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Highlights:

e First DNA barcoding analyses of African isolates of Physa acuta

e No distinct African specific lineages identified in P. acuta

o African isolates of P. acuta appears to have multiple origins as a result of both direct and
secondary invasion events

Abstract

The medically important freshwater snail Physa acuta is highly invasive and has been reported
in several freshwater environments across Africa. To identify species and provide initial
insights into the origins of P. acuta into African fresh water environments standard molecular
barcoding analyses, using the mitochondrial cytochrome c oxidase subunit I gene (COl), was
performed on P. acuta isolates from Angola, Burundi and South Africa. Phylogenetic analyses
Isolates from Africa could not be distinguished from P. acuta populations from other countries
using Comparisons of COI sequences between isolates of P. acuta showed there to be no
geographically specific clusters and the African isolates were distributed across four distinct
unrelated clades suggesting several independent invasion events. Haplotype analyses indicated
that there were a high number of haplotypes with low variation between them, which led to
significant differences in AMOVA analyses between countries. This was further evidence of
multiple invasion events suggesting multiple novel haplotypes being continually and
independently introduced to each country. This approach not only provides initial insight into
the invasion of Africa by P. acuta but a molecular method to monitor and manage the use of

an agent of biological control.
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1. Introduction

Physa acuta (Draparnaud, 1805) (syn. Physella acuta) represents a paradox for medical
malacology as it acts as an intermediate host of several human food borne trematode diseases,
including echinostomiasis and fascioliasis (Dreyfuss et al., 2002; EI-Bahy, 1997; Kanev,
1994), but can also replace snail species such as Bulinus and Biomphalaria which are
responsible for the transmission of urinogenital and hepato-intestinal schistosomiasis
throughout Africa (Dobson, 2004; Gashaw et al., 2008). Although thought to originate in North
America, P. acuta has successfully invaded a range of natural and artificial freshwater habitats
across the world and is considered to have become cosmopolitan over the past 200 years,
invading Europe in the 19™ century and further expanding into Asia, Australia, Africa and
South America; partly attributed to the global aquarium and ornamental garden trade (Albrecht
et al., 2009; Appleton, 2003; De Kock and Walmarans, 2007; Madsen and Frandsen, 1989).

It is the highly competitive nature of P. acuta that makes it a potential biological control agent
against schistosomiasis as several studies have already shown that accidentally established
populations of P. acuta replace native freshwater snail species throughout Africa (De Kock
and Walmarans, 2007; Dillon et al., 2009; Dobson, 2004; Gashaw et al., 2008). This was
particularly illustrated in the Vaal River system of South Africa, where  P. acuta  has
become the most abundant snail species and has completely replaced several native species
including Bulinus tropicus, previously considered to be the most widespread fresh water snail
in the country (De Kock and Walmarans, 2007). This success results from P. acuta’s rapid
generation time and high reproductive plasticity, including selfing, mixed mating and out
crossing in either or both sexual roles, thus increasing population numbers rapidly and
overwhelming other snail populations (Dillon et al., 2009). Importantly, Gashaw et al. (2008)

also illustrated reduced growth rates and egg outputs in Biomphalaria pfeifferi grown in the



presence of P. acuta, suggesting a role for some form of chemical inhibitor secreted by the
physid species. Similarly, P. acuta has also been shown to be refractory to schistosome
infection, in miracidial choice experiments with Biomphalaria alexandrina from Egypt.
Schistosoma mansoni miracidia were shown to infect P. acuta but could not reach patency
suggest the snail could be a potential sink for the parasite (Yousif et al., 1998)

It is unclear if the introduction of P. acuta into Africa was the result of a single invasion event
from North America, or multiple and secondary invasion events from elsewhere (De Kock and
Walmarans, 2007). Several studies in other countries have tried to address this issue by using
tenuous shell and genital morphological characteristics, as well as population reproductive
compatibilities, to link physid populations to each other (Dillon et al., 2002; Dillion, 2009).
Although these studies illustrated that established invasive populations of P. acuta were not
reproductively isolated from those in North America, they did not provide any indication of
the origins of invasive populations. Similarly, general identification of P. acuta has been
challenging, as with many snail species, traditional identification is often erroneous as it
depends on highly variable morphological features including shell shape and structure, the
anatomy of reproductive systems, colourisation and skin patterning. In fact, in Al-Bdairi et al.
(2014) study of freshwater snails of Iraq they illustrated that the distribution of P. acuta had
been under estimated because it had historically been identified as Bulinus truncatus, as both
species not only share habitat but also several of the same gross shell morphologies. More
recently molecular approaches have been employed to identify and monitor the spread of
medically important freshwater snails which has resulted not only in a deeper understanding of
disease transmission patterns but also significant improvement in species identification. This
is particularly true for the snail genera Radix (Lawton et al., 2015) and Bulinus (Kane et al.,

