alleles exhibit extreme intraspecific variability, neutrality,
Mendelian inheritance, codominance and high mutation
rates and are thus excellent polymorphic molecular
markers for the differentiation of populations within a
given species (see reviews by Jarne & Lagoda, 1996; Roos
et al., 1998).

Ribosomal DNA markers in lymnaeids

Small subunit or 18S rRNA gene

The sequencing of the whole 18S rRNA gene of several
species of Lymnaeidae showed that this gene has a length
between 1843 and 1860 bp: (i) European species: L. (L.)
stagnalis 1849 bp; L. (S.) palustris 1851 bp; O. glabra 1849 bp;
G. truncatula 1843 bp; R. auricularia 1850 bp; and R. balthica
( ¼ R. peregra; ¼ R. ovata) 1852 bp; (ii) American species:
L. (Bakerilymnaea) cubensis 1860 bp. The larger number of
nucleotides in the 18S rDNA sequence of L. cubensis was
tentatively related to the more ancient palaeogeographic
origin of this species. There were no significant
differences in nucleotide composition between species,
the average G þ C content being 51.5%. The degree of
genetic variability among all those molluscan species,
over the entire 18S rDNA, ranges between 0.22% and
12.01%. The average substitution rate was 0.054 per site,
with an average transition rate of 0.037 and an average of
transversion rate of 0.017 (Bargues & Mas-Coma, 1997;
Bargues et al., 1997).
The 18S rDNA sequence is able to differentiate between

species belonging to different genera and subgenera, and
sometimes even between species of the same genus. It is,
however, not useful when comparing populations of the
same species, even in cases far removed from one another,
aswithG. truncatula fromEurope and Bolivia or L. cubensis
from Mexico and the Caribbean Guadeloupe island
(Bargues et al., 1997).
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When aligning the 18S rDNA sequences of different
lymnaeid species, modified positions appear scattered
throughout the whole sequence, but about half of them
appear concentrated in a concrete region extending
between positions 232 and 266. When locating the
positions showing nucleotide differences in the 18S
rRNA secondary structure, the latter group of modified
positions is entirely included in helix E10-1 of the variable
region V2. Interestingly, the helix E10-1 showed four
possible nucleotide sequences allowing us to distinguish
between species groups: (i) a first sequence common to
L. (L.) stagnalis, L. (S.) palustris andO. glabra; (ii) a sequence
identical in R. auricularia and R. balthica; (iii) a sequence
specific for G. truncatula; (iv) a sequence specific for
L. cubensis. Within one of these groups the stagnicoline
and Omphiscola species or the Radix species could be
differentiated on the basis of nucleotide differences
detected in scattered positions 72–74 and 157–158,
respectively (Bargues & Mas-Coma, 1997; Bargues et al.,
1997).
Results obtained by Bargues & Mas-Coma (1997) and

Bargues et al. (1997), suggested that 18S rDNA sequence
may be a good marker for species distinction and species
grouping within the Lymnaeidae. The small region of
helix E10-1 in V2, together with the phylogenetic
cladograms allow species groupings, thus distinguishing
supraspecific entities and suggesting the usefulness of the
18S rDNA as a marker for the definitive, supraspecific
taxonomic reorganization of the Lymnaeidae.
Phylogenetic analyses using the entire 18S rDNA

sequence furnished trees in which three branches
were emphasized with high bootstrap values: (i) the
L. (L.) stagnalis–L. (S.) palustris–O. glabra branch (includ-
ing the L. (L.) stagnalis–L. (S.) palustris grouping); (ii) the
R. auricularia–R. balthicabranch; and (iii) theG. truncatula–
L. (B.) cubensis branch (fig. 1A). Bootstrap valueswere only
relatively low for the branch supporting G. truncatula and
L. (B.) cubensis species.
In phylogenetic trees obtained by Bargues &Mas-Coma

