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Invasive slipper limpets (Crepidula fornicata) act like a sink,

rather than source, of Vibrio spp.
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Abstract A large knowledge gap exists regarding
the disease profile and pathologic condition of the
invasive, slipper limpet Crepidula fornicata. To help
address this, we performed a year-long health survey
at two sites in South Wales, UK — subtidal Swansea
Bay and intertidal Milford Haven. In total, 1,800
limpets were screened systematically for haemo-
lymph bacterial burdens using both general and
vibrio-selective growth media (TSA+2% NaCl and
TCBS, respectively), haemolymph (blood) inspec-
tion using microscopy, a PCR-based assay targeting
Vibrio spp., and multi-tissue histology. Over 99% of
haemolymph samples contained cultivable bacte-
rial colony-forming units, and 83% of limpets tested
positive for the presence of vibrios via PCR (con-
firmed via Sanger sequencing). Vibrio presence did
not vary greatly between sites, yet a strong seasonal
effect was observed with significantly higher bacterial
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loads during the summer. Binomial logistic regres-
sion models revealed larger (older) limpets were more
likely to harbour vibrios, and the growth of bacteria
on TCBS was a key predictor for PCR-based vibrio
detection. Histological assessment of >340 animals
revealed little evidence of inflammation, sepsis or
immune reactivity despite the gross bacterial num-
bers. We contend that slipper limpets are not highly
susceptible to bacteriosis at either site, and do not
harbour vibrios known to be pathogenic to humans.
The lack of susceptibility to local pathogenic bacteria
may explain, in part, the invasion success of C. forni-
cata across this region.

Keywords Bacteriosis, disease connectivity, oyster
pest - Haemocytes - Epizootiology - Aquaculture &
fisheries - Splendidus clade

Introduction

Molluscs form important economic and ecological
components of marine ecosystems (FAO 2017; Sowa
et al. 2019). They aid in determining benthic commu-
nity structure, nutrient cycling, act as food sources for
higher trophic levels, stabilize shorelines, and main-
tain water quality, in addition to being exploited for
commercial aquaculture and wild-harvest industries
(Goss-Custard et al. 2004; Jansen et al. 2012; Kellogg
et al. 2014; Walles et al. 2015; Tomatsuri and Kon
2017). As many aquatic molluscs filter-feed, this can
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lead to the accumulation of diverse bacterial consor-
tia, notably Vibrio spp., with some hosts acting as key
reservoirs/sources of pathogenic ecotypes. Various
species of vibrios are pathogenic to aquatic molluscs
including those of commercial importance (Lynch
et al. 2022).

The Atlantic slipper limpet, Crepidula fornicata,
is one such filter feeder, and represents a prolific
invasive, non-native species (INNS) introduced to
Europe in the 1870s with shipments of American oys-
ters (Crassostrea virginica; Blanchard 1997). Slipper
limpets tend to form stacks, which involves a large
female settling on a substrate, followed by several
smaller males adhering on top. For over a century, C.
fornicata has occupied European coastlines reaching
densities of as many as 4,700 limpets m~2 (in the bay
of Marennes-Oléron, France; de Montaudouin and
Sauriau 1999).

These limpets have gained notoriety as oyster pests
because of their ability to modulate benthic commu-
nity composition, sedimentation and pseudofaeces
accumulation, and food competition with native and
Pacific oysters (Ostrea edulis and Crassostrea gigas,
respectively), queen scallops (Aequipecten opercu-
laris) and blue mussels (Mytilus edulis) (Thieltges
et al. 2003, 2006; Thieltges 2005; Richard et al. 2006;
Kriefall et al. 2018; Preston et al. 2020). There are,
however, conflicting reports on the nature of C. for-
nicata’s adverse influence. De Montaudouin et al.
(1999) reported that C. gigas growth, macrozooben-
thic density and diversity was not negatively impacted
by the presence of C. fornicata. Hayer et al. (2019)
reconstructed the changes in distribution and diver-
sity of oysters over the last 200 years in the North
Sea, concluding that the decline of O. edulis was near
completion before the introduction of C. fornicata.

