Parasitol Res (2014) 113:4363-4369
DOI 10.1007/s00436-014-4111-6

ORIGINAL PAPER

Molecular identification of novel intermediate host species
of Angiostrongylus vasorum in Greater London

Zainab Patel - A. Christina Gill - Mark T. Fox - Carlos Hermosilla -

Thierry Backeljau - Karin Breugelmans - Esther Keevash -

Claudia McEwan - Mahdis Aghazadeh - Jocelyn G. Elson-Riggins

Received: 31 May 2014 / Accepted: 26 August 2014 /Published online: 7 September 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Angiostrongylus vasorum is a parasitic nematode
that can cause serious and potentially fatal disease in dogs and
other canids. The aim of this study was to determine the
intermediate slug species infected in nature by sampling sites
in Greater London and Hertfordshire located within a known
hyperendemic region. Overall, 4. vasorum larvae were recov-
ered from 6/381 slugs (1.6 %) by tissue digestion, and their
identity was confirmed by PCR. Infected slugs originated
from three different sites in the Greater London area: one in
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Waltham Forest and two in Bromley. Slugs parasitised by
A. vasorum were identified by a combination of external
morphological characteristics and molecular techniques and
belonged to three different families: the Arionidae, the
Milacidae and the Limacidae. This includes two new host
records for the parasite: Arion distinctus and Tandonia
sowerbyi. This is the first record of A. vasorum in the family
Milacidae, indicating that the parasite has a broader interme-
diate host range than previously recognised.

Keywords Angiostrongylus vasorum - Slug - Tissue
digestion - PCR - Greater London - Arionidae - Milacidae -
Limacidae

Introduction

The parasite Angiostrongylus vasorum (Nematoda:
Metastrongyloidea) infects dogs (Chapman et al. 2004;
Taubert et al. 2009), foxes (Morgan et al. 2008) and other
canids such as wolves (Segovia et al. 2001) and coyotes
(Bourque et al. 2005). This nematode is potentially highly
pathogenic in dogs and has an indirect life cycle, with devel-
opment of the first stage larvae (L1) into the infective third
stage larvae (L3) taking place within a gastropod host
(Morgan et al. 2005). Gastropods become infected by
ingesting L1 shed in the definitive host faeces or by direct
penetration of larvae through the epidermis. The definitive
host is infected by ingestion of L3 within the intermediate host
(Morgan et al. 2005) or possibly by ingestion of free L3 in the
environment that has been shed in gastropod secretions
(Jefferies et al. 2009). Within the definitive host, adult
A. vasorum are found in the right ventricle and pulmonary
arteries. In dogs, infection can be subclinical or result in a variety
of clinical signs, including coughing, dyspnoea, bleeding
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diathesis, neurological signs, collapse and sudden death
(Chapman et al. 2004; Yamakawa et al. 2009).

A. vasorum has a worldwide distribution (Morgan et al.
2005) and, within Europe, is endemic in several countries
including distinct areas of Denmark, France, Ireland,
Germany and Great Britain (Morgan et al. 2009; Taubert
et al. 2009; Schnyder et al. 2013; Kirk et al. 2014). Within
these countries, distribution of the parasite is patchy, forming
relatively stable hyperendemic ‘hotspots’ (Morgan and Shaw
2010). In Great Britain, autochthonous infection with
A. vasorum was first reported from Cornwall and south Wales
in the 1980s (Jones et al. 1980; Simpson and Neal 1982;
Patteson et al. 1987; Trees 1987) and more recently the
south-east of England (Chapman et al. 2004). Over the past
5 years, there has been an increase in reports of cases outside
these areas, including infections acquired in northern England
and Scotland (Helm et al. 2009; Yamakawa et al. 2009).
Current evidence suggests that these reports reflect expansion
of the parasite’s geographic range, rather than being merely a
consequence of increased disease awareness; apparent range
expansion has also been observed in other countries, including
Denmark and Germany (Morgan and Shaw 2010).

With these recent changes in parasite distribution, canine
angiostrongylosis is set to become a more common and wide-
spread problem, making it increasingly important to gain a
detailed understanding of the epidemiology of this disease.
Although many species of slugs and snails have been shown
to support the development of 4. vasorum to the infective L3
stage (Guilhon and Cens 1973), the full range of intermediate
host species remains unknown. Detailed knowledge of the
epidemiology of canine angiostrongylosis within the interme-
diate host in natural infection cycles is essential for accurate
prediction of transmission risk to dogs. By sampling slugs
from the known A. vasorum hotspot in the south-east of
England, this study sought to establish which slug species
were involved and estimate their larval burden.