2008) where DNA barcoding using sequences of the mitochondrial gene cytochrome c oxidase



subunit 1 (COI) was employed to identify morphologically indistinguishable snails, but also to
provide initial insights into the relationships between distinct snail populations.

To date, there are only a few studies on the molecular identification of physid snails despite
their medical and environmental importance. Wethington and Lydeard (2007) performed the
most comprehensive phylogenetic study to date of physid snails using mitochondrial markers,
including COl, illustrating the absolute requirement for molecular tools for identification,
showing that in fact P. acuta could not be genetically distinguished from morphologically
different species including Physa integra, Physa virgata, Physa cubensis and Physa
heterostropha. More recently, work on the invasion of South America by P. acuta has
overcome the issues in identification by utilising COI barcoding, highlighting a potential
invasion event into Bolivia, Peru and Chile from the Caribbean (Albrecht et al., 2009; Collado,
2017). To date there have been no molecular studies to address the invasion of Africa by P.
acuta and the current study is the first of its kind to use mitochondrial COI barcoding
techniques on physid snails from Africa and aimed to accurately identify African isolates of P.
acuta. Secondly, this study aimed to use COlI DNA sequence data to provide initial insights
into the potential origins of isolates sampled in Angola, Burundi and South Africa. Finally, the
COI DNA sequences were used to estimate differentiation between geographical isolates P.
acuta to highlight any major divergence events associated between the African isolates and
those found elsewhere.

2. Materials and Methods

2.1 Collection of snail material

Physid snail populations were collected in October 2012 from the Vaal River (-26.943751¢;
27.183524°) downstream of the town Parys, South Africa, in December 2013 in Angola (-
8.57986°, 13.65779°) Caxito canal (Centre) (Allan et al., 2017) and in March 2015 in Burundi

(3.031666667° 29.38305556°) Ruke in a stream. Snails were collected using scoops and/or by



hand from aquatic vegetation along the river margins and were removed from reeds, algae,
leaves or other plant debris using forceps. All snails were identified using shell morphological
characteristics as a single species, Physa acuta. These were stored in 1L plastic containers filled
with water from the site and taken to the laboratory. All snail material was eventually stored in
100% molecular grade ethanol for DNA extraction at a later date.

2.2 DNA extraction, PCR amplification and sequencing

A total of 30 individuals (Angola n=8; Burundi n=4; South Africa n=18) were used for
molecular analysis to provide accurate identification of species and to identify the origins of
the African population. Owing to the small size of these snails, the whole organism was used
for DNA extraction after the shell had been removed. Whole genomic DNA was extracted
using the manufacturer’s protocols for animal tissue DNA extraction with the Qiagen DNeasy
tissue kit (Qiagen Inc.). The DNA barcoding region of the COI gene was amplified using
primers and protocols as described by Folmer et al. (1994). The single gene loci of COI was
used due to a large amount of comparable data available from other studies of P. acuta,
representing wide geographical coverage relative to other that of other markers. PCR reactions
were performed using 12.5 pl of DreamTagq™ PCR master mix (2X DreamTagq buffer, 0.4mM
of each dNTP, 4mM MgCl.), 1 uM of each primer, and 1-2 ng/ul of DNA, with final reactions
made up to 25 ul with PCR grade water. Reactions were performed using a Veriti 96 well
thermal cycler (Applied Biosystems™) PCR machine and 5 pl of each amplicon was visualised
on a 1% agarose gel stained with gel red (Bioline). The remaining 20 ul of positive PCR
products were sequenced at the DNA sequencing facility of the Natural History Museum,
London, using fluorescent dye terminator sequencing kits (Applied Biosystems™), these
reactions were performed using the same primers as used for the PCR reaction and then run on

an Applied Biosystems 3730KL automated sequencer.