There is much interest in C. fornicata as an eco-
system engineer and a driver of ecological phase
shift outside its native range, yet there is a paucity of
knowledge with respect to its pathogen/parasite pro-
file and epizootiology (Quinn et al. 2020). Such data
are key to considering the risk of disease transfer to
other co-located commercially important oysters
(C. gigas) and mussels (M. edulis). Crepidula forni-
cata can act as a sink of trematode cercariae that use
mytilids as intermediate hosts (Pechenik et al. 2001;
Thieltges et al. 2006), although infections or tissue
damage are rare in limpets themselves (Quinn et al.
2022). Le Cam and Viard (2011) performed a single,
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systematic study of disease in French populations
of C. fornicata, revealing that ~43% were infested
by a sponge Cliona celata between 2004 and 2007.
Regarding bacterial presence, Choquet (2004) iso-
lated a strain of Vibrio tapetis, the cause of brown
ring disease in clams, from C. fornicata.

Members of the bacterial genus Vibrio can infect
marine invertebrates. Highly virulent strains are
associated with mass die-off events of commercial
bivalves and crustaceans, e.g., Vibrio aestuarianus
in Pacific oysters (Labreuche et al. 2006; Lupo et al.
2019) and V. parahaemolyticus in penaeid shrimp
(Kumar et al. 2020). Vibrios are ubiquitous in aquatic
environments, found naturally in marine, estuarine
and freshwater situations. Many Vibrio species are
harmless, yet some cause disease in fish (Froelich and
Noble 2016) and ~ 12 species cause illness in humans
(e.g., seafood-associated bacterial gastroenteritis)
(Liu et al. 2004; Scallan et al. 2011).

Our aim was to perform a large-scale temporal
survey for vibrio-like bacteria in the alien invader C.
fornicata at two locations in South Wales with estab-
lished populations — Swansea Bay, in a native oyster
restoration zone, and Milford Haven, in an area of
key fisheries/culture industries (Fig. 1). We sampled
limpets at each site for one year (January—December
2019) and used a multi-resource screen for deter-
mining vibrio presence, i.e. immune cell (haemo-
cyte) numbers, bacterial load quantification, histo-
logical examination of tissues and PCR for Vibrio
identification.

Methods
Sampling

We collected live adult limpets every month from
January to December 2019 at each site. At Swansea
Bay (51.570345, -3.974591) limpets were sampled
subtidally by dredging (<2.9 m below chart datum),
whereas at Milford Haven (Hazelbeach; 51.7042,
-4.971295) limpets were handpicked intertidally
during low tide. Sample size calculations using an
a-value of 0.05 and desired power>80% indicated
that a minimum of 57 (1-sided test) up to 73 (2-sided
test) limpets were required based on an a priori pre-
diction of 15-35% prevalence of infected animals (in
line with observations of Le Cam and Viard (2011)
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Fig. 1 Locations of sample sites in South Wales, UK. Inset, geographic location of Swansea Bay in the United Kingdom (red box).

Maps were created in QGIS 3.10.3-A Coruiia

when screening limpets for the sponge Cliona celata).
We therefore collected 75 limpets each month from
each site, yielding 1800 in total.

Biometric and population data

Wet weight (g), shell length (mm), shell width (mm)
and position in a limpet stack were recorded for
each specimen. Sex was determined and assigned as
either male (presence of developed penis), female
(absence of penis), or transitionary (reduced penis) as
described by Coe (1936).

Haemocyte counts and bacterial loads

Haemolymph was collected from each limpet by
removing the flesh from the shell using a bunt-ended
probe, allowing the haemolymph to pool in the shell
cavity. Haemolymph was then aspirated using a nee-
dle (23G) fitted onto a 1 mL sterile syringe. Total

haemocyte (immune cell) counts were recorded using
an improved Neubauer haemocytometer. Bacterial
colony-forming units (CFUs) were determined by
spreading 100 pL. of haemolymph diluted 1:100 with
3% NaCl solution on tryptone soya agar (TSA) plates
supplemented with 2% NaCl (two technical replicates
(plates) per sample), and tryptone thiosulfate-citrate-
bile salts-sucrose (TCBS) agar. Plates were incubated
at 25 °C for 24 h prior to counting CFUs. Bacterial
loads are expressed as CFUs per mL haemolymph.

Molecular detection and identification of Vibrio spp.

