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ABSTRACT

Genetic variation facilitates both natural range expansions and anthropogenic invasions. Contrary to
expectations, hybridization does not always impact negatively on biodiversity. Increasing evidence indicates
advantageous roles for introgressive hybridization in maintaining standing genetic variation. Hypothesizing
that hybridization may contribute to the evolutionary and invasive success of a diverse group of freshwater
snails (Ampullariidae, commonly known as apple snails), we estimated the frequency of hybridization
between two globally invasive species of Pomacea, Pomacea canaliculata (Lamarck, 1822) and P maculata Perry,
1810, in their native range. While previous work in Asia has uncovered the occurrence of extensive
hybridization, we provide the first phylogenetic evidence of a high degree of hybridization (30%) between
these species in Uruguay and Brazil. Hybrids carried both heterozygous and homozygous combinations
of elongation factor 1-a (EFla) nuclear alleles in both mating directions, indicating that hybridization
has occurred over multiple generations and likely preceded introductions outside the native range. Among
the five sites in Brazil previously documented as containing only P maculata, one far northern population
(Careiro Castanho), which is thousands of kilometres from the northern range of P canaliculata, unexpectedly
contained hybrids. This may be the result of human-facilitated introductions. Together with recent work
from Asia, our investigations in the native range of apple snails support a reframing of historical perspectives
of hybridization as a driver of extinction and diversity loss towards a modern paradigm where hybridization

may promote diversification and contribute to the survival of evolutionary lineages such as molluscs.

INTRODUCTION

While gastropods remain understudied relative to other organisms
(Régnier et al., 2015) and ignored even in reviews of hybridization
(Mallet, 2005), they present novel opportunities to better under-
stand evolutionary and taxonomic complexities associated with
hybridization. Gastropods often exhibit a wide range of mor-
phological variation that makes delineating species and establish-
ing stable taxonomy problematic (Hayes et al., 2012). At one end
of the range, a single species can exhibit extreme intraspecific
morphological variation, as occurs in the marine snail Littorina
saxatilis (Teshima et al., 2003). Such variation creates confusion in
identification, leading in this case to over a hundred synonymies
for this species and the moniker as the champion of taxonomic
redundancies (Cressey, 2015). At the other end of the spectrum
are ‘invisible’ or cryptic species that are often difficult to distinguish
solely by external morphology (Yang ¢t al., 2018).

Morphologically similar species may appear the same to a non-
expert, and when relevant taxonomic expertise is not available, may
often require genetic analysis to distinguish them from other species.
These opposing challenges of overestimating vs underestimating
species diversity reinforce the need to move towards integrative tax-
onomy (Dayrat, 2005). Integrative taxonomy involves species identi-
fications based on multiple, complementary perspectives including,
but not limited to, comparative morphology, phylogenetics and
ecology (Dayrat, 2005; Hayes et al, 2012). Reliance on integra-
tive taxonomy increases the likelihood of consistent and accurate
species delineation across observers, and this, in turn, may lead
to the discovery of more hybrids and the detection of previously
unidentified novel species in natural systems.

While introgressive hybridization has long been considered
important in the evolution of plants (Roberts, 1929; Abbott, 1992;
Rieseberg & Carney, 1998), theorists have also begun to recognize
it as a potentially important source of novel genetic variation
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in the evolutionary success of animals (Dowling & DeMarais,
1993; Grant & Grant, 1998; Pennisi, 2016, 2018; Kagawa &
Takimoto, 2018). If hybridization creates advantageous novel
allele combinations, then selective advantages emerge for species
that demonstrate a propensity for hybridization, with such species
avoiding a loss of fitness in the process. The immediate benefit of
novel allele combinations following hybridization has been observed
previously in freshwater snails (Facon et al., 2005). Additionally,
hybridization provides a novel source of standing genetic variation
that aids in avoiding extinction (Rhymer & Simberloff, 1996),
contributes to adaptive radiation (Arnold & Kunte, 2017) and
confers other potential benefits on widely distributed taxa (Harrison
& Larson, 2014). Hybrids also create new ecological niches or
occupy existing ones and thus have different impacts on their
environments. For example, hybrids may exhibit hybrid vigour,
possessing greater tolerances to physical or environmental stresses
than either parent species (Matsukura et al., 2015). Furthermore,
the ability to hybridize may facilitate biological invasions, allowing
initial colonizers to expand their ranges quickly and subsequently
to dominate ecosystems (Lucck ez al., 2010; Lack ez al., 2012; Hall,
2016).