(1997) and Bargues et al. (1997), there is an evolutionary
parallelism of F. gigantica with the R. auricularia–R. peregra
branch and of F. hepatica with the G. truncatula–L. cubensis
branch. Consequently, these results also showed an
applied parasitological interest of the 18S rRNA gene in
the distinction between groups of transmitter and non-
transmitter lymnaeid species.
However, this chapter on 18S rDNA cannot be closed

without emphasizing the results obtained by Stothard
et al. (2000). By sequencing and analysing a partial
sequence including variable regions V1 and V2, these
authors were able to detect nucleotide variation within
and between populations of R. natalensis from Madagas-
car and South Africa. Up to nine nucleotide positions
were found to vary within the V1 and V2 regions. Levels
of intraspecific divergence of the V1 and V2 were not
appreciably different (1%) from interspecific divergence
when compared with other lymnaeid species and would
therefore question the validity of the 18S rDNA marker
for lymnaeid taxonomy and phylogeny. However, further
studies of DNA divergence within and between African,
Madagascan and Far Eastern populations of R. natalensis
as well as the related superspecies R. auricularia are
needed, as already noted by Stothard et al. (2000).

Second internal transcribed spacer ITS-2 of the rDNA

The nuclear rDNA ITS-2 has been the most used
molecular marker in lymnaeid studies to date. A total of
72 populations of lymnaeid species and subspecies from
Europe, Morocco, Bolivia and the USAwere sequenced by
Bargues et al. (2001, 2003) and Mas-Coma et al. (2001).
Those species belonged to the genus/subgenus taxa
Lymnaea, Stagnicola, Omphiscola, Radix, Hinkleyia, Catasco-
pia and Galba, thus offering sufficient materials to
appropriately evaluate the usefulness of the ITS-2 as
marker for lymnaeids. The length of the ITS-2 sequences
varied between 370 and 491 bp and the nucleotide
compositions appeared uniformly G þ C biased: 55.0–
61.5%, with a mean of 58.5% (table 1).
Three different groupings could be distinguished

according to their ITS-2 length: (i) Radix and Galba groups
including 370–406 bp lengths; (ii) European C. occulta and
American stagnicolines of the genera Catascopia (C.
catascopium, C. elodes and C. emarginata) and Hinkleyia
(H. caperata), in which the sequences are 434–450 bp long;
(iii) Lymnaea s. str., European Stagnicola, and Omphiscola
with 468–491 bp lengths (Bargues et al., 2001, 2003;
Remigio & Blair, 1997b). The existence of three lymnaeid
groups according to ITS-2 lengths, with Galba included in
that presenting the shortest sequences, is worth noting.
The oldest lymnaeid fossil known is Galba from the
Jurassic (Zilch, 1959–1960), which suggests that a shorter
ITS-2 would be the plesiomorphic condition and that an
increase in ITS-2 length occurred during lymnaeid
evolution. This agrees with the general pattern known
in ITSs of eukaryotes. In this way, Radix and Galba may be
considered the oldest taxa, Lymnaea s. str., European
Stagnicola and Omphiscola the most recent, and European
C. occulta and American Catascopia and Hinkleyia the
intermediate taxa. This hypothesis fully agrees with the
only previously published phylogeny of lymnaeids
proposed by Inaba (1969) based on palaeontological
data, chromosome numbers and radular dentition.
When comparing different sequences in the align-

ments, several populations originally classified as
belonging to different species showed identical ITS-2
sequences, and other populations originally classified as
pertaining to the same species presented different ITS-2
sequences. Sometimes sequence differences were very
few, suggesting intraspecific variability. But occasionally
differences detected among populations classified as
pertaining to the same species were numerous, and
sufficient to consider that different species might be
involved. Moreover, the number of sequence differences
between species sometimes appeared lower than that
between populations of the same species (Bargues et al.,
2001, 2003). This clearly indicates both the classification
problems and systematic-taxonomic confusion present in
Lymnaeidae.
The analysis of the ITS-2 sequence alignments showed

a conserved central region flanked by two variable lateral
regions corresponding to the 50 and 30 ends of the ITS-2
sequence. Moreover, several interesting microsatellites
were found. Polymorphic microsatellites presenting a
different number of repeats, related to different sequence
lengths between populations among a given species or
proximal species group, were found in R. auricularia and
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Table 1. ITS-2 haplotypes of European, American andAfrican lymnaeid species, including country of origin, nucleotide length of the ITS-2
sequence and corresponding GenBank accession nos.

Species-haplotype code Country ITS-2 length (bp) GenBank accession no.