Sigma Aldrich GenElute Blood Genomic DNA kits
were used for DNA extraction from C. fornicata
haemolymph (100 uL) following the supplier’s guide-
lines. For 29 of the 1800 specimens collected it was
not possible to obtain 100 pL of haemolymph because
of their small size; instead, 20 mg of solid foot tis-
sue (largely muscle) was used. DNA yields were

@ Springer



E. A. Quinn et al.

quantified using the Invitrogen Qubit Fluorometer in
combination with the Invitrogen dsDNA High Sensi-
tivity Assay Kit.

All PCR assays were carried out in 25 pL total
reaction volumes using 2x Mastermix (New Eng-
land Biolabs Inc., Ipswich, USA), 1.25 pL oligo-
nucleotide primers (10 pM) synthesized by Euro-
fins (Ebersberg, Germany), 2 uL of genomic DNA
(1-3 pg), and performed in a PCR thermocycler (Bio-
Rad Laboratories Inc., Hemel Hempstead, UK). For
amplification of vibrio DNA, the Vibl-F (GGCGTA
AAGCGCATGCAGG) and Vib2-R (GAAATTCTA
CCCCCCTCTACAG) universal primer set (Vezzulli
et al. 2012) was used, following conditions described
by Thompson et al. (2004) and modified by Vez-
zulli et al. (2012). The expected amplicon size was
113 bp. Negative controls consisted of DEPC-treated
Molecular Biology Grade Water (Sigma Aldrich) in
the absence of DNA template to avoid false positives
due to contamination. Positive controls consisted of
1 uL (~200 ng) DNA purified from the haemolymph
of an infected crab (Carcinus maenas) (Davies et al.
2022). PCR products were visualised using 2% (w/v)
agarose/TBE gels.

In preparation for sequencing of material from gel
bands, amplicons were purified using HT ExoSAP-IT
Fast high-throughput PCR product clean-up (Thermo
Fisher Scientific, Altrincham, UK). Direct Sanger
sequencing was carried out by Eurofins. In total, 72
representative samples were chosen from each month/
site sampled and 22 of these returned usable data.
Chromatograms were checked for mis-called bases.
The sequences generated were trimmed of primer
regions manually and matched against the National
Center for Biotechnology Information (NCBI) nucle-
otide database using BLASTn (Basic Local Align-
ment Search Tool). Query Coverage (QC), Maximum
Identity (MI) and E-value data were recorded for the
top three returns per sample. Sequences were sub-
mitted to the NCBI short read archive (SRA) under
accession numbers SRR13165025-SRR13165046.

Retrieved sequences were screened against Gen-
Bank using default BLASTn settings followed by
restricting the search to the genus Vibrio. Bacterial
nucleotide sequences derived from C. fornicata were
added to a selection of known, geographically distrib-
uted Vibrio reference sequences to make up a dataset.
A complete sequence alignment was achieved using
the Clustal tool in MEGA X. Evolutionary analyses
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and reconstructions were carried out in MEGA X
(Kumar et al. 2018) using the maximum likelihood
routine based on the Kimura 2-parameter model and
an independent Neighbour Joining routine. A con-
sensus tree with the highest log likelihood value
(—=150.41) from 1,000 bootstrap re-samplings was
formatted using iTOL (Letunic and Bork 2019).

Tissue histology

A subset of 343 animals was screened via whole tis-
sue histology to visualise potential immune responses
to vibrio-like bacteria, e.g., haemocyte infiltration
or tissue damage. Whole tissue histology of C. for-
nicata was performed as described by Quinn et al.
(2020). Briefly, samples were submerged in David-
son’s seawater fixative for 24 h, rinsed in water and
stored in 70% ethanol prior to processing. Samples
were dehydrated using an ethanol series, transferred
to Histoclear/Histochoice and infiltrated with molten
wax prior to embedding. Sections were cut at 5—7 pm
using a rotary microtome and stained with Cole’s hae-
matoxylin and eosin. Images were adjusted for colour
balance and contrast/brightness only.