Classically, speciation results in distinct lineages that are
reproductively and genetically isolated. However, shared alleles
may persist in these lineages because of incomplete lineage sorting
between recently diverged species pairs. This may potentially
blur the lines of identification when individuals are mistaken
for hybrids or may mask differences between distinct species
(Mallet, 2005; Toews & Brelsford, 2012; Harrison & Larson, 2014).
Furthermore, shared ancestral polymorphisms may be confused
for introgressive or hybrid alleles. Incomplete lineage sorting fails
to leave a predictable biogeographical pattern in isolated and over-
lapping populations (Toews & Brelsford, 2012). Hybridization, in
contrast, results in biogeographic inconsistencies and discordance
between mitochondrial and nuclear DNA (Toews & Brelsford,
2012).

Hybridization may occur in the native range long before a species
undergoes an anthropogenic range expansion. Thus, hybrids may
inherit different advantageous alleles from either parent and con-
sequently may increase their fitness. Conversely, deleterious reces-
sive alleles, which have accumulated and become fixed in either
parent population, can be masked after a hybridization event by
introgressive dominant alleles that purge the impacts of ‘mutation
loading’ (Coutellec & Caquet, 2011). Regardless of the mechanism,
hybrid vigour or heterosis often results in increased fitness of hybrids
relative to parental populations (Coutellec & Caquet, 2011). Even
rare hybridization events that involve only a small proportion of
individuals in a population may dramatically alter the genetic
diversity of the population as a whole (Mallet, 2005).

Gastropods, such as apple snails, represent excellent models
(Hayes et al., 2009a, 2015) for understanding evolutionary pro-
cesses, including range expansion and invasion success. In the
tropics and subtropics, molluscs account for a substantial por-
tion of freshwater biodiversity (Strong e al., 2008). The diverse
genus Pomacea contains several globally invasive species, notably
P canaliculata (Lamarck, 1822) and P maculata Perry 1810, both
of which are classic examples of invasive success and threaten
ecological systems and public health on a global scale (Hayes, Cowie
& Thiengo, 2009b; Hayes et al, 2012, 2015; Horgan, Stuart &
Kudavidanage, 2014).). In addition, the genus Pomacea contains
several morphologically cryptic species (Hayes e/ al., 2012). Conse-
quently, apple snails serve as good study systems for understanding
the complex processes driving diversification and speciation. While
the lower vagility of snails may translate to lower range expansion
potential (Angert ¢t al., 2011), anthropogenic dispersal paired with
adaptive traits often increases the pace of invasion (Capinha et al.,
2015).

Some species of Pomacea possess traits traditionally identified as
facilitating invasiveness; these traits include a generalist herbivorous

