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Molecular evidence for multiple introductions of the banded grove snail (Cepaea nemoralis)

in North America

K.K.S. Layton, C.P.K. Warne, A. Nicolai, A. Ansart, and J.R. deWaard

Abstract:

Global identification and monitoring programs for invasive species aim to reduce imminent
impacts to biodiversity, ecosystem services, agriculture and human health. This study employs a
658 base pair fragment of the cytochrome ¢ oxidase subunit I (COI) gene to identify and
categorize clades of the banded grove snail (Cepaea nemoralis (Linnaeus, 1758)) from native
(European) and introduced (North American) ranges using a maximume-likelihood phylogeny and
haplotype networks. This work corroborates the existence of eight clades within Cepaea
nemoralis and further identified three clades that were common to both Europe and North
America (A, D, O). Clades A and D were found in eastern Canada, Ontario, and British
Columbia, while clade O was restricted to Ontario, possibly introduced from Poland or central
Europe. Haplotype networks suggest clade A was introduced from northern Europe while clade
D was introduced from western and central Europe. Networks contained many private
haplotypes and a lack of haplotype sharing, suggesting strong genetic structure in this system,
possibly resulting from reduced dispersal in this species. This study describes the contemporary
distribution of C. nemoralis in Canada and demonstrates the efficacy of DNA barcoding for
monitoring the spread of invasive species, warranting its widespread adoption in management

policies.
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Introduction

Non-indigenous species (NIS) go largely unmonitored worldwide despite posing a grave
threat to global biodiversity, commerce, and human health (Early et al. 2016). Their ecological
impact is particularly devastating (Ricciardi et al. 2017), leading to the displacement and
extirpation of native taxa, as seen in bumblebees (Morales et al. 2013) and freshwater mussels
(Ricciardi et al. 1998), and through the introduction of new zoonotic diseases, such as in invasive
white-toothed shrews (Nally et al. 2016). To further compound the crisis, the spread and
establishment of NIS is predicted to increase due to continued globalization, habitat
modification, and climate change (Early et al. 2016), as well as increased accessibility of new
source species pools in their native ranges (Seebens et al. 2018). To combat the introduction,
establishment, and spread of NIS, fast and cost-effective methods for their identification are
imperative (Keller and Lodge 2017). DNA barcoding has proven effective for the identification
and discovery of animal species on a global scale (e.g. Hebert et al. 2003), and it greatly
increases the efficacy of monitoring and pest management programs (Armstrong and Ball 2005;
Harris et al. 2017). It has also demonstrated utility in determining the provenance of NIS and can

aid measures to halt their entry by identifying and verifying introduction pathways (Harris et al.

2017).
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The banded grove snail, Cepaea nemoralis (L.) (Gastropoda: Helicidae), has a native
distribution across western and central Europe (Kerney and Cameron 1979) with an estimated
6,515 populations (Silvertown et al. 2011), but was introduced to North America several times: to
New Jersey from England (Gould and Binney 1870), to Virginia from Italy (Reed 1964) and to
Quebec from France (Orstan 2010). By 1928, C. nemoralis had spread to the Bruce Peninsula in
Ontario (Pilsbry 1928) and west to British Columbia (Forsyth 1999). It is a known pest of
agricultural areas, grasslands, gardens, greenhouses, viticultures, ornamentals and trees across its
native range in Europe (Godan 1983) and now in North America, including in Ontario where C.
nemoralis has become a vineyard pest, feeding superficially on grapevines (Martinson 1999).
Despite its economic impact, and potential effect on natural ecosystems it has invaded (Whitson
2005; Forsyth 1999), little is known about the contemporary distribution of this species in North
America.

The native range of C. nemoralis is better characterized, due in part to several studies
exploring its mitochondrial diversity and historical range extension (Thomaz et al. 1996, Davison
2000; Grindon and Davison 2013). Grindon and Davison (2013) identified several mitochondrial
lineages separated by deep divergences, confirming other studies that also found deep
mitochondrial divergences in this species (Thomaz et al. 1996; Davison 2000). These eight clades
or lineages, delineated with the barcode region of the cytochrome ¢ oxidase subunit I (COI) gene,
were well supported and informative for tracking the human-facilitated dispersal of C. nemoralis in
Europe (Grindon and Davison 2013). The distribution of these putative clades — or the
mitochondrial diversity that defines them — has never been described for North America, but could
improve our understanding of the origins, spread and provenance of the C. nemoralis invasion

(Lindholm et al. 2005). The aim of this work therefore is to compile and compare DNA barcode
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records for C. nemoralis across its native and introduced range, to document the diversity and
distribution of this NIS in North America, and shed light on the potential origins of its multiple

introductions.