Models and statistical analyses

To determine if specific predictor variables had any
significant effect on the probability of finding vibrio-
positive limpets, binomial logistic regression mod-
els were generated using the Logit link functions in
the MASS library following Bernoulli distributions
in RStudio v1.2.5033 and R v4.0.2. An information
theoretical approach was used for both model selec-
tion and assessment of model performance (Richards,
2005). Initial models will from herein be referred to
as full models. Using the dropl function in R, each
non-significant predictor variable from the full model
was removed sequentially to enhance the predic-
tive power of the final model. The function of dropl
is to compare the initial full model with the same
model, but with the least significant predictor variable
removed. If the difference between the reduced model
and initial full model is significant, the removed pre-
dictor variable is kept out of the new, reduced model.
A Chi-square test is used for comparison of the resid-
ual sum of squares in both models in the case of bino-
mial response variables. Variables included in the
full model were: vibrio (PCR negative/positive, 0 or
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1), location (Milford Haven or Swansea Bay), season
(Spring (March, April, May), Summer (June, July,
August), Autumn (September, October, November),
Winter (November, December, January)), sex (male,
female, transitionary), wet weight (continuous num-
ber), and position in stack (1st, 2nd, 3rd, etc.). All
other statistics (tests of normality, ANOVA, Kruskal-
Wallis, Mann-Whitney, Chi-square) and figure prep-
aration were performed in GraphPad Prism v.8/9
(GraphPad Software, La Jolla California USA).

Results
Biometric and population data

Wet weight, shell length and shell width of limpets
dredged from Swansea Bay were significantly greater
than at Milford Haven (Table 1; P <0.0001 in all com-
parisons, Mann-Whitney). The proportions of male,
female and transitionary limpets differed within a site
but not when comparing the two sites. Female pro-
portions were significantly greater than either males
or transitionary limpets (X* (2, n=1800)=38.852,
P=0.012). At Milford Haven, females accounted for
48%, males 25%, and transitionary limpets 27%. At
Swansea Bay, females made up 49%, males 20%, and
transitionary limpets 31%. Not only were there fewer
males in general, but female and transitionary limpets
were significantly heavier (P <0.01, Kruskal-Wallis).
This trend was also reflected in the average shell
lengths and shell widths (Table 1) among the sexes:

Table 1 Morphometric measurements for Crepidula fornicata

Wet weight Shell length Shell width
® (mm) (mm)
Site
Milford Haven 7.99+0.10 36.1+0.2 23.9+0.1
(n=900) (041t020.2) (10to 53) (11 to 43)
Swansea Bay  18.86+0.3 46.5+£0.3 27.8+0.1
(n=900) (0.3t070.1) (14to61) (11 to 42)
Sex (both sites combined, n=1,800)
Female 15.67£029  4335+0.24  26.93+0.12
(2.69 t0 70.10) (22 to 60) (14 to 43)
Male 7.06+0.26 34.66+039  22.76+0.2
(0.29t0 41.34) (14 to 58) (11 to 41)
Transitionary  14.58+0.37  42.62+0.35  26.48+0.17
(0.57t0 39.61) (10to 61) (13 t0 42)

females and transitionary limpets were significantly
longer and wider when compared to males (P < 0.001,
Kruskal-Wallis).

Crepidula fornicata form stacks (Fig. 2a) on hard
surfaces or basibionts (e.g., oyster or mussel shells).
Stack sizes of limpets in Swansea Bay (up to 11 indi-
viduals) were consistently, and significantly, greater
than those in Milford Haven (up to five individu-
als; X%(10, N=1800)=95.0, P<0.0001; Chi-square
test). At the latter site, 50% of the stacks were indi-
vidual limpets, 35% consisted of two individuals,
12% of three individuals, and the remaining 3% of
four or five individuals. At Swansea Bay, 40% of the
stacks were individual limpets, 24% of two, 14% of
three, 8% of four, and the remaining 14% of five to
11 limpets. Generally, weight, length and width of
limpets decreased the further up the stack (Fig. 2b
and c). Position within a stack was correlated with
the wet weight of an individual, with those at the
bottom being significantly larger than those above
(P <0.0001, Kruskal-Wallis).