Materials and methods
Slug collection and maintenance

Terrestrial slugs were collected from 14 dog walking sites in
the south-east of England (Fig. 1). Of these, four were located
in Hertfordshire (Royal Veterinary College playing fields,
Potters Bar; Parkfield Open Space, Potters Bar; Oakmere
Park, Potters Bar; and Welham Green Recreation Ground),
and the other 10 were located in Greater London. Of the
Greater London sites, one was located in north London
(Higham Hill/Walthamstow allotments, Waltham Forest) and
nine were located in south London/north-west Kent (Battersea
Park, Wandsworth; Beckenham Place Park, Lewisham; and
seven sites in Bromley: Elmfield Wood, Whitehall Recreation
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Fig. 1 Map of sampling locations. The outlines of the Greater London
Boroughs (solid lines) and the two sampled Hertfordshire Boroughs
(dotted lines) are shown: WH Welwyn Hatfield, H Hertsmere, WF Wal-
tham Forest, W Wandsworth, L Lewisham, B Bromley. Sampling sites are
marked with circles; filled circles represent locations where
Angiostrongylus vasorum-infected slugs were collected. Map of Great
Britain and Ireland showing the location of the Boroughs shown on the
larger map (inset; shaded area)

Ground, Southborough Recreation Ground, Norman Park,
Havelock Recreation Ground, Queensmead Recreation
Ground and Harvington Estate). All these locations comprised
either woodland or flat grassland and were within the region
of south-east England which experiences numbers of angio-
strongylosis cases in dogs that are significantly above the
national average (Schnyder et al. 2013; Kirk et al. 2014).
Slugs were collected in June—July 2009 from Hertfordshire
and in June—July 2010 and September 2010—March 2011
from Greater London. The above sites were visited at dawn
or dusk, and a total of 381 slugs were collected. These were
maintained at 18-20 °C in ventilated plastic containers lined
with damp tissue and fed a diet of lettuce and cucumber ad
libitum.

Parasite isolation by tissue digestion

The live mass of each slug was recorded before each individ-
ual was decapitated and cut into left and right halves along the
sagittal plane. One half was stored at —20 °C, and the other
was examined for the presence of nematode larvae by tissue
digestion, according to the method described by Ferdushy
etal. (2009), with the following modifications. The slug tissue
was incubated in artificial digestion fluid consisting of 0.7 %
pepsin (Sigma-Aldrich, Gillingham, UK) and 0.5 % hydro-
chloric acid for 75 min. The resulting solution was centrifuged
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at 200xg for 2 min, and the supernatant was discarded. The
pellet was resuspended in phosphate buffered saline (PBS),
strained through a 300-um aperture sieve, and the material
that passed through was screened for nematode larvae using a
stereomicroscope (ZoomMaster 65, Prior, Cambridge, UK).
Larvae were photographed using an Olympus CX41 micro-
scope (Southend on Sea, Essex, UK) equipped with an
Olympus DP20-5 camera.

DNA extraction

DNA was extracted from 25 mg of the stored tissue of all the
slugs that were positive for the presence of nematode larvae by
tissue digestion. DNA extraction was performed using a
DNeasy blood and tissue kit (QIAGEN, Crawley, UK) fol-
lowing a slightly modified protocol, in which the sample was
homogenised using a stainless steel bead in a MM300 mixer
mill (Retsch GmbH, Haan, Germany) at 30 oscillations per
second for 2 min, before overnight incubation with proteinase
K at 37 °C. The quantity and quality of extracted DNA were
assessed using a Nanodrop ND-1000 (Thermo Scientific,
Wilmington, DE, USA).

Molecular identification of A. vasorum

To confirm the presence of A. vasorum larvae, samples were
processed using previously described PCR protocols. The
entire second ribosomal internal transcribed spacer region
(ITS-2) was amplified using the rhabditid primers NC1 and
NC2 (Gasser et al. 1993), and a subsection of the ITS-2 region
was amplified using the 4. vasorum-specific primers AvasF
and AvasR (Helm et al. 2009). Thermocycling conditions
were optimised using DNA extracted from adult 4. vasorum
obtained from a dog at post-mortem.