Materials and methods

Most specimens included in this study were sampled from nineteen European countries
(n=986) (Fig. 1). Specimens from North America were collected from Ontario (n=117), Quebec
(n=9), British Columbia (#=9), Newfoundland (»=2) and Nova Scotia (#=1) in Canada and from
Virginia (n=2) in the US (Fig. 1). New specimens of C. nemoralis were collected by hand and
preserved in 96% ethanol. A sample of foot tissue was used for molecular analysis following
protocols in Ivanova et al. (2006) to amplify the barcode region of cytochrome ¢ oxidase subunit I
(COI). Two primer sets were employed for PCR and sequencing: the universal ‘Folmer’ primers
(LCO1490/HCO2198) (Folmer et al. 1994) and primers designed in this study (Cnem_ F1: 5°-
AGTGGCTTATCTCTGTTAATTCG; Cnem_R1: 5’-CTTCGGGGTGACCAAAAAATCA).
Amplicons were bidirectionally sequenced using BigDye v3.1 on an ABI 3730x]1 DNA Analyzer
(Applied Biosystems) following deWaard et al. (2017). Sequences were edited in CodonCode
Aligner (CodonCode Corporation) and aligned by eye in Mesquite (Madison and Madison 2018).
Sequences with greater than 1% ambiguous bases were removed from the dataset. Individual
sequences were queried against the BOLD Identification Engine
(http://www.boldsystems.org/index.php/IDS_OpenldEngine) to check for contamination. Each
sequence was also checked for stop codons and frame-shift mutations to protect against the

inclusion of pseudogenes in the dataset. Additional sequence data were obtained from GenBank,
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various projects on the Barcode of Life Data Systems (BOLD, www.boldsystems.org), and from
Grindon and Davison (2013), all of which went through identical quality screening. Specimen
collection information and GenBank accession numbers are available in Table S1 and all data,
sequences, electropherograms and primer details for each specimen are available in the public
BOLD dataset ‘DS-CEPNE’ (doi:10.5883/DS-CEPNE). A multiple sequence alignment is

provided in File S1.

Three closely related species were selected as outgroups [Cepaea hortensis (Miiller,
1774), Caucasotachea vindobonensis (Pfeiffer, 1828), and Macularia sylvatica (Draparnaud,
1801)] for phylogenetic analysis. A total of 350 COI sequences of C. nemoralis and two of
Caucasotachea vindobonensis were obtained from GenBank for this study (Table S1). A single
representative from each unique barcode index number (BIN) was used for phylogenetic
analysis, where a maximum likelihood (ML) tree was constructed in RAXML (Stamatakis 2006)
using the raxmIGUI v1.3 (Silvestro and Michalak 2011) with rapid bootstrapping, a GTR+G
model, and 1000 bootstrap replicates. Nodes with less than 60% bootstrap support were
collapsed. TCS haplotype networks (Clement et al. 2002) were generated in PopART (Leigh and
Bryant 2015) using 5000 iterations. The COI sequence alignments used for C. nemoralis clade A
and D networks were trimmed to 578 bp and 473 bp, respectively. Haplotype networks were
coloured based on the country or region of collection, across both its native and introduced

ranges.

Results
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A total of 1125 COI sequences of Cepaea were analyzed, with 220 derived in this study.
The phylogenetic analysis recovered the same eight clades of C. nemoralis that were identified
by Grindon and Davison (2013) in Europe (Fig. 2), confirming previous findings of a species
complex, and proving similar to the extensive cryptic diversity observed in many other
invertebrate taxa (e.g. Hebert et al. 2004; Witt et al. 2006). However, bootstrap support was low
(<60%) for a few nodes, most notably at the base of clade C; these nodes were subsequently
collapsed (Fig. 2). Nonetheless, three well-supported clades are reported in North America (A,
D, O) for the first time (Fig. 2). Clade A was found in four Canadian provinces (British
Columbia, Ontario, Quebec, Newfoundland) and one US state (Virginia), in addition to its broad
range in Europe (Belgium, Denmark, France, Germany, Ireland, Isle of Man, Italy, Netherlands,
Norway, Poland, Sweden, Switzerland, and United Kingdom), that now includes Finland. Clade
D was found in four Canadian provinces (British Columbia, Ontario, Quebec, Nova Scotia), and
throughout Europe (Belgium, France, Germany, Ireland, Poland, Sweden, Spain, United
Kingdom). In provinces with multiple clades, clade A was the most frequent clade in British
Columbia, while clade D was the most frequent clade in Ontario and Quebec (Table 1). In
addition to providing more sequence data for clades A and D in Europe, new collection localities
for these clades were also determined, including new records for Denmark, France, Germany,
Poland and Switzerland for clade A, and for France and Spain for clade D. Clade O was
encountered infrequently, with only three samples from Poland and three from Toronto, Ontario.
Additionally, the size of C. nemoralis populations in Europe appeared lower than in Canada in
this study (personal observation, A. Nicolai).