Haemocyte counts and bacterial loads

Freely circulating, homogeneous immune cell
(haemocyte) populations were present in the haemo-
lymph of C. fornicata (Fig. 3) and were quantified
from 1,771 individuals (Milford Haven »n=883,
Swansea Bay n=888). Overall, significantly fewer
haemocytes were present in limpets from Mil-
ford Haven (mean=+standard deviation 2.7x10° +
9.3x10* mL™!, range 1.3x10° — 3.3x10” mL™!)
than Swansea Bay (3.3x10°+1.1x10° mL™!,
3x10° - 3.1x107 mL™') (P<0.01). Significant
fluctuations in haemocyte numbers were apparent
with season (F5 176,,=21.56, P<0.001) and site
(F, 176y=17.96, P<0.001). At each site, haemo-
cyte levels peaked in the summer/autumn, ranging
from ~2.8%10° to 3.3%x 10" mL~", and were at their
nadir in spring at Swansea Bay and winter at Milford
Haven, ranging from ~1.3x10° to 1.6x 10" mL~!
(Fig. 3).

Sufficient volume of haemolymph was retrieved
from 1,780 individuals and plated on the generalist
TSA (+2% NaCl) growth medium, and on the vibrio
selective TCBS agar (Fig. 4). Of these samples, only
8 (TSA) and 12 (TCBS) lacked any sign of cultivable
bacteria. No significant differences in bacterial loads
were detected between Milford Haven and Swansea
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sites in South Wales, UK. a Limpets formed stacks up to 11
individuals at Swansea Bay (photo: January 2019). Morpho-
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Fig. 3 Total haemocyte counts observed in the haemolymph
of C. fornicata. Temporal profiles of haemocyte numbers
according to site and season (Milford Haven (MH)=2883;
Swansea Bay (SB) n=_888). Unshared letters denote significant
differences (P <0.05)

@ Springer

Width (mm)

Width (mm)

position within stacks for Milford Haven (MH) b and Swansea
Bay (SB) c. Sample sizes are shown in the weight panels for
each position within the stack

Bay samples for either TSA or TCBS (P=0.487 and
P=0.665 (Mann-Whitney), respectively; Table 2). A
clear and similar temporal trend was detected among
haemolymph CFU densities from the two locations
across the 12-month survey (Fig. 4a and b). When
data were combined from both sites, CFU numbers
were at their highest during the summer and lowest
in winter (Table 2). There were some differences in
monthly CFU highs/lows when comparing each site
and growth medium (Supplementary Fig. 1).

Stack position of a limpet was not significantly
related to CFU values on either TSA (P=0.32) or
TCBS agar (P=0.063; Supplementary Fig. 2). The
bacterial burden (CFUs mL!) of the haemolymph and
haemocyte numbers in Milford Haven limpets were
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not significantly correlated on either medium (TSA,
P=0.978; TCBS, P=0.157) (Supplementary Fig. 3a)
but were strongly positively correlated on both media
in Swansea Bay limpets (P<0.001 for both TSA
and TCBS, Spearman correlation; Supplementary
Fig. 3b).

Molecular detection and identification of Vibrio spp.

All 1,800 limpets were screened for the presence of
Vibrio spp. using end-point PCR, with 85% (763/900)
and 81% (729/900) testing positive (single amplicons
of the expected size; e.g., Supplementary Fig. 4 for
Milford Haven) for Swansea Bay and Milford Haven,
respectively. August had the highest number of PCR-
positive samples (150/150) and February the low-
est 84/150 (56%) when data from the two sites were
combined (Fig. 5).

Twenty two high quality sequences were gener-
ated with seven proving clear matches to known
Vibrio species and the remainder matching unclas-
sified/uncultured vibrio-like bacteria (Supplemen-
tary Table 1). BLASTn searches revealed consistent
matches (85-100% coverage/identity) with members
of the Splendidus clade (V. tasmaniensis, V. celticus,
V. crassostreae, V. gallaecicus, V. kanaloae and V.
toranzoniae) and Mediterranean clade (V. mediter-
ranei). Phylogenetic trees of the partial 16 S riboso-
mal RNA sequences displayed consistent topology
when reconstructed using maximum likelihood and
neighbour-joining routines — indicating the presence

Table 2 Numbers of
bacterial colony-forming

TSA (CFUs/mL) TCBS (CFUs/mL)

units (CFUs) from Site

Crepidula fornicata Milford Haven (n=886)
haemolymph

Swansea Bay (n=_894)