Lymnaea (Lymnaea) stagnalis
Ls-H1 Germany 489 AJ319614
Ls-H2 France 490 AJ319615
Ls-H3 France 491 AJ319616
Ls-H4 Italy, France, Germany 490 AJ319617

Lymnaea (Stagnicola) palustris
palustris
Sp-H1 France, Germany, The Netherlands, Denmark 473 AJ319620

Lymnaea (Stagnicola) palustris
turricola
St-H1 Austria 473 AJ319618
St-H2 Austria 473 AJ319619
St-H3 Poland 473 AJ457043

Lymnaea (Stagnicola) fuscus
Sf-H1 France 472 AJ319621
Sf-H2 Germany 472 AJ319622
Sf-H3 Austria, France 468 AJ319623
Sf-H4 Spain 468 AJ319624

Lymnaea (Stagnicola) corvus
Sc-H1 Austria 484 AJ319625

Omphiscola glabra
Og-H1 Germany 481 AJ319626
Og-H2 France 481 AJ319627

Radix auricularia
Ra-H1 Czech Republic, Austria, UK 401 AJ319628
Ra-H2 Czech Republic 403 AJ319629
Ra-H3 France 406 AJ319630
Ra-H4 France 404 AJ319631
Ra-H5 France 402 AJ319632

Radix balthica ( ¼ R. peregra;
¼ R. ovata)
Rb-H1 France, The Netherlands, Iceland 395 AJ319633
Rb-H2 France 395 AJ319634
Rb-H3 France 395 AJ319635

Radix labiata ( ¼ R. peregra
sensu Ehrmann, 1933)
Rl-H1 Czech Republic, Turkey 370 AJ319636
Rl-H2 Germany 370 AJ319637

Radix lagotis
Rla-H1 Czech Republic 378 AJ319638
Rla-H2 Austria 378 AJ319639

Radix ampla
Ram-H1 Austria 387 AJ319640

Radix sp.
Rsp-H1 Turkey 373 AJ319641

Galba truncatula
Gt-H1 Spain, Portugal, Switzerland, Morocco 401 AJ243017
Gt-H2 Spain, Portugal, France, The Netherlands 401 AJ296271
Gt-H3 Bolivia 401 AJ272051

Catascopia catascopium
( ¼ C. emarginata; ¼ C. elodes)
Cc-H1 USA (Michigan) ( ¼ S. catascopium of

Remigio & Blair, 1997b)
442 AF013143

Cc-H2 USA ( ¼ S. emarginata of Remigio & Blair, 1997b) 448 AF013142
Cc-H3 USA ( ¼ S. emarginata of Remigio & Blair, 1997b) 448 AF013141
Cc-H4 USA ( ¼ S. elodes of Remigio & Blair, 1997b) 448 AF013138
Cc-H5 USA (Wisconsin) 449 AJ319642

Catascopia occulta
Co-H1 Poland 448 AJ457042

Hinkleyia caperata
Hc-H1 Canada ( ¼ S.(H.) caperata of Remigio & Blair, 1997b) 435 AF013140
Hc-H2 Canada ( ¼ S.(H.) caperata of Remigio & Blair, 1997b) 434 AF013139
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in the American stagnicolines. Two microsatellites found
in the conserved central region are worth noting, as they
provide a means of differentiating Radix from other
lymnaeid species (Bargues et al., 2001).
Maximum-parsimony (MP), neighbour-joining (NJ)

and maximum likelihood (ML) analyses (fig. 1B) yielded
similar trees and showed the main branches supported by
very high bootstrap and puzzle values (all higher than 90,
most of them of 100). The ingroup taxa, representing all
lymnaeids studied, appeared divided into two big clades,
one for Radix species and another for all other genera. In
this second clade, two branches were well defined: one
branch for the European lymnaeids including Lymnaea
(Lymnaea), Lymnaea (Stagnicola) and Omphiscola, and
another branch comprising the European Galba and
C. occulta together with the North American stagnicolines
(Bargues et al., 2001, 2003). European stagnicolines always
appearing in a clade different from that of North
American ones, and the great nucleotide differences and
genetic distances between them suggested that North
American and European stagnicolines do not belong to
the same supraspecific taxon, despite shell morphology
and visceral anatomy similarities which may be homo-
plasic. Exceptions were the unexpected sequence simili-
tudes and phylogenetic link between the Eurasian
C. occulta and North American stagnicolines, facts
which justified the erection of the new genus Catascopia
(Meier-Brook & Bargues, 2002; Bargues et al., 2003).
The results of sequence comparisons andMP, distance by

