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ABSTRACT

We reconsider the biodiversity and biogeography of Paralaoma servilis  believed to be one of the most globally invasive exotic land snails
through integrative empirical revision. Phylogenies obtained from nDNA (ELAV,dd D genomics) and mtDNA (COI) demonstrate that the
current classi cation is in error, with there being at least ve distinct species within P. serviliss.l. e P. servilis group as interpreted here thus in-
cludes: P. servilis, inferred to be native to south-western Paci ¢ Rim with an adventive distribution minimally spanning North America, Europe,
and the Macaronesian islands of the eastern Atlantic Ocean; P. amblygona (Reinhardt, 1877), native to Honshu, Japan; P. borealis (Pilsbry and
Y. Hirase, 1905), native to Hokkaido, Japan along the Paci ¢ Rim to the SW North American mountains; P. caputspinulae (Reeve, 1852), native
to New Zealand and Lord Howe Island; and P. morti (J.C. Cox, 1864), native to south-eastern Australia. Within P. servilis, invasiveness appears
limited to a single clade that may have arisen along the California coast. e work presented here isa reminder that taxonomic concepts that have
not been subjected to empirical ve ing can generate poor biodiversity perspectives and non-optimal conservation strategies when native species
are treated as exotics.

Keywords: geometric morphometrics; integrative taxonomy; dd D genomics; introduced species

INTRODUCTION We consider this through Paralaoma servilis, which has one

As biodiversity must be known before it can be protected, itis ~ ©f the most convoluted nomenclatural histories of any land
frequently stated that taxonomy is the foundation of biodiver- ~ Snail: since its rst a empted naming as Helix (Helicella)
sity science (Costello et al. 2015, Conix 2019). But what hap-  PusillaR.T. Lowe, 1831 (which was preoccupied) this entity
pens when this taxonomy is wrong? How is our ability to protect Nas been assigned to no fewer than 57 nomina within well over
biodiversity and generate optimum conservation strategies in- & dozen genera, including Microphysa, Patula, Pleuropunctum,
hibited by the fact that traditionally recognized land snail species  unctum, Radioconus, Radiodiscus, Tachyphasis, Toltecia,

0 en do not survive confrontation with empirical data (Nekola ~ 17@chycystic, and Zilchogyra (Roth 1986, Gi enberger et al.
and Horskk 2022)? What if distinct, native, non-invasive entities 2020, MolluscaBase 2024). A reason for this profound level of

have been incorrectly lumped into a putative invasive taxon? confusion is_that it apparently ranges across all continents ex-
cept Antarctica (e.g. Pilsbry 1948, Hausdorf 2001, Rosenberg
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and Muratov 2005, Rumi et al. 2010, Pokryszko et al. 2011,
Boxnick et al. 2015), with taxonomists across its many far- ung
outposts generally having categorized it as a native species
(Christensen et al. 2012, Gi enberger et al. 2020). Paralaoma
servilis is now thought to be among the most widespread in-
vasive land snails (Gi enberger et al. 2020), with signi cant
range expansions currently underway across Europe (Hausdorf
2023), eastern North America (Steury and Pearce 2014), and
southern South America (Virgillito and Miquel 2013). Its cur-
rent spread appears at least in part related to commercial trans-
port of landscaping plants, in particular Eucalyptus in South
America (Hausdorf 2023) and bamboo in Europe (Schmid
2002, Welter-Schultes 2012).

e original range of this species remains obscure, however.
While some contend that centuries of accidental translocations
have made itimpossible to identify (Sch 2001, Schmid 2002),
anumber of authors have postulated a New Zealand or Australia
origin based on ranges of other native members of the genus,
along with the presence of apparently similar fossil shells ex-
tending back to the Miocene (Price and Webb 2006, Marshall
and Worthy 2017). Roth (1986: 25), however, concluded that
because of its occurrences in remote montane habitats ranging
from Alaska to New Mexico, it was also evidently indigenous
throughout much of western North America. Pleistocene fossil
shells have also been reported from the Sacramento Mountains
of southern New Mexico (Metcalf 1997), where modern popu-
lations persist to this day (Dillon and Metcalf 1997). And, even
within its potentially invasive California coast occurrences, it
seldom co-occurs with other exotics but is frequently found
with local endemics of conservation importance (Pilsbry
1948, Nekola et al. 2018).