All PCR reactions were performed in a G-Storm GS1
thermal cycler (GRI, Braintree, UK) in a 25-ul reaction vol-
ume prepared using either a KAPA2G Robust kit (Kapa
Biosystems, Woburn, MA, USA) or a MyTag HS DNA
Polymerase kit (Bioline, London, UK) and a 55 °C annealing
temperature, according to the enzyme manufacturer’s instruc-
tions. In all experiments, a positive control (either an unin-
fected slug spiked with 4. vasorum or a known infected slug)
and a negative control (containing no DNA) were included.
Products were visualised on 1.5 % agarose gels stained with
SYBR® Safe (Life Technologies, Paisley, UK) according to
the manufacturer’s instructions. PCR products were purified
using a QIAquick PCR purification kit (QIAGEN) and sent
for sequencing to either GATC Biotech (London, UK) or
Source BioScience (Cambridge, UK). Sequence analysis
was performed using CLC Main Workbench 6 version 6.6.5
(CLC bio, Swansea, UK). These sequences were used to
confirm the presence of A. vasorum by comparison to known
sequences in the GenBank database.

Identification of slug species

A. vasorum-infected slugs were identified based on external
morphological characteristics (Cameron et al. 1983) in com-
bination with DNA sequence data. The mitochondrial genes
cytochrome ¢ oxidase subunit I (COI) and 16S rDNA were
amplified by PCR using the primers LCO and HCO (Folmer
et al. 1994), and 16S-1 and 16S-2 (Barr et al. 2009), respec-
tively. PCR reactions were performed as described above for
the amplification of the nematode ITS-2 region but using an
annealing temperature of 42 °C for the LCO and HCO primers
and 50 °C for the 16S primers. The resulting PCR products
were purified, sequenced and analysed as above. The slugs
were identified by alignment of all available GenBank
sequences from slug species known to occur in Great Britain
according to Anderson (2005, updated 2008) and those from
this study using Clustal Omega version 1.2.0. (Sievers et al.
2011). Sequence alignments were used to calculate pairwise
Kimura-2-Parameter distances and to construct neighbour-
joining (NJ) trees with the complete deletion option in
MEGA v.5 (Tamura et al. 2011). Branch support was assessed
by bootstrapping over 1,000 replicates. The DNA identifica-
tions of the slugs were based on the positions of their se-
quences in the NJ trees relative to the GenBank sequences.

Statistical analysis

All statistical analyses were carried out using R version 3.0.0
(R Foundation for Statistical Computing, Vienna, Austria). To
account for multiple statistical testing, p values were adjusted
using the standard Bonferroni correction.

Results

Nematode larvae were found in nine of the 381 slugs sampled.
Using morphological characteristics, six of these were deter-
mined to be 4. vasorum (Fig. 2). This was confirmed by
PCR, using the A. vasorum-specific Avas primers, which
yielded a product with all six samples identified morpholog-
ically as A. vasorum, but not with the other three samples. In
contrast, all nine samples yielded a PCR product when ampli-
fied using the NC primers, confirming that nematode DNA
was present and that the lack of product with the Avas primers
was not due to uneven distribution of larvae within the slugs.
With both primer sets, dilution of DNA by 10-fold gave
optimal results, suggesting the presence of PCR inhibitors.
Using blastn (Zhang et al. 2000), all sequences obtained using
the NC primers were assigned to 4. vasorum using a cut-off
expect (E) value of 1.62e-79 or lower. The % similarity ranged
from 97.2 to 100 % (A. vasorum, GU045375).
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Fig. 2 Angiostrongylus vasorum third stage larva released from slug
tissue (Arion ater agg.) upon acid-pepsin digestion

The overall prevalence of infection with 4. vasorum was
1.6 %. Positive slugs were found at three of the sampled sites
(Fig. 1; Table 1): Elmfield Wood (1/31; 3.2 %), Higham
Hill/Walthamstow allotments (1/60; 1.7 %) and Queensmead
Recreation Ground (4/48; 8.3 %). The difference in preva-
lence between the different sites was not statistically signifi-
cant (Fisher’s exact test, p=0.33). A. vasorum larvae were
recovered from specimens collected both during summer and
winter (Table 1). The three slugs that were positive for other
nematode species all came from the same site in south London
(Havelock Recreation Ground).