diet (Saveanu & Martin, 2013; Burks et al., 2017), tolerance to
drying (Hayes etal, 2009a; Glasheen et al., 2017; Mueck et al.,
2018) and reproductive strategies, such as high fecundity (Barnes
et al., 2008; Tamburi & Martin, 2011), terrestrial oviposition (Burks,
Kyle, & Trawick, 2010) and possibly introgressive hybridization
(Matsukura et al., 2013). Interestingly, non-native P canaliculata and
P maculata populations in Japan readily hybridize (Matsukura et al.,
2013, 2015), indicating a possible role for hybridization during
invasion. Such populations occur at range extremes and are likely
to be subjected to repeated cycles of selective pressure that mimic
founder effects (Carson & Templeton, 1984). This pressure, in turn,
would favour fluidity in breeding stringency, thereby facilitating true
introgression (Toews & Brelsford, 2012), long-term diversification
(Pennisi, 2018) and dispersal (Pfenning, Kelly & Pierce, 2016).
Though the occurrence of hybridization has been observed in
the invasive ranges of apple snails (Matsukura et al., 2013, 2015;
Yang et al., 2018), it remains unconfirmed in the native ranges of
these species. To begin to understand the role hybridization may
have played in facilitating invasion success and diversification, we
investigated whether hybridization occurs in the native range of
species and if so at what frequency. To address this, we collected
samples from the native ranges of P canaliculata and P maculata in
Uruguay and Brazil. We used these samples to identify hybrids and
characterize hybridization frequency, as well as to rule out incom-
plete lineage sorting as an alternative explanation for previously
observed genetic admixture.

MATERIAL AND METHODS

Sample collection

Apple snails, which were initially identified morphologically as
Pomacea canaliculata and P maculata, were collected from geograph-
ically diverse freshwater sources in Uruguay (Iig. 1). Sampling was
carried out from December to January in five consecutive years
(2011-2015). All specimens were killed by drowning in deoxy-
genated water (Fukuda, Haga & Tatara, 2008) and fixed in 95
100% ethanol. At the time of fixation, a small piece of foot tissue
was removed and preserved in 95-100% ethanol for subsequent
DNA extraction. Samples from additional populations of P maculata
from Brazil (Iig. 1) were collected as part of previous studies (Hayes,
2009; Hayes et al., 2009b, 2012), and sequences from these samples
provided representatives of pure or non-overlapping populations
for this species. From field collections across Brazil and Uruguay
(Table 1), we selected 146 snails to analyse for hybridization. These
samples came from eight sites: two populations containing both
P canaliculata and P maculata (i.e. overlapping: Parque Rod6é Mon-
tevideo and Punta Gorda), one ‘pure’ P canaliculata population
occurring in isolation (Magallanes) and five other sites in Brazil,
which had been previously identified as containing only P maculata
(Table 1, Iig 1). All specimens used in this study are currently
housed in the collections of the Bishop Museum, Honolulu, USA,
the Instituto Oswaldo Cruz, Rio de Janeiro, Brazil, or Southwest-
ern University, Georgetown, Texas, USA. All specimens will be
vouchered at the museums associated with their country of origin
following the completion of ongoing research beyond the present
study.

DNA extraction and loct amplification

Total genomic DNA (gDNA) was extracted from ¢. 5 mg of foot
tissue using the NucleoSpin® extraction kit (Macherey-Nagel,
Pennsylvania, USA) following the manufacturer’s instructions with
a final elution volume of 150 pL. A 658-bp fragment of the
mitochondrial cytochrome ¢ oxidase subunit I (COI) gene was
amplified using primers LCO1490 and HCO2198 (Folmer et al.,
1994). To evaluate hybridization, a 460-bp fragment of the nuclear
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Figure 1. Map showing the sites sampled for Pomacea maculata and P, canaliculata in Uruguay and Brazil, with inset of South America. Colours and patterns
show the varying degrees of concordant and discordant mitochondrial (COI) and nuclear haplotypes (EFla). Blue indicates P canaliculata and orange
represents P maculata. Hatched pattern denotes COI haplotypes and solid colours show EFle identity. White represents the percentage of snails at a site
with one EFle allele from P canaliculata and one EFla from P maculata (mixed). Population names correspond to those in Table 1.

elongation factor 1-o (EFla) was also amplified using primers from MangoTaq™ Buffer, 2.5 mM MgCly, 200 uM dNTPs, 0.16 uM
Hayes et al. (2009b). Amplifications for both loci were carried out in of each primer and 1 pL. gDNA (25-50 ng); cycling parameters
25 uL reactions containing 1 U MangoTaq™ (Bioline, USA), 1x followed Hayes et al. (2009b).
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Table 1. Sample populations and genotypes.