NJ and ML analyses, indicate that the ITS-2 spacer is a
useful marker for resolving supraspecific, specific and
population relationships within the Lymnaeidae. Analyses
of genetic distances and sequence differences between
distinct populations and taxa studied distinguished the
upper limit to be expected within a single species and
showed that different sister species can be expected to be at
rDNA ITS-2 sequence level. Hence, the rDNA ITS-2 proved
to be an excellent marker for systematic and taxonomic
purposes, as well as to compare different populations
among a species. Therefore, the species studied were
systematically revisited, several synonymies were pro-
posed, and the taxonomic validity and relationships of
genera and subgenera involved were established.
Additionally, up to 34 different ITS-2 haplotypes were
distinguished and distributed as follows: four in L. (L.)
stagnalis, one in L. (S.) palustris palustris, three in L. (S.)
palustris turricola, four inL. (S.) fuscus ( ¼ S. vulnerata); one in
L. (S.) corvus, two in Omphiscola glabra, five in R. auricularia,
three inR. balthica ( ¼ R. peregra; ¼ R. ovata), two inR. labiata
( ¼ R. peregra sensu Ehrmann, 1933; ¼ R. alpicola), two in R.
lagotis, one in R. ampla, one in Radix sp., three in Galba
truncatula, one inCatascopia catascopium andone inC. occulta
(Bargues et al., 2001, 2003).
The information which the ITS-2 marker provides is of

an applied nature concerning the molluscan host
specificity of different trematode species. The phyloge-
netic trees inferred from the ITS-2 sequences are able to
differentiate between lymnaeids transmitting and those
non-transmitting fasciolids, as well as between those
transmitting F. hepatica and those transmitting F. gigantica,
as in the case of trees inferred from 18S rDNA sequences
(Bargues & Mas-Coma, 1997; Bargues et al., 1997). Fasciola
specificity is linked to the two oldest genera which,

moreover, cluster together in the phylogenetic trees,
suggesting an origin of the Fasciola ancestors related to the
origin of this branch.
Another species from which the ITS-2 sequence has

been obtained is P. columella which originated from
Central America, the Caribbean and the southern part of
North America, and is currently present in South
America, Europe, Africa, Australia, New Zealand and
even Tahiti (Mas-Coma et al., 2003). The ITS-2 sequence of
P. columella proved to be identical in many American
states far removed one another, suggesting a recent
geographical spread probably related to humans (Vigo
et al., 2000). Interestingly, populations of this species from
Cuba, showing resistence to infection by F. hepatica,
presented a mutation in the ITS-2 sequence. The ITS-2
thus becomes a genetic marker for differentiating
between resistant and susceptible P. columella populations
(Gutierrez et al., 2003).

First internal transcribed spacer ITS-1 of the rDNA

In lymnaeids, the nuclear rDNA ITS-1 has been less
used than the ITS-1. A total of 13 complete rDNA ITS-1
sequences were obtained by Mas-Coma et al. (2001) and
Bargues et al. (2005), from populations of L. (S.) p. palustris
(four haplotypes), L. (S.) p. turricola (two haplotypes),
L. (S.) fuscus (three haplotypes), G. truncatula (three
haplotypes), and C. occulta (one haplotype) (table 2).
Sequences were analysed and compared with those of
North American stagnicolines of the genera Catascopia
and Hinkleyia (Remigio & Blair, 1997b). Their length
ranged between 529 and 562 bp, and their GC content
between 55.9% and 59.0% (average 58.6%).
Although not somany populations have been analysed,

it is worth noting that each population studied showed a
different sequence, which was not the case in studies on
the ITS-2 of lymnaeids (Bargues et al., 2001, 2003). This,
together with a slightly higher percentage of nucleotide
differences, suggests that ITS-1 may evolve somewhat
faster than ITS-2 in Lymnaeidae. Consequently, the ITS-1
may offer a valuable marker for taxon differentiation and
relationshipswithin theLymnaeidae not only at genus and
species levels, but also at the subspecies and population
levels, as already verified in the case of ITS-2. However,
ITS-1 sequence andmicrosatellites may offer more precise
information at the population level than ITS-2.
At species and subspecies levels, results obtained