What does this species represent? Is it a highly invasive pest
that originated in New Zealand or Australia that may be hom-
ogenizing biodiversity across the globe? Or is it also native
outside of the south-west Paci ¢? Perhaps the issue lies in con-
ventional taxonomic opinion: if Paralaoma servilis is not a single
species but rather multiple entities, then both statements could
be correct. Sadly, these competing hypotheses have never been
empirically assessed because prior taxonomic decisions were
solely based on qualitative conchology, which is especially
limiting when shells are simple with apparently few obvious
diagnostic traits. Genital anatomy is also likely to be uninforma-
tive, as is the case in many microsnails (Mart nez-Ort et al.
2007, Pokryszko 1987).

isstudy a empts to understand the taxonomy and biogeo-
graphic history of Paralaoma servilis through empirical integra-
tive confrontation of current taxonomic hypotheses. Our scale
is global, with studied populations ranging from Australia and
New Zealand along the Paci ¢ Rim to western North America,
and then east to south-eastern North America, the Macaronesian
Islands of the eastern Atlantic, and, nally, the European main-
land. We subject this material to not only standard poly-
merase chain reaction (PCR) ampli cation followed by Sanger
sequencing, but also single nucleotide polymorphism (SNP)
genomics along with associated conchometric and geometric
morphometric comparisons. From this we determine the
number of biologically supported species, identify which race is
globally invasive, and document how these various entities can

be morphologically distinguished. We also reconsider the likely
origin and timing of its global conquest.

MATERIALS AND METHODS

Specimen selection and DNA extraction

For genetic analysis, specimens of Paralaoma servilis, its puta-
tive junior synonyms and other morphologically similar taxa
were sourced from a total of 40 populations from Australia, Lord
Howe Island, Aotearoa/New Zealand, North America, Japan,
Europe, and associated Macaronesian Islands (Table 1, Fig. 1).

ese included specimens of Paralaoma morti and Paralaoma
annabelli Shea and O.L. Gri ths, 2010 from south-eastern
Australia, Paralaoma caputspinulae from New Zealand, an un-
named Paralaoma from New Zealand, and two taxa currently
a ributed to the genus Punctum: Punctum amblygonum from
Honshu and Punctum boreale from Hokkaido. We also included
Punctum conspectum conspectum and P. conspectum alleni from
North America, which had previously been synonymized into P.
servilis (MolluscaBase 2004). Although many other Austalasian
punctid species have been a ributed to Paralaoma, in New
Zealand, at least, this genus has been indiscriminately used
for a diverse group of uncoloured punctids that di er substan-
tially from P. caputspinulae and the type species of the genus,
Paralaoma raoulensis Iredale, 1913. Preliminary COI sequence
data for some of these, including Paralaoma lateumbilicata
(Suter, 1890), P. pagoda Climo, 1973, P. regia A W.B. Powell,
1948, P. sericata (Suter, 1890), and P. serratocostata (W.H.
Webster, 1906) demonstrate their deep, extra-generic diver-
gence from P. caputspinulae (Fred Brook, unpublished data).

To allow for speci ¢ nomena to be accurately tied to par-
ticular clades, we have analysed material from the type lo-
calities of: Paralaoma servilis (Tenerife, Canary Islands),
Paralaoma caputspinulae (New Zealand), Paralaoma morti
(Sydney, Australia), Punctum boreale (Akkeshi, Kushiro, Japan),
Punctum amblygonum (Tokyo, Japan), and Punctum conspectum
conspectum (San Francisco, California). For Punctum conspectum
alleni, the nearest available material to the Clackamas County,
Oregon TL was from Stites, Idaho, approximately 525 km dis-
tant. Where possible we have included material from across the
known geographic and ecological ranges of each taxa. Miselaoma
sinistra was used as an outgroup.

Genomic DNA was extracted across the three participating
laboratories using di erent kits and their associated protocols:
E.Z.N.A. Mollusc DNA Kit (Omega BioTek) for work done in
the Czech Republic and the QIAGEN DNA extraction kit for
animal tissues for work done in Australia and New Zealand.

ese extractions have been archived in their respective labora-
toriesat 80 C. Specimens of Paralaoma ho entota (Melvill and
Ponsonby, 1891) from Africa (presently considered a synonym
of P. servilis) and P. servilis s.I. from South America could not be
included because of failed DNA extraction.