Site Region Coordinates Individuals COl CoOl Hybrid EF1a EF1a
collected P.can P. mac total heterozygous homozygous
34°54.81'0"S,
Parque Rodé Montevideo  Uruguay (SE) 56°10.2/0"W 32 18 14 19 10 9
33°54/33.5”S,
Punta Gorda Uruguay (SW) 37 6 31 14 7 7
58°25'03.2"W
33°30'05.4"S,
Magallanes Uruguay (SW) 28 28 0 0 0 0
58°10'38.8"W
] . 21°15'53.0”S,
Bonito Brazil (SW) 15 0 15 0 0 0
56°33'34.4"W
20°30'7.63"S,
Campo Grande Brazil (SW) 6 0 6 0 0 0
54°36'59.05"W
) 15° 3'57.89"S,
Barro Alto Brazil (Central) 8 0 8 0 0 0
48°58'31.48"W
) ) 14°19'48.29"S,
Campinorte Brazil (Central) 5 0 5 0 0 0
49°7'51.96"W
. ) 03°49'23.0”S,
Careiro Castanho Brazil (NW) , 15 5 10 10 5 5
60°21'39.0"W
Total 146 57 89 43 22 21

Site information and species identities, as determined by phylogenetic analysis. For hybrids, heterozygous denotes an individual with an EF1« haplotype from
both species’ lineages. Homozygous hybrids carried two EF1a haplotypes that were discordant with their COI species haplotype. Pomacea canaliculata and P.

maculata have been abbreviated as ‘P. can’ and ‘P. mac’, respectively.

Cloning

When direct sequencing of amplified EFla failed because of the
presence of multiple divergent alleles within an individual, we used
TOPO TA Cloning kits (Invitrogen, USA) to isolate individual
alleles prior to sequencing. Cloning followed the manufacturer’s
instructions, and we initially sequenced 9-14 positive clones from
each of 13 snails. We used rarefaction analysis to determine the
number of sequences necessary to capture allelic diversity. This
indicated that sequence data from five clones would sufficiently cap-
ture EFla haplotype diversity for each individual (average = 5.2,
E = 1.9, variance = 0.06, 95% CI = 1.31-2.00). As such, we
sequenced at least five EFla clones in both directions from all
remaining individuals.

Sequencing

Prior to sequencing at the Institute for Cellular and Molecular
Biology, University of Texas, Austin, USA, all amplified prod-
ucts were checked for specificity and quality via gel electrophore-
sis. Cycle sequencing was performed with ABI BigDye termina-
tor kits (Perkin-Elmer Applied Biosystems, Foster City, CA), and
sequences were electrophoresed and analyzed on an ABI 3730xl
(Perkin-Elmer Applied Biosystems) machine. Electropherograms
were checked for errors and ambiguous calls before assembling
contiguous sequences in Geneious v. 11.0.2 (Kearse et al., 2012). All
sequences were checked against publicly available databases using
BLAST (Johnson et al., 2008) to verify locus and taxon identities
prior to phylogenetic analysis. All unique sequences generated
from this study are available via GenBank (COI accession num-
bers MK992470-992488; EFla accession numbers MN590311
MN590410).