Sites combined

2.11x10° +9.8x10°
(range 0-3.9 x 10%)
2.14%10° + 1x10*
(range 0-2.6 x 10°)
2.1x10° £ 7.1x103
(range 0-3.8 x 10%)

Season (both sites combined, n=1,780)

Spring (n=449)
Summer (n=446)
Autumn (n=450)

Winter (n=435)

1.98x10° + 1.4x 10*
(range 0-3.9 % 10%)
4.09%10°+1.8x10*
(range 0-2.6 x 10%)
1.24%10° +9.8x10°
(range 0-2.2 x 10%)
L.17x10° + 7.7x 10°
(range 0-1.1x 10%)

1.89%x10° +9.9%x 10°
(range 0-2.2 x 10%)
1.73%10° + 8.8x10°
(range 0-2.7 x 108)
1.8x10° + 6.6x 10°
(range 0-2.69 x 10°)

1.46x10° +9.6x 10°
(range 0-1.1x 10%)
3.99x10°+1.9x 10*
(range 0-2.7 x 10%)
1.04x10° + 7.4x10°
(range 0-8.1 X 10°)
0.73x10° + 6.7x 10°
(range 0-6.9 X 10%)
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Fig. 5 Prevalence of vibrio-like bacteria among C. fornicata
determined via PCR-based screening. Limpets detected posi-
tive for Vibrio spp. according to site and month

of some unique vibrio sequence types in C. fornicata
(Fig. 6). Trees included vibrios isolated from diseased
and healthy molluscs, as well as environmental iso-
lates. A distinct Splendidus clade was formed with
previously characterised vibrios, as well as sequences
amplified from Milford Haven and Swansea Bay C.
fornicata. A second, distinct well supported (99%)
cluster of vibrio-like sequences included samples
from Milford Haven and Swansea Bay only, thereby
suggesting at least two vibrio ecotypes are present
in these limpets. Sequences were distributed among
benign and potentially pathogenic bacteria. Because
of the small size of some final reads (~60 bp), cau-
tion is needed when interpreting the potential species
identity of these bacteria; however, they do represent
members of the Vibrio genus and the Splendidus
clade.

Models

Biometric data recorded (size, sex, and position in
stack), along with collection site, bacterial CFU
counts and haemocyte levels were incorporated
into Binomial Logistic Regression models to deter-
mine whether any of these factors contributed to the
occurrence/detection of Vibrio spp. by PCR. Lim-
pet wet weight, season and TCBS counts were sig-
nificant predictor variables (Table 3). Significant
decreases in the number of vibrio-positive limpets
were observed during Spring (P =0.0053) and Winter
(P=0.0064) (Fig. 7). Heavier limpets (13.8 +0.24 g)
were significantly (P<0.001) more likely to test
positive for Vibrio spp. than limpets testing negative
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(11.4+0.44 g). On selective TCBS medium, indi-
viduals with more bacterial colonies were more likely
to test positive (n=1480) for vibrio-like species
than those that tested negative (n=299), P<0.001;
~2x10° + 7.7x10° CFU/mL versus ~9x10* +

8.7x10° CFU/mL, respectively; there was no such
trend on TSA.

Histological assessment of limpet tissues

There was no gross evidence of bacterial infection,
tissue-wide damage and necrosis, or inflammation
in the slipper limpets examined, regardless of their
haemolymph bacterial load. In very few individuals,
there were discrete signs of immune cell (haemocyte)
infiltration, nodule formation, and varied states of
what appeared to be compromised tissue; however,
these could not be attributed to vibriosis.