with ITS-1 by Bargues et al. (2005) fully confirmed the
results and conclusions previously reached by the ITS-2
sequence studies (Bargues et al., 2001, 2003). In
interspecific comparisons, a high number of nucleotide
differences appeared, the majority of which were
indels, with substitutions being very few between
lymnaeids of the subgenus Stagnicola. However, this
was not the case between the three Stagnicola and
C. occulta, the three comparisons showing a number of
substitutions higher than that of indels.
Sequence repeats detected in the first spacer were

microsatellites, being responsible for marked differences
in the ITS-1 length and providing more information for
species and population differentiation, e.g. microsatellite
repeats allow C. occulta from Europe to be distinguished
from the American Catascopia species.
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Lymnaea (S.) p. palustris and L. (S.) p. turricola haplotypes
are so close one another that specific differentiation is not
possible. The scarce genetic distances in the ITS-1 between
both agree with those known in organisms able to
crossbreed and give rise to viable hybrid forms (Mas-
Coma, 1999). In L. (S.) fuscus, the relatively numerous
differences detected in the ITS-1 agree with results
obtained with ITS-2 sequences, where nucleotide diver-
gences and genetic distances between haplotypes appear
to be the highest recorded within a concrete lymnaeid
species, suggesting that this speciesmayprobably follow a
process of geographic differentiation developing in
Europe at present (Bargues et al., 2001).
Concerning G. truncatula, ITS sequence analyses of the

lymnaeid morph I ( ¼ L. viatrix of Ueno et al., 1975) and
morph II ( ¼ L. cubensis of Ueno et al., 1975) proved that
there is only one species in the Northern Bolivian
Altiplano. Moreover, the very few differences between
the ITS sequences of the Bolivian lymnaeids and
G. truncatula populations from Europe and Morocco
indicate that the snail species involved in the trans-
mission of human and animal fascioliasis in this Andean
endemic area is G. truncatula (Mas-Coma et al., 2001).
However, nucleotide differences in both ITS-1 and ITS-2
sequences allow us to differentiate the Altiplano
population from other European and African populations
studied (Bargues et al., 2001, 2003; Mas-Coma et al., 2001).

Within P. columella, similarly to the case of ITS-2, a
mutation in the ITS-1 allows us to differentiate between
populations susceptible and resistant to F. hepatica
miracidial infection (Gutierrez et al., 2003).
At the genus level, results of both genetic distances and

phylogenetic analyses again support the conclusions
previously made between European and American
stagnicolines by means of the ITS-2 sequence and
phylogenetic analyses. MP, NJ and ML analyses yielded
similar phylogenetic trees (fig. 1C), and showed branches
supported by very high bootstrap and puzzle values. The
ingroup taxa, representing all lymnaeids studied, show
three well-defined branches: (i) a branch for the European
Stagnicola, including the American stagnicoline species
H. caperata as a basal or sister group (except in MP); (ii) a
branch grouping the haplotypes of G. truncatula; (iii) a
branch comprising the European C. occulta together with
the North American stagnicolines species of the genus
Catascopia (Bargues et al., 2005).

Lymnaeid rDNA haplotype code nomenclature

Summing up, nuclear rDNA sequences offer appro-
priate tools on which to base a systematic and taxonomic
review of the family Lymnaeidae, without forgetting the
other valuable snail characteristics already available.

Table 2. ITS-1 haplotypes of European, American andAfrican lymnaeid species, including country of origin, nucleotide length of the ITS-1
sequence and corresponding GenBank accession nos.

Species-haplotype code Country ITS-1 length (bp) GenBank accession no.