Phylogenetic analyses

To evaluate introgressive hybridization, we compared biparentally
inherited nuclear lineages of EFla to uniparentally inherited mito-
chondrial lineages in a phylogenetic framework. We used the COI
sequences from additional Pomacea spp. (Hayes, 2009; Hayes et al.,
2009b), along with sequences from all unique haplotypes sequenced
in this study, in a maximume-likelihood (ML) phylogenetic frame-
work to cluster species. This was compared with clustering patterns
of EFla to reveal possible hybrids. All sequences were aligned
using the MUSCLE plugin v. 3.6 (Edgar, 2004) in Geneious prior
to selection of the best fit nucleotide substitution model using
the corrected Akaike’s information criterion (AICc) in jModelTest
v. 2.1.7 (Darriba et al., 2012). For COI haplotypes, we used the
masking function in Geneious to create separate alignments to
compare the phylogenetic signal between datasets including and
excluding the third codon position. Phylogenetic analyses were
carried out in PhyML v. 3.0 (Guindon ez al., 2010) with the param-
eters from the best fit model (GTR 4+ G and TPM3 + G for
COI and EFle, respectively) using 1000 bootstrap replicates to
evaluate topological stability (Felsenstein, 1985). For both phyloge-
netic analyses, we included P paludosa as the outgroup (GenBank
acc. nos.: COI, EU528590.1 and EU528591.1; EFle, FJ710347.1
and FJ710348.1). We identified hybrids as those in which EFla
haplotypes were incongruent with assigned COI identity.

RESULTS

In total, 43 of the 146 samples analysed (30%) showed evidence
of hybridization (Table 1). The COI phylogenies recovered all
taxa as monophyletic consistent with their morphological identifi-

5

cations (I'ig. 2). In contrast, the EFla-based phylogenies revealed
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Figure 2. ML phylogeny of selected Pomacea species based on COI
sequence data (reconstructed using the GTR 4 G substitution model
and 1,000 bootstrap replicates). Only bootstrap support values > 50% are
shown. Branches are coloured blue for P canaliculata lineages and orange for
P maculata. Coloured boxes illustrate the percentage of concordant EFlo
alleles (same colour as the branches of the associated lineage, e.g. both are
blue) vs discordant alleles (different colours to the branches of the associated
lineage e.g. blue vs orange) relative to COI (11% and 36% for P canaliculata
and P maculata, respectively). Scale bar indicates substitutions per site.

a directional pattern of hybridization with 74% (32) of hybrids
carrying a Pomacea maculata COT haplotype, while only 26% (11) of
hybrids had a P canaliculata COI haplotype (Iig. 2). Most hybrids
(77%) occurred at Uruguayan sites containing both P canaliculata
and P maculata (Fig. 1); at these sites, we identified 33 of 69 (48%)
snails as hybrids. The remaining 23% (10) of hybrids occurred
at a site in northern Brazil (Careiro Castanho). At this site, all
snails collected carried COI P maculata haplotypes, but 10 of the 15
collected individuals were hybrid (Table 1, Iig. 1); EFle haplotypes
occurred in equal proportions of homozygous P maculata (i.e. non-
hybrid), homozygous P canaliculata (i.e. hybrid backcrosses) and
mixed P, canaliculata and P maculata.

In contrast to the even distribution of EFla alleles at the Brazil-
ian site, both of the Uruguayan sites showed skewed distributions
with smaller proportions of mixed haplotypes and a predominance
of either P maculata (Punta Gorda) or P canaliculata (Parque Rodo
Montevideo). Curiously, we did not find any homozygous EFla
alleles for P maculata at Parque Rodo Montevideo, although we iden-
tified 14 snails as P maculata based on the COI data. As expected,
no samples from our site of isolated P canaliculata contained hybrids
(Iig. 1). While 51% (22) of the hybrids carried one EFla haplotype
that clustered with the P maculata clade and one EFla haplotype
that clustered with the P canaliculata clade (referred to as ‘mixed’ or
heterozygous), the remaining 49% (21) of hybrids were homozy-
gous, being characterized by EFla haplotypes that clustered with
clades that were incongruent with their respective COI haplotypes
(Table 1, Figs. 1, 2).