Haplotype networks recovered a total of 134 haplotypes from 426 specimens of clade A

(Fig. 3A), 60 haplotypes from 236 specimens of clade D (Fig. 3B), and two haplotypes from six
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specimens of clade O. Most haplotypes of clade A (n=83) and D (n=34) were singletons and not
shared between populations (Fig. 3), suggesting high genetic diversity in this complex or under-
sampling of various regions and populations (Muirhead et al. 2008). A total of 7 haplotypes of
clade A and 15 haplotypes of clade D were found in North America, with 4 and 2 shared
haplotypes, respectively. For clade A, both eastern and western North American haplotypes were
most closely related to populations from Denmark, France, Germany, Norway, Poland, and
Sweden, as defined by shared haplotypes, comprising mostly northern European countries (Fig.
3A). For clade D, eastern North American haplotypes were most closely related to haplotypes
from Western Europe, including France and Spain, while western North American haplotypes
were closely related to Belgium, Germany, and Poland (Fig. 3B); in the case of the latter, one
haplotype (n=23) was the most common clade D haplotype for British Columbia, Belgium,
Poland, and Germany. Lastly, most specimens of clades B and C collected in this study were
retrieved from the same European localities as reported in Grindon and Davison (2013), with the

exception of a new country record for clade B: Germany.

Discussion

The banded grove snail can occupy a wide range of habitats (Silvertown et al. 2011) and
has the capacity for great genetic adaptation (Ozgo 2011), which likely contributes to its
successful invasion in the U.S. and Canada. However, until now, no study had examined C.
nemoralis mtDNA diversity across its range in North America to understand the origin and extent
of this invasion. Our analyses corroborate the presence of eight clades (A-G, O) within C.

nemoralis (Grindon and Davison 2013) and confirms its status as a cryptic species complex,
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although the base of clade C was poorly supported. We found three clades (A, D, O) of C.
nemoralis that overlap between Europe and North America, which alone suggests the occurrence
of either multiple invasion events or a single event including multiple clades with subsequent
widespread dispersal. Clade A was found in British Columbia, Newfoundland, Ontario, Quebec
and Virginia; clade D was found in British Columbia, Nova Scotia, Ontario, and Quebec; and clade
O was found only in Ontario. In those provinces and countries containing multiple clades of C.
nemoralis, clade A was the most frequent clade in British Columbia, France, Germany, Poland,
Sweden, and the United Kingdom, while clade D was the most frequent clade in Ontario, Quebec,
and Belgium. A difference in clade frequency across Canada strongly points towards multiple
invasion events, albeit records are missing for adjoining states and provinces. The haplotype
networks suggest an introduction of clade A to eastern and western North America from northern
Europe, and two possible introductions of clade D from western Europe into eastern North
America and central Europe into western North America. The fact that North American
haplotypes within clades A and D appear to derive from different European locations provides
further support for a multiple invasion scenario. In addition, clade O in Ontario shared a single
haplotype with Poland, suggesting central Europe as the potential source. Two specimens of clade
A from Virginia (USA), one of the documented introduction sites of C. nemoralis (Reed 1964),
were more closely related to haplotypes from France and Switzerland than to those in Canada or
Italy, the known introduction source for Virginia. It is possible that these haplotypes arise from
other introduction events from France and Switzerland or represent incomplete sampling of Italian
populations. These results do not provide strong support for a northward expansion of C. nemoralis
from Virginia into Canada. Obtaining fresh specimens from the northeastern US for molecular