2.3 DNA sequence alignment, phylogenetic analysis and molecular taxonomic assessment of
Physid snails

Resultant COI sequences were 655bp in length and were assembled and edited using Bioedit
(Hall, 1999). In order to definitively identify the African physid snails as Physa acuta
(accession number: MH649321 — MH649350) the sequences generated in the current study
were aligned with comparative COI sequences of different physid species within the ‘P. acuta’
species group as defined by Wethington and Lydeard (2007) phylogenetic analysis of Physidae.
Where possible all published COI sequences for species within the “Physa acuta” group were
used with the majority of sequences used being defined as the species Physa acuta
(Supplementary data 1). Standard DNA barcoding approaches were employed to accurately
identify the African physid snails. Initially, sequence alignments were performed using
MUSCLE (http://www.ebi.ac.uk) and phylogenetic analysis was used to identify molecular
operational taxonomic units (MOUT) based on species clustering into distinct well supported
clades. Phylogenetic reconstruction using both neighbour joining (NJ) and maximum
likelihood (ML) analyses were performed using MEGA7 (Tamura et al., 2011) on a final
alignment of 545bp representing the data set with the most robust and comparable content
allowing analysis within and between species of physids. Typical DNA barcoding NJ analysis
was performed under the conditions of the Kimura’s 2-parameter (K2P) evolution model and
detailed evolutionary history was inferred using the ML phylogenetic analysis under the
conditions of the Hasegawa-Kishino-Yano model over a gamma distribution and taking
account of invariable sites (HKY+G+l). The model was identified because it had the lowest
Baysesian information criterion scores relative to the other models tested. In both cases of
phylogenetic reconstruction B. truncatus, Bulinus nasutus and Bulinus africanus were used as
outgroups and nodal support was assessed using bootstraps calculated from 1000 replicates

during tree construction.



As it is well recognised that species clustering can vary between phylogenetic algorithms the
Automatic Barcode Gap Discovery (ABGD) method
(http://wwwabi.snv.jussieu.fr/public/abgd/) was employed using default settings to sort the
individual sequences of the “Physa acuta” group into genetic clusters and hypothetical species.
Finally, uncorrected p-distances were calculated between each physid species based on the total
number of transition and transversion. In order to define separate and discrete species groups
the standard 3% nucleotide divergence as used in the ABGD algorithm was used.

2.4 Diversity and evolutionary association of African Physa acuta with other populations
Owing to the challenge of defining species of Physidae snails comparisons of the African P.
acuta where only compared to published COI sequences from individuals already putatively
identified as P. acuta. For completeness published sequences were taken from P. acuta
populations from North and South America, Europe and Asia in order to identify any
evolutionary relationship that the African isolates may have to other global populations and to
provide insights into potential invasion events. Simple comparisons between geographical
isolates of P. acuta were performed using standard measures of molecular diversity utilising
DnaSP v5 (Librado and Rozas, 2009). Unique haplotypes were identified using comparative
analysis within an alignment containing P. acuta sequences generated in this study and those
published in studies on snails from other localities (supplementary data 1). The evolutionary
interrelationships between unique P. acuta haplotypes was assessed by constructing the most
parsimonious haplotype network with TCS as implemented in PopArt (Leigh and Bryant,
2015). Finally, to identify any significant genetic differentiation between P. acuta isolates
analysis of molecular variance (AMOVA) was performed also in PopArt where genetic
distance was considered between haplotypes and the frequency of such haplotypes between
populations.

3. Results



3.1 DNA Barcoding and Molecular ldentification of Physa acuta from Africa

Both NJ and ML analyses showed there to be six major clades/groupings between species with
all the African P. acuta clustering within a major clade which contained all other published P.
acuta sequences (Fig 1). The basal subclades within the major P. acuta clade were primarily
formed from individuals from the USA, Canada or Mexico, however, it is important to note
that sequences representing P. acuta from the USA or Canada occurred in every subclade
thereafter. The African P. acuta fell into four distinct clades and which had no major
geographical specificity. Interestingly, all four of the African clades also contained individuals
from the New World and/or Europe (Fig 1). To ensure that the identification of P. acuta from
Africa was accurate p-distances between isolates of P. acuta from other parts of the globe were
compared showing there to be a relatively high divergence of 2.9% between sequences but
below the typical 3% for species differentiation used for COlI DNA barcoding. This was also
supported by the ABGD method of delineating species based on DNA barcodes which defined
six major groups/clusters specified to be species. These clusters were identical to those
identified in the phylogenetic analyses and did not distinguish the African P. acuta from any
other isolates sampled from other localities. This cluster analysis of the barcodes validated the
molecular identification of P. acuta form Africa confirming species identification and the
utility of the technique.