DISCUSSION

Our results demonstrate, for the first time, a clear pattern of intro-
gressive hybridization between Pomacea canaliculata and P maculata in
their native range. The presence of hybrids with both EFla hap-
lotypes that cluster in clades incongruent with the respective COI
haplotypes further supports the interpretation of hybrid backcrosses
or multiple hybrid generations. Though P canaliculata and P maculata
may have diverged as much as 25 Myr (Hayes e/ al., 2009a, 2009b,
2015), we observed a hybridization rate of 30%. Consequently, we
suggest that hybridization in these snails has not emerged as a novel
phenomenon in the invaded range, but more likely constitutes an
ongoing process with a long evolutionary history (Pennisi, 2018). We
further speculate that the prevalence of hybridization in the native
range may have facilitated invasion success of these Pomacea species
in non-native habitats.

Both populations where the two species overlapped contained
hybrids. Given that we did not observe similar patterns in five of six
non-overlapping populations (Toews & Brelsford, 2012), our data
support the hypothesis of introgressive hybridization instead of the
alternative explanation of incomplete lineage sorting (Matsukura
et al., 2013). Except for a single population near Manaus, Brazil, all
EFla sequences from single-species populations clustered with the
corresponding COI sequence. People often fish using apple snails
of unknown identity as bait (Hayes, personal observation), and in
this way P canaliculata may be transported far outside its native
range. Thus, ongoing anthropogenic dispersal (Capinha ez al., 2015)
may be a further contributory factor to the spread of this species,
providing one plausible explanation for the unexpected hybrids
we found at the site in Careiro Castanho, Brazil. This is further
supported by the clustering of the COI haplotype from these indi-
viduals with geographically distant Argentinean and Uruguayan
haplotypes instead of geographically proximate Brazilian haplo-
types, a pattern suggestive of a recent introduction. Connectivity
between drainage basins also does not explain the patterns we
observed in Brazil. The Careiro Castanho mixed site occurs in the
Amazonas drainage basin, whereas two of the ‘pure’ P maculata
populations (Barro Alto and Campinorte) are located in the basin of
the Tocantins River. The two other ‘pure’ P maculata sites in Brazil
(Campo Grande and Bonito) occur in the basin of the Parana River,
a tributary of the Rio de la Plata. Both the mixed site at Punta
Gorda and the ‘pure’ P canaliculata site at Magallanes occur within
the basin of the Uruguay River, another tributary of the larger Rio
de la Plata.

Several previous genetic studies provide diversity and distribution
information on the source of non-native populations in Asia and
elsewhere (Rawlings et al., 2007; Hayes ¢t al., 2008; Matsukura et al.,
2013; Yang et al., 2018). Discovery of hybrids in the native range
may provide further insight on other studies. Matsukura ez al. (2013)
was the first to demonstrate that EFla sequences of both species
occurred in both COI species clades (their ‘clade C’ and ‘clade
M’ represent P canaliculata and P maculata, respectively), raising the
possibility of either incomplete lineage sorting or genetic exchange
between the two species. Matsukura e/ al. (2015) crossed strains to
produce F1 hybrids in the laboratory and demonstrated ongoing
hybridization as a mechanism to explain the patterns observed in
the wild. However, without samples from overlapping and non-
overlapping populations in the native range, evidence of genetic
exchange in Japan alone failed to reveal whether hybridization
was happening prior to their introduction, or was the result of
incomplete lineage sorting. By examining sequences from sympatric
and allopatric populations of both species found in Uruguay or
Brazil, our study is the first to provide data that rules out incomplete
lineage sorting.

Supporting the hypothesis that hybridization likely occurs
between more than just these two species of apple snails, Yang et al.
(2018) found multiple populations of an additional undescribed
species of Pomacea with EFle alleles that were identified as P
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maculata, P canaliculata or both. Nine sites contained only snails
with ‘hybrids’ (defined as those with discordant EFla alleles), six
sites with hybrids and P canaliculata, and three sites with hybrids and
P maculata. The fact that the undescribed species did not co-occur
with either P canaliculata or P maculata turther supports the view that
hybridization likely occurred prior to introduction, possibly in the
native range (Yang e al., 2018). However, multiple introductions
throughout Asia (Hayes ez al., 2008) may have moved hybrids more
than once, making it difficult to determine the exact origin of a
given hybrid population.