Discussion

To date, few parasites or diseases have been reported
in C. fornicata other than the shell boring sponge
C. celata (Le Cam and Viard 2011) and interactions
with trematodes (Pechenik et al. 2001; Thieltges et al.
2006, 2008; Quinn et al. 2022). We determined the
bacterial loads of C. fornicata, focusing on a key aeti-
ological agent in commercial shellfish, namely Vibrio
spp. Slipper limpets from two survey sites contained
high levels of vibrio-like bacteria in the haemolymph
(~83 to >99% depending on the detection method),
but these were not pathogenic to C. fornicata (as
determined via histology). Instead, the limpets
seemed to accumulate bacteria passively as a result
of their filter feeding nature, thereby acting as a sink
for these microbes autochthonous to the area. Such
observations have been made previously for marine
invertebrates (Froelich and Oliver 2013). Bivalves,
such as clams, can be found with levels of vibrios
in their tissue of 10> CFU/g or higher, this being up
to 100-fold greater than in the surrounding waters
(Froelich et al. 2017). Larger limpets were statisti-
cally more likely to contain vibrios, and at higher lev-
els. This could be a consequence of age or immune-
senescence as older limpets are positioned toward the
bottom of a stack onto which younger/smaller lim-
pets pile on and remain in situ for extended periods
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Fig. 6 Consensus phylogram (unrooted) of the partial 16 S
rRNA region recovered from slipper limpets Crepidula forni-
cata (SRR13165025-SRR13165046). Reference sequences
represent the top BLASTn-search results from NCBI plus a
broad list of known, geographically distributed Vibrio species.
Bootstrap support values are depicted as spheres (ML | NJ).
The scale represents nucleotide substitutions per site (maxi-

of time, thereby increasing the likelihood of bacterial
accumulation.

The genus Vibrio includes free-living bac-
teria, opportunists, pathobionts and symbionts
(e.g., McFall-Ngai 2014; Wendling et al. 2014;
Destoumieux-Garzén et al. 2020). A great diver-
sity of Vibrio species, strains and ecotypes can be
found among the microflora of marine invertebrates,

mum likelihood (ML) estimation, 1000 bootstrap replicates).
All reference sequences used were >90% (coverage and iden-
tity) matches for the sequences retrieved from limpets. Stars
represent sampling sites (blue, Milford Haven; yellow, Swan-
sea Bay). The red box highlights a putative vibrio ecotype
within the Splendidus clade

e.g., representing~21 to 77% of bacterial iso-
lates of spider crab (Maja brachydactyla) haemo-
lymph sampled along the coastal waters of north-
west Spain and the Canary Islands (Gomez-Gil
et al. 2010). Known pathogenic species of vibrios
that affect molluscs include strains of V. aestuari-
anus, V. alginolyticus, V. bivalvicida, V. harveyi,
V. spendidus, V. parahaemolyticus, V. pectenicida

@ Springer
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Table 3 Binomial logistic regression models testing the influence of biometric and environmental predictor variables on the pres-
ence of vibrio-like bacteria in C. fornicata sampled from Swansea Bay and Milford Haven (Jan 19-Dec 2019)

Model Predictor variable Estimate slope SE P-value
Full Model SiteSB 0.03827 0.1913 0.8414
Vibrio ~Site + Season + SeasonSpring —0.5164 0.1878 000597
%;ﬁ?;ﬁﬁ%‘;:f‘%‘cgs + Haome.  SeasonSummer ~0.07122 02272 07539
cyte.Counts SeasonWinter —-0.5723 0.1894 0.0025%*
SexM -0.275 0.1955 0.1596
SexT —0.0008116 0.1575 0.9958
Position.In.Stack 0.05505 0.05704 0.3345
Wet.Weight 0.02108 0.01263 0.0949
TSA 4.455E-07 4.609E-07 0.3338
TCBS 0.000001913 5.835E-07 0.0010%*
Haemocyte.Counts 1.53E-10 2.329E-08 0.9947
Model reduced 4
Vibrio ~ Season + Wet.Weight + TCBS SeasonSpring —5.06E-01 1.82E-01 0.0053**
SeasonSummer —4.87E-02 2.23E-01 0.8269
SeasonWinter —4.92E-01 1.80E-01 0.0064**
Wet.Weight 2.85E-02 8.70E-03 0.0010%*
TCBS 2.24E-06 4.45E-07 4.97E~
75%%

Significance. codes: 0 “***° 0.001 “**° 0.01 ‘** 0.05 * 0.1 ** 1 #Vibrio=PCR positive

and V. tapetis but none of these were found in the
limpets screened in this study. For vibrios to colo-
nise a host, they need to be able to attach and pen-
etrate intact tissues. Non-pathogenic strains tend to
not have the capacity to produce necessary adhe-
sions or enzymes/factors that permit their invasion