3.2 African Physa acuta and its relationship with other populations

Statistically parsimonious networks were constructed to identify any genealogical relationships
between different geographical isolates of P. acuta and revealed there to be no major
geographical population structuring with several haplotypes being shared between
geographically distinct countries (Fig 2i). Haplotypes from the USA appeared to be most
common, either being shared with haplotypes from other countries or at least being closely

related. The four distinct African clade were also present within clade 1 containing haplotypes



from Angola and Mexico, clade 2 containing haplotypes from South Africa and the
Netherlands, clade 3 containing haplotypes from South Africa, USA, Greece, Egypt, Iran and
Macedonia, and lineage 4 containing haplotypes from Angola, Burundi, Canada, Chile, Cuba
and the USA (Fig 2i). Haplotypes appeared to be unique to locality in the African subset except
for a single haplotype in clade 4 which was shared by Angola and Burundi as well as by P.
acuta from USA, Chile and Cuba. The South African P. acuta appeared to have a greater
affinity with populations from Europe, North Africa and the Middle East and did not share a
haplotype with individuals from Angola or Burundi. In African clade 3 a single haplotype was
shared between the USA, Greece, Macedonia and South Africa and all other haplotypes within
the lineage appear to have radiated from it (Fig 2i).

A high number of haplotypes with low numbers of segregating sites were identified across the
global data set of Physa acuta with the majority of the haplotypes only differing by 1 — 4
mutations (Fig 2ii). This was a pattern that was replicated when the haplotypes from the African
P. acuta were compared with 4 mutations being between haplotypes being the most common
(Fig 2ii). The AMOVA analysis on the global population set revealed there to be significant
differences between populations when each population was considered from a continental
perspective (®°Pdgr = 0.32201, P = 0.001, P <0.01). Similarly, when only the African
countries were compared using the AMOVA significant differences between the populations
were identified (A™dst = 0.45360, P = 0.002, P <0.01).

4. Discussion

Physa acuta is probably the most successful cosmopolitan invasive fresh water snail with a
global distribution resulting from intensive introductions probably mediated by the aquarium
trade (Albrecht et al., 2009). Physa acuta is notoriously challenging to identify with several
authors having discussed the issues of identification based on tenuous morphological traits

(Gustafson et al., 2014). In the current study, the application of molecular COI barcode



accurately identified P. acuta from populations sampled in Angola, Burundi and South Africa
with the phylogenetic analyses clustering the African snails with reference sequences of other
P. acuta form across the globe. This was further confirmed by the p-distance comparisons and
the ABGD analyses which illustrated that the African P. acuta did not have a divergence any
greater that 3% relative to any other of the P. acuta isolates, well within the typical for species
level divergence in pulmonate snails (Desouky and Busais, 2012; Elejalde et al., 2008; Lawton
et al., 2015). Collado (2017) noted that different P. acuta populations tend to be described as
distinct taxa because of environmental specific morphological plasticity in distinct snail
populations. For example, Physa nodulosa from Chile was identified as P. acuta based on
mitochondrial gene sequences further emphasising the essential requirement for COl DNA
barcoding for P. acuta and related species identification in this species as with other medically
important snails such as the snail vectors of schistosomiasis with in the genus Bulinus (Jones
etal., 2001; Kane et al., 2008; Rollinson et al., 2009) and Indoplanorbis (Liu et al., 2010), and
the lymnaeid and bithyniid snails responsible for the transmission of Fasciola and other food
borne trematodes (Correa et al., 2011; Kulsantiwong et al., 2013; Lawton et al., 2015).