The A. vasorum-infected slugs were identified as Arion
distinctus (n=1; family Arionidae), Arion ater aggregate (n=
2; family Arionidae), Tandonia sowerbyi (n=2; family
Milacidae) and a species in the family Limacidae (n=1). The
number of larvae recovered per half slug ranged from two in
A. distinctus to 23 in A. ater aggregate (Table 1). Larval
burden tended to be higher in heavier slugs, but this was not
statistically significant (Spearman’s rank correlation coeffi-
cient=0.77, p=0.10; Fig. 3). Slug mass varied significantly
between different collection sites (Kruskal-Wallis test, p=
<0.001 after Bonferroni correction), making it difficult to
determine whether there is an association between slug mass
and infection status overall. However, for the single site from
which multiple infected slugs were recovered (Queensmead
Recreation Ground), 4. vasorum-positive specimens were
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Fig. 3 Number of Angiostrongylus vasorum larvae recovered by diges-
tion of each half slug according to slug mass and species: Arion ater agg.
(open circles), Arion distinctus (filled circle), Tandonia sowerbyi (triangles)
and a species in the family Limacidae (square)

significantly heavier than uninfected specimens (Mann-
Whitney U test, p=0.024 after Bonferroni correction; Fig. 4).

Discussion

This study has confirmed the presence of A. vasorum larvae in
the tissues of at least four different species of terrestrial slug
from three different families, 4. distinctus, A. ater aggregate,
T. sowerbyi and a limacid species. The A. ater aggregate
consists of three species (4. ater, Arion rufus and Arion
vulgaris = Arion lusitanicus) that cannot be accurately differ-
entiated based on external morphology alone (Cameron et al.
1983). Furthermore, their identification is complicated by the
fact that they may hybridise (Roth et al. 2012; Dreijers et al.
2013), and current COI and 16S rDNA sequences on
GenBank do not allow unequivocal separation of the species.
Since we used tissue digestion to retrieve larval nematodes,
more accurate identification based on internal morphology
was not possible. The COI sequence from the single specimen
identified as belonging to the family Limacidae clustered most

Table 1 Identification of slugs that were infected by Angiostrongylus vasorum

Sampling location Collection date Mass of infected slug (g) Number of larvae® Slug identity
Elmfield Wood June 2010 8.8 23 Arion ater aggregate
Higham Hill June 2010 1.5 12 Arion ater aggregate
Queensmead Recreation Ground January 2011 0.5 2 Arion distinctus
January 2011 14 14 Family Limacidae
February 2011 22 21 Tandonia sowerbyi
February 2011 2.1 10 Tandonia sowerbyi

*Number of larvae released upon acid-pepsin digestion of tissue from half the slug

@ Springer



Parasitol Res (2014) 113:4363-4369

4367

N _ —
O A. vasorum negative slugs
o @ A. vasorum positive slugs
(2]
j=2}
3 — M
»n
G
& ©—
Q
[S
>
=z
< -
~ -
=0 T I:! I T I_!
0 0.5 1 1.5 2 25 3
Mass (g)

Fig. 4 Histogram showing the distribution of slug mass by
Angiostrongylus vasorum infection status at Queensmead Recreation
Ground

closely with sequences from Lehmannia valentiana
(Accession numbers JX117876; AM259711; AM259710).
However, there are relatively few COI sequences available
for this family on GenBank with some British species not
represented. Even fewer 16S rDNA sequences are available,
covering only two of the eight species found in Great Britain
(Anderson 2005). We have therefore refrained from classify-
ing this slug to genus or species level.

The broad range of intermediate host species found in this
study is consistent with previous studies describing both ex-
perimental (Guilhon and Cens 1973) and natural infection
(Ferdushy et al. 2009; Jefferies et al. 2009) and is consistent
with the wide intermediate host range found in other species
of the genus, such as 4. cantonensis (Eckert and Lammler
1972; Yousif and Lammler 1975). The fact that species in the
A. ater aggregate can support the development of
A. vasorum to the infective L3 stage is well recognised
(Guilhon and Cens 1973; Ferdushy et al. 2009; Jefferies
et al. 2009). Infection of species in the Arion hortensis aggregate
(consisting of A. hortensis, A. distinctus and Arion owenii) has
also been previously reported from Wales (Jefferies et al.
2009). However, in our study, we could further identify the
slug species involved as A. distinctus, based on the COI and
16S rDNA sequences. This is the most common and wide-
spread species in the complex (Davies 1977, 1979; De Winter
1984; Backeljau and Van Beeck 1986). To our knowledge,
this is the first report of A. vasorum infection in this species
as distinguished from A. hortensis. Records of 4. vasorum in
‘A. hortensis’ prior to 1979, such as those reported by Guilhon
and Cens (1973), cannot be used as accurate host records since
A. hortensis was not formally separated from A. distinctus
until 1977 and 1979 (Davies 1977, 1979). Furthermore, it is
very difficult to distinguish these two species by their external
morphology, and their identification should always be con-
firmed by anatomical data (De Winter 1984; Backeljau and
Van Beeck 1986) or molecular markers (Mc Donnell et al.