Lymnaea (Stagnicola)
palustris palustris
Spp-CH1A Denmark 536 AJ626849
Spp-CH1B France 537 AJ626850
Spp-CH1C Germany 549 AJ626851
Spp-CH1D The Netherlands 538 AJ626852

Lymnaea (Stagnicola)
palustris turricula
Spp-CH2A Austria 555 AJ626853
Spp-CH3B Poland 551 AJ626854

Lymnaea (Stagnicola) fuscus
Sf-CH2A Germany 535 AJ626855
Sf-CH2B Germany 545 AJ626856
Sf-CH4C Spain 529 AJ626857

Catascopia catascopium
Cc-CH1A USA (Michigan) ( ¼ S. catascopium of

Remigio & Blair, 1997b)
542 AF013143

Cc-CH2B USA ( ¼ S. emarginata of Remigio & Blair, 1997b) 542 AF013142
Cc-CH3C USA ( ¼ S. emarginata of Remigio & Blair, 1997b) 542 AF013141
Cc-CH4D USA ( ¼ S. elodes of Remigio & Blair, 1997b) 541 AF013138

Catascopia occulta
Co-CH1A Poland 562 AJ626858

Hinkleyia caperata
Hc-CH1A Canada ( ¼ S.(H.) caperata of Remigio & Blair, 1997b) 586 AF013140
Hc-CH2B Canada ( ¼ S.(H.) caperata of Remigio & Blair, 1997b) 586 AF013139

Galba truncatula
Gt-CH1A Spain, Portugal, Switzerland 504 AJ243017
Gt-CH2A Spain, Portugal, France, The Netherlands 504 AJ243017
Gt-CH2B Morocco 504 AJ296270
Gt-CH3C Bolivia 504 AJ272052

Composite haplotype (CH) code include number and letter according to ITS-2 and ITS-1, respectively.

264 M.D. Bargues and S. Mas-Coma

https://doi.org/10.1079/JOH2005297 Published online by Cambridge University Press

https://doi.org/10.1079/JOH2005297


A reconstruction of the lymnaeid system towards a more
natural classification will undoubtedly be useful in
furthering our understanding of the epidemiology of an
emerging-reemerging disease such as fascioliasis.
To facilitate the way forward, Bargues et al. (2005) have

introduced a new nomenclature for nuclear ribosomal
DNA genotyping. It considers the main rDNA sequence
regions to provide important information on interspecific
differentiation and groupings as well as the intraspecific
variability of lymnaeid species. The code follows an order
relating to the potential well-known information capacity
of different rDNA markers with more or less rapid
evolutionary ratios, for gradually distinguishing different
levels, from supraspecific taxa to the species level and up
to the population level. For instance, the composite
haplotype (CH) code CH2Badb will refer to haplotype H2
according to the ITS-2, haplotype HB after ITS-1, and
haplotypes Ha, Hd and Hb after the first, second and
third variable domains D1, D2 and D3 of the 28S gene,
respectively. Other variable domains of the 28S gene can
successively be added in this way, as necessary. This short
and simple nomenclature is expected to be very useful in
future genetic studies on lymnaeids.
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marcadores en sistemática, ecologı́a, evolución y
filogenia de parásitos y vectores. XIV Congreso
Latinoamericano de Parasitologı́a (FLAP), Acapulco,
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1825), huésped intermediario local. Revista Latino-
Americana de Microbiologı́a 27, 367–372.

Remigio, E.A. (2002) Molecular phylogenetic relation-
ships in the aquatic snail genus Lymnaea, the
intermediate host of the causative agent of fascioliasis:
insights from broader taxon sampling. Parasitology
Research 88, 687–696.

Remigio, E.A. & Blair, D. (1997a) Molecular systematics of
the freshwater snail family Lymnaeidae (Pulmonata:
Basommatophora) utilising mitochondrial
ribosomal DNA sequences. Journal of Molluscan Studies
63, 173–185.

Remigio, E.A. & Blair, D. (1997b) Relationships among
problematic North American stagnicoline snails
(Pulmonata: Lymnaeidae) reinvestigated using
nuclear ribosomal DNA internal transcribed spacer
sequences. Canadian Journal of Zoology 75, 1540–1545.

Rollinson, D. & Southgate, V.R. (1985) Schistosome and
snail populations: genetic variability and parasite
transmission. pp. 91–109 in Rollinson, D. & Anderson,
R.M. (Eds) Ecology and genetics of host–parasite
interactions, London, Academic Press.