analysis would provide insight into whether this location served as a source population for Ontario
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and the rest of eastern Canada. The networks also show little haplotype sharing and considerable
structure, which may be due to large adult size rendering this species less dispersive than smaller
land snails (Hausdorf and Hennig 2003). However, previous work has shown that this species is
readily distributed through the horticultural trade, shipping between Europe and North America,
and through tourism and other human movement (Orstan 2010; Grindon and Davison 2013).
Habitat preference and some life history characteristics of C. nemoralis are similar to that
of the common garden snail, Cornu aspersum (Miiller), another invasive pest across North and
South America, Australia, New Zealand, and South Africa. Guiller et al. (2012) found that in some
locations, C. aspersum was only able to successfully invade with multiple introductions, likely due
to the severe population bottleneck experienced by the founding population. This may also explain
the success of the C. nemoralis invasion in Canada, given the numerous introductions that have
evidently occurred. Although Guiller et al. (2012) used microsatellite loci to track the invasion of
C. aspersum, DNA barcoding provides an alternate tool for determining and monitoring of
invasions, but at a lower cost, faster recovery, and universal application for all bilaterian animals.
As such, many modern biosecurity and pest management strategies have now incorporated DNA
barcoding (e.g. deWaard et al. 2010), since invasions of foreign species threaten global
biodiversity, pose risks to public health, and reduce ecosystem services (Early et al. 2016).
Efficiently identifying their point of origin is crucial to counteracting these effects, especially given
the increased spread of NIS due to developments in terrestrial and aquatic transportation routes and
the modification of habitats with global climate change (Early et al. 2016; Ricciardi et al. 2017).
This work has identified three clades of C. nemoralis in Canada and used these data to
infer multiple introduction events and their probable source regions. Further sampling in both the

native and introduced ranges of C. nemoralis, with particular emphasis on capturing and

10
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quantifying the haplotype diversity of each region, will further expose the links between its
European and North American distributions. At present, C. nemoralis has been discovered in
Newfoundland, Nova Scotia, Quebec, Ontario, and British Columbia, but future work should
continue to sample in intermediate regions to determine the full range and genetic diversity of C.
nemoralis across Canada. In addition, given the propensity for hybridization in some land snails
(e.g. Harl et al. 2014), future work would benefit from incorporating one or more nuclear
markers, to diagnose hybrids and their incidence, and to further untangle this cryptic species
complex. Nonetheless, this work has highlighted the utility of DNA barcoding for tracking
species invasions and range extensions, and we advocate for its routine use for these

applications.
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Tables

Table 1. Frequency of each clade (A-O) of the banded grove snail (Cepaea nemoralis) in North America and Europe. Countries are

abbreviated as follows: BEL= Belgium, CRO= Croatia, DEN= Denmark, FIN= Finland, FRA= France, GER= Germany, HUN=

Hungary, IRE= Ireland, ITA= Italy, NET= Netherlands, NOR= Norway, POL= Poland, SPA= Spain, SWE= Sweden, SWI=

Switzerland, UK= United Kingdom.

(2]

@ TMmO WO o>

lade North America Europe

BC ON QC NF NS USA BEL CRO DEN FIN FRA GER HUN IRE ITA NET NOR POL SPA SWE SWwWl UK

0.71 0.06 022 1 - 1 0.45 1 1 0.38 091 - 0.11 0.20 1 1 0.61 - 0.86 1 0.66
029 091 0.78 - 1 - 0.55 - - 0.19 0.08 - 0.07 - - 0.34 0.27 0.14 - 0.01

- 0.03 - - - - - - - - 0.05 - - -
0.09 0.02 - 0.07 - - - 0.23

0.29 - - 0.75 - 0.37 0.09

- - 0.80 - -

- 0.04 - - 0.36 0.01

1 - 1 - - -
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Figure Captions

Figure 1. Maps of C. nemoralis collection sites for clades A, D and O in (A) its native range of
Europe and its introduced range of (B) North America, with a detailed view of (C) Ontario,

Canada. Maps were created using SimpleMappr (http://www.simplemappr.net).

Figure 2. Maximum likelihood (COI) tree for the C. nemoralis complex. Bootstrap supports are
shown at each node. Triangles represent collapsed clades, hash marks denote branches that were
truncated by half, and asterisks mark clades that were found in North America. Scale bar

represents the number of substitutions per site.

Figure 3. TCS haplotype networks (COI) for C. nemoralis A) clade A and B) clade D. Hash
marks indicate mutational steps and circle size corresponds to sample number. Putative ancestral
haplotypes are marked in black. Black dashed boxes highlight sections of the network that

contain North American haplotypes.
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Figure 2. Maximum likelihood (COI) tree for the C. nemoralis complex. Bootstrap supports are shown at
each node. Triangles represent collapsed clades, hash marks denote branches that were truncated by half,
and asterisks mark clades that were found in North America. Scale bar represents the number of
substitutions per site.
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Figure 3. TCS haplotype networks (COI) for C. nemoralis A) clade A and B) clade D. Hash marks indicate
mutational steps and circle size corresponds to sample humber. Putative ancestral haplotypes are marked in
black. Black dashed boxes highlight sections of the network that contain North American haplotypes.
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