2008; Barr et al. 2009; Soroka and Skujiene 2011). In addition
to A. distinctus, we have confirmed A. vasorum infection in
two 7. sowerbyi specimens, which represent the first published
report of infection within the family Milacidae. Both
T sowerbyi and A. distinctus tend to be highly synanthropic
and are therefore common in man-made habitats such as
gardens, parklands and fields (Pfleger and Chatfield 1988).
Thus, these slug species are likely to be important for trans-
mission of angiostrongylosis in urban as well as suburban and
agricultural areas.

The prevalence of 1.6 % in the current study is substantially
lower than determined for the hyperendemic region in Wales
by Jefferies et al. (2009) who identified infection in 20 of 47
(42.6 %) slugs by real-time PCR. This difference may at least
in part be due to the different methods used. In our study, we
have opted to use tissue digestion and microscopy in combi-
nation with PCR to avoid false positives. While this approach
may have resulted in our calculated prevalence slightly
underestimating the true prevalence, using solely PCR to
screen a large volume of samples can be prone to false
positives (Borst et al. 2004) and may overestimate prevalence.
However, another study using tissue digestion to determine
prevalence of A. vasorum in a region of Denmark found an
overall prevalence of 9 %, reaching 26 % at one sampling
location, confirming that local prevalence can be very high in
certain localities (Ferdushy et al. 2009).

A major advantage of tissue digestion is that it allows
determination of larval burden in individual slugs. Larval
burden of the intermediate host is likely to be an important
factor determining the outcome of infection in dogs, since
the severity of clinical signs appears to be proportional to the
number of L3 ingested (Schnyder et al. 2010) and the inges-
tion of a single large dose of infective larvae has been
associated with sudden death (Bolt et al. 1994). Ferdushy
et al. (2009) found that while most (82 %) infected slugs
harboured a larval burden below 10, a small proportion
(14 %) may carry more than 100 larvae; this pattern is
typical of parasite aggregation within a host population
(Shaw et al. 1998). In the current study, larval burdens never
exceeded 23 larvae per half slug. The absence of high
burdens may be due to the relatively low number of positive
slugs sampled. Alternatively, this could reflect the overall
lower prevalence of infection. This would result in lower
exposure of the definitive host and in turn reduced opportu-
nity for infection of slugs. Although there was no significant
association between larval burden and slug mass, there was a
trend for larger individuals to yield a greater number of
larvae. A similar trend was observed by Ferdushy et al.
(2009). Furthermore, a large epidemiological survey on the
related species 4. cantonensis reported that larval burden in
one species of snail intermediate host was more than three
times higher in heavier individuals, when compared to small-
and medium-sized individuals (Chen et al. 2011).
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Previous studies on A. vasorum have confirmed infection
of slugs during the summer (Jefferies et al. 2009) and autumn
(Ferdushy et al. 2009). In the current study, slugs infected with
A. vasorum were collected both in the summer and winter,
indicating that there may be an infection risk to dogs through-
out the year. However, further work is required to elucidate the
precise seasonal pattern of infection in gastropods.

Conclusion

With reports of canine angiostrongylosis outside the previous-
ly recognised hyperendemic regions, an understanding of the
epidemiology of this disease is becoming increasingly impor-
tant. This study has found 4. vasorum infection in at least
four different slug species, two of which were new host
records. Furthermore, we have identified infection in three
different families of slugs, including the first published record
of infection in the family Milacidae, thereby adding to the
growing list of intermediate host species. It is not known
whether these new intermediate host records represent a recent
host-parasite association or a long-standing association that
has not previously been detected. However, if the former is
true, it might help to explain the apparent ease with which
infection has spread to previously non-endemic regions.
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