The phylogenetic analysis also illustrated four distinct linages of P. acuta across four clades
from Africa which were also reflected in the haplotype network. Each of the Africa clades
showed there to be haplotypes either shared between populations from the USA, Canada or
Mexico or radiating from such New World haplotypes. None of the African clades were related
with only a few haplotypes being shared between Burundi and Angola and the South African
snails having a greater affinity with isolates from Europe and the Middle East. Both the
phylogenetic and haplotype network analyses are illustrative of multiple invasion events into
Africa from either the New World or through secondary invasion events from populations
which established in Europe and then were transported to Africa. Both events are likely to be

the result of the movement of aquatic plants for gardens and aquariums with several American



species of wet land plant such as fanwort, Cabomba caroliniana, Canadian water weed, Elodea
canadensis and spade-leaf sword Echinodorus cordifolius having established in Africa and
known to be habitats and food stuff for P. acuta (Martin and Coetzee, 2011). Surprisingly, the
AMOVA analyses between continents and between the African isolates showed there to be
significant molecular divergence between populations based on frequency of different
haplotypes between localities. Although the haplotype network showed there to be relatively
low genetic variation between P. acuta isolates, there were a high frequency of haplotypes
based on a low number of segregating sites. Gaitan-Espitua et al. (2013) described the same
patterns in populations of the terrestrial snail Cornu aspersum invading the America from
North Africa and suggested that it could be the result of recent divergence events and high
substitution rates, which could arise as haplotypes become ‘trapped’ in highly structured
subpopulations. This structuring would have been caused during invasion events because of
local bottle necking events resulting in isolation between subpopulations caused by
heterogeneous habitats, repeated range fragmentation and re-colonisation due to multiple
human mediated invasion events. This would have led to the introduction of new haplotypes
and perhaps the extinction of others causing genetic diversity and differentiation within and
between populations of P. acuta (Gaitan-Espitua et al., 2013). However, this process of
subpopulation structuring requires an extended length of time with a long history of multiple
invasion events and in most cases the occurrence of P. acuta in new countries has only been
recorded since the 19" century, particularly in Europe and since 1954 in South Africa at least
(Albrecht et al., 2009; De Kock and Wolmarans, 2007). Therefore, considering the recent
invasion event into South Africa it could also be suggested that the diversity found in the snail
populations may have been caused by the isolation of a subset of haplotypes that had arisen in
the USA first and was then translocated into aquatic habitats in Africa. Physa acuta has high

tolerances to pollution and high fast proliferation rates caused by the ability to self fertilise



providing it with a distinct advantage when colonising new habitats relative to other species
(Albercht et al., 2009). This ability to self fertilise would have allowed the rapid propagation
of the few original haplotypes from the initial snail populations that invaded Africa from the
USA and has also been suggested as the key to the success of P. acuta in Europe (Dillon et al.,
2002; Henry et al., 2005).

Physa acuta has colonised several areas of Africa (Appleton, 2003), including Nigeria and
Ghana (Brown, 1994), and Southern Mozambique (Dobson, 2004), and in all cases populations
of Bulinus and Biomphalaria species have almost been completely replaced. Although, a
concern for local ecosystems, the introduction of P. acuta to water systems has been advocated
as a form of biological control to hault the transmission of schistosomiasis (Dobson, 2004;
Gashaw et al., 2008). The identification of four distinct African clades illustrates the ability of
P. acuta to establish rapidly and to be successfully maintained within African habitats making
this organism an ideal candidate as an agent of biological control. However, it is only through
strict management strategies to control the invasion of Physa populations can ecological impact
be reduced and the benefits to human health be increased. Molecular genetic approaches aid
not only in identification but also in monitoring of snail populations contributing to the
construction of accurate distribution maps which have helped to target control especially when
resources are limited and controversial control strategies utilising biological control are being

used (Rollinson et al., 2009).
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Figure Captions

Figure 1: Neigbour joining phylogeny of COI barcodes of Physa acuta and related species.
The tree was constructed using the Kimura’s 2-parameter evolutionary model, typically used
for DNA bar coding. Four distinct clades were identified as being African specific as shown
with dark grey shading. Distinct lineages from all countries are denoted by L

Figure 2: Evolutionary relationships and diversity of Physa acuta haplotypes. Where A)
haplotype network analyses illustrates four distinct African lineages ; B) frequency of
haplotypes based on segregating sites when all P. acuta are compared from across the world
(i) and when only those from Africa a compared (ii) both illustrating a high number of

haplotypes with few mutations between them.
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