PCRampli cationand Sanger sequencing
PCR ampli cation was performed for one mitochondrial (cyto-
chrome ¢ oxidase subunit1 ~ COI) and one nuclear (embryonic
lethality and abnormal visual systemintron8  ELAV) loci based
on standard ampli cation protocols (Foon et al. 2023, Nekola
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Figure 1. Location and veri ed identify of populations included in genetic and morphometric analyses.
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Figure 2. Measured shell parameters and landmark locations. Note
that umbilicus width is not illustrated here, but represents the
maximum distance of the inner wall of the body whorl as seen from
thebo om.

et al. 2023). PCR products were cleaned (see: Horstkovk et al.
2022) and sequenced in-house in Australia and New Zealand,
and by the OMICS Core facility of SEQme s.r.0. in Brno, Czech
Republic. Forward and reverse strands were assembled in
ChromasPro 2.1.8 (Technelysium Pty Ltd) and checked by eye
for potential errors. Amino acid translation of the COI fragment
was used to check for erroneous stop codons. Sequence align-
ment was done with MAFFT v.7 using the Q-INS-i algorithm
(Katoh and Toh 2008). All alignments were inspected for poten-
tial errors and corrected by eye, and are available upon request.
GenBank accession numbers for all sequences used in phylogen-
etic analysis are provided in Table 1.

Phylogenetic reconstruction: PCR amplicons
Because of fundamental di erences in hereditary mechanism,
phylogenetic analyses were performed separately on mtDNA
(COI) and nDNA (ELAV) sequences. To ensure robust and

well-supported tree topology, we conducted two di erent re-
construction methods based on di erent analytical assump-
tions: Maximum likelihood (ML) analysis was performed in
XML v.8.2 (Stamatakis 2014), using 500 search replicates and
the GTR+G nucleotide substitution model. Internal node sup-
port was assessed via 1000 non-parametric bootstrap replicates
(Felsenstein 1985). For Bayesian inference (Bl), the optimum
nucleotide substitution model was selected using jModelTest
v.2.1.10 (Darriba et al. 2012) using the Bayesian information
criterion. Bl was performed in MrBayes v.3.2.6 (Huelsenbeck
and Ronquist 2001), simultaneously running one cold and
three heated MCMC chains for 10 000 000 generations, sam-
pling every 1000 generations and with a burn-in of 25%. We ran
four independent searchesand used T CER 1.6 (Drummond
and Rambaut 2007) to assess convergence, checking that the
e ective sample sizes of all parameters were higher than 200
and standard deviation of split frequencies lower than 0.01.
Topologically important nodes with support values above 60 for
ML, and posterior probabilities above 70 for Bl are shown in the
nal trees.
e ML tree was used to visualize phylogeny because both
methods returned essentially identical tree topologies. We
ipped/swapped resultant ELAV and COI subtrees to generate
maximum visual correspondence. Genetically validated species
were considered present when highly-supported reciprocally
monophyletic clades were noted in ELAV. We identi ed cases
of topological incongruence with COI and noted specimens that
probably represent cases of mitochondrial introgression when
ELAV sequence and diagnostic shell traits were for one taxon
but COI sequence was from another.

Phylogenetic reconstruction: genome-wide SNPs
We also performed SNP analysis to reconstruct phylogeny using
a broader segment of the nuclear genome.  is was limited to 14
individuals spread across the six validated species-level groups
(Table 1). Genome-wide SNPs were obtained through double
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8 Nekola et al.

Figure 3. Maximum likelihood (ML) trees for ELAV (hnDNA) and COI (mtDNA). Support values for important nodes are based on ML (le )
and BI (right, italic). Instances where the COI sequence does not match the ELAV clade or identi cation based on diagnostic shell features

are highlighted with a grey box, with the name representing the identi cation based on nDNA and morphometrics. Scale bars at the bo om
represent maximum composite likelihood distances.

digest restriction-site associated DNA sequencing (dd D; EcoRIand Mspl restriction enzymes. P1 and P2 adapters were li-
Peterson et al. 2012). e sequencing library was constructed  gated to the digested fragments. Following this, DNA fragments
from approximately 50 ng of extracted genomic DNA using the ~ were multiplexed and puri ed using the Macherey Nagel Kit.
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