The complex ecology and reproductive flexibility of apple snails
exemplify many issues of invasion biology and hybrid identification
(Hayes et al., 2015; Burks et al., 2017). The two native South Amer-
ican ampullariids P canaliculata and P maculata are highly successtul
invasive species in the USA, East Asia and Europe (Hayes et al.,
2008; Oscoz, Tomds, & Duron, 2010; Burks ez al., 2017). These two
species have received increased attention in the literature in recent
decades largely because of their impacts on agricultural crops
in Asia (Horgan et al., 2014; Hayes et al., 2015). An evolutionary
history that includes introgressive hybridization may help explain
how Pomacea species have overcome the challenges of dramatic
population fluctuations and passive dispersal, which can result in
extreme population bottlenecks and decrease population viability
(Carson & Templeton, 1984). The processes in that populations in
their native range are subjected to as a result of natural disruptions,
such as flooding and drought (e.g. loss of genetic variation, inbreed-
ing), mirror those in newly invasive populations (Angert e/ al., 2011).
In both cases, spatial and environmental overlap of the two species
facilitates the potential for hybridization to recover genetic variation
(Pennisi, 2016).

The high proportion of hybrid individuals observed across the
part of the native range studied by us indicates that ‘beneficial’
diversification via hybridization and subsequent shedding of dele-
terious alleles may have outweighed possible decreases in fitness
(Pfenning et al., 2016). For example, distinct overwintering temper-
ature tolerances exist for invasive P maculata, P canaliculata and their
hybrids (Matsukura et al., 2015). The observed resilience of Pomacea
species to environmental stressors (Matsukura ez al., 2015; Glasheen
etal., 2017; Mueck et al., 2018) also supports the hypothesis that
species that frequently hybridize benefit from a diverse suite of
introgressed and conserved adaptive traits (Capinha et al., 2015;
Kagawa & Takimoto, 2018). Consistent with this theory, both non-
hybrid P maculata and P canaliculata possess many of the qualities
associated with range expansions and invasiveness (Yoshida e al.,
20145 Burks et al., 2017; Glasheen et al., 2017). Hybridization can
promote overall retention of adaptive introgressed alleles, while
simultaneously purging maladaptive allele combinations (Rhymer
& Simberloff; 1996), a benefit that has been observed following
hybridization among invasive freshwater snails belonging to the
family Thiaridae (Facon et al., 2005). Consequently, it seems rea-
sonable to infer that in ampullariids hybridization may have helped
to drive diversification and adaptation and may possibly have facili-
tated invasion outside the native range. However, additional studies
of pure and hybrid lines are necessary to more fully understand the
role of hybridization in the evolution of ampullariid snails.

Diverse gastropod species such as apple snails are also of interest
to researchers working on the non-allopatric speciation. Often
called ecological speciation (sensu Rolan-Alvarez et al., 2004), non-
allopatric speciation reflects a scenario where two distinct genetic
lineages develop, despite the fact that the source population has
not been separated by a vicariance event. In such cases, the line
between ‘true’ hybridization and simple introgression or gene
flow between isolated populations becomes blurred (Johannesson
etal., 2010). Our results, however, clearly separate incomplete
lineage sorting from introgressive hybridization (Toews & Brelsford,
2012). Together with recent work from Asia, our work on
apple snails in their native range supports a shift from historical
perceptions of hybridization as a driver of extinction and diversity

loss (Capinha et al., 2015; Kagawa & Takimoto, 2018) towards
a paradigm where hybridization is a driver of diversification.
Hybridization can thus play a vital role in the survival of
phylogenetically diverse evolutionary lineages, such as the Mollusca
(Régnier ¢t al., 2015).
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