Roos, M.H., Hoekstra, R., Plas, M.E., Otsen, M. &
Lenstra, J.A. (1998) Polymorphic DNA markers in the
genome of parasitic nematodes. Journal of Helminthol-
ogy 72, 291–294.

Rudolph, P.H. & Burch, J.B. (1989) Electrophorectic
analysis of enzymes in three species of Stagnicola
(Pulmonata: Lymnaeidae). Journal of Medical and
Applied Malacology 1, 57–64.

Rybska, E., Pacak, A., Szweykowska-Kulinska, Z. &
Lesicki, A. (2000) Taxonomy of European Lymnaeidae
(Gastropoda: Pulmonata) in studies with the use of
molecular biology techniques. I. Preliminary view on
the subgenus Stagnicola Leach, 1830 on the basis of
RAPD analysis. Folia Malacologica 8, 277–284.

Samadi, S., Roumegoux, A., Bargues, M.D., Mas-Coma, S.,
Yong, M. & Pointier, J.P. (2000)Morphological studies of
lymnaeid snails from the human fascioliasis endemic
zone of Bolivia. Journal of Molluscan Studies 66, 31–44.

Stothard, J.R., Bremond, P., Andriamaro, L., Loxton, N.J.,
Sellin, B., Sellin, E. & Rollinson, D. (2000) Molecular
characterization of the freshwater snail Lymnaea nata-
lensis (Gastropoda: Lymnaeidae) onMadagascarwith an
observation of an unusual polymorphism in ribosomal
small subunit genes. Journal of Zoology 252, 303–315.

Te, G.A. (1976) A summary of pulmonate distribution
information contained in Zilch’s 1959–1960 mono-
graph: Gastropoda, Teil 2, Euthyneura. Malacological
Review 9, 39–53.

Torres, R.A., Ganal, M. & Hembleben, V. (1990) GC
balance in the internal transcribed spacers ITS1 and
ITS2 of nuclear ribosomal RNA genes. Journal of
Molecular Evolution 30, 170–181.

Trouve, S., Degen, L., Meunier, C., Tirard, C., Hurtrez-
Bousses, S., Durand, P., Guegan, J.F., Goudet, J. &
Renaud, F. (2000) Microsatellites in the hermaphrodi-
tic snail, Lymnaea truncatula, intermediate host of the
liver fluke, Fasciola hepatica. Molecular Ecolology 9,
1662–1663.

Ueno, H., Arandia, R., Morales, G. & Medina, G. (1975)
Fascioliasis of livestock and snail host for Fasciola in
the Altiplano region of Bolivia. National Institute of
Animal Health Quarterly 15, 61–67.

Vigo, M., Bargues, M.D., Yong, M., Arenas, J.A., Naquira,
C., Paraense, W.L., Pointier, J.P. & Mas-Coma, S. (2000)
Molecular characterisation of a snail species transmit-
ting fascioliasis, Lymnaea columella (Gastropoda: Lym-
naeidae), fromCuba,Guadeloupe,Venezuela, Peruand
Brazil.VX International Congress for Tropical Medicine and
Malaria, Cartagena, Colombia, Abstracts Book 2, 96.

Walter, H.J. (1968) Evolution, taxonomic revolution, and
zoogeography of the Lymnaeidae. Bulletin of the
American Malacological Union 34, 18–20.

Wheeler, W.C. & Honeycutt, R.L. (1988) Paired sequence
difference in ribosomal RNAs: evolutionary and
phylogenetic implications. Molecular Biology and
Evolution 51, 90–96.

Winnepenninckx, B., Backeljau, T. & De Wachter, R.
(1994) Small ribosomal subunit RNA and the
phylogeny of Mollusca. Nautilus 2, 98–110.

Wright, C.A. (1973) Flukes and snails. New York,
Macmillan.

Zilch, A. (1959–1960) Gastropoda (Euthyneura).
pp. 91–102 in Schindewolf, O. (Ed.) Handbuch der
Paleozoologie. Berlin, Borntraeger.

(Accepted 23 May 2005)
q CAB International, 2005

Lymnaeid vectors of fascioliasis 267

https://doi.org/10.1079/JOH2005297 Published online by Cambridge University Press

https://doi.org/10.1079/JOH2005297

	Outline placeholder
	Bibliography