AN
NN

Fig. 7 Seasonal variation in limpets testing positive for Vibrio
spp. via PCR. Data for both sites (Swansea Bay and Milford
Haven) were combined. Significant differences are denoted
by asterisks (** P<0.01). The number of positive individuals
from each season is placed above each column

@ Springer

(Lynch et al. 2022). Much work has been performed
on the environmental drivers of microbial disease in
bivalve molluscs, like the Pacific oyster (C. gigas),
linked to vibriosis and mass mortality events that
can devastate populations (Destoumieux-Garzén
et al. 2020; Lynch et al. 2022) but little information
exists on vibriosis in gastropod molluscs probably
because of their limited commercial importance.
Despite some morphometrical differences between
C. fornicata collected at Swansea Bay and Milford
Haven, site was not a significant factor regard-
ing the probability of a limpet testing positive for
vibrios. Instead, seasonality was a key contributing
factor. The highest prevalence of vibrio-like bacte-
ria occurred during summer and late autumn. This
is not entirely surprising as higher temperatures,
especially those exceeding 15-17 °C, enable vibrios
to thrive and are linked to disease outbreaks and the
expression of virulence factors (Stauder et al. 2010;
Vezzulli et al. 2012, 2013). In addition to season,
both weight and CFU growth on TCBS medium,
were key predictors of bacterial presence. Criticism
has been levelled at the use of TCBS medium for
monitoring vibrios other than key pathogens such as
V. cholerae and V. parahaemolyticus (Donovan and
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van Netten 1995; Cavallo and Stabili 2002; Gyraite
et al. 2019). This medium was originally developed
to enumerate vibrios from human and environmen-
tal samples (Kobayashi et al. 1963); however, it is
apparent that not all vibrios grow on this medium
and that some other taxa, such as aeromonads, can
grow on it (Lotz et al. 1983). Even considering the
putative drawbacks of using TCBS agar for vibrio
enumeration in haemolymph, our results found that
CFU growth on TCBS aligned with PCR outputs,
thereby representing a validated approach for moni-
toring vibrio-limpet epizootiology as the coastal
waters become warmer (or limpets move further
outside of their native range). The frequency of
vibrio infections has been increasing worldwide:
between 1996 and 2006, the average annual inci-
dence rose by 78%, and between 2008 and 2018
by 272% (Froelich and Daines 2020). In summer
2015, Canada experienced the highest number of
cases of human V. parahaemolyticus infections
ever reported from the consumption of raw oysters
(Taylor et al. 2018). This outbreak was associated
with higher-than-normal sea surface temperatures
(SST>15 °C), and the incidence rates decreased
once SST dropped below 15 °C (Taylor et al. 2018).

Limpets at both our survey sites are co-located
with high value shellfish, e.g., native oyster (Ostrea
edulis) in Swansea Bay. Therefore, part of our
study was to determine the potential connectivity
of disease, i.e., whether slipper limpets represent
an overlooked reservoir for disease-causing vibrios.
PCR-based detection of vibrios in limpets using the
universal Vibl-F/Vib2-R primer set was associated
significantly with culture (TCBS)-based detection
of bacteria, indicating either method is reliable for
vibrio detection in limpets. However, the amplicons
generated were short (~60-100 bp), making it diffi-
cult to identify vibrios to species. Nonetheless, high
quality sequences (although short) were retrieved
across sites and months and identified as members
of the Splendidus clade (e.g., V. tasmaniensis, V.
celticus), and putative members of the Mediterra-
nean clade. The former clade is commonly encoun-
tered among the ‘vibriome’ of marine animals (e.g.,
Romalde et al. 2014). Only a limited number of
species in the Vibrionaceae are a threat to shellfish
or humans. We did not encounter evidence to sug-
gest that major pathogens of humans (e.g., V. chol-
erae and V. parahaemolyticus) or shellfish (e.g., V.

aestuarianus) are enriched within the bacterial con-
sortia of slipper limpet haemolymph.

Concluding remarks

Our study goes some way to address the knowledge
deficit with respect to the disease profile of inva-
sive C. fornicata, alongside identification of key
variables (age and seasonality) that influence vibrio
presence in limpets at two locations in South Wales,
UK. The vibrios present in limpet haemolymph may
provide an element of protection through competi-
tive exclusion of other disease-causing agents but
this is speculative. We consider that slipper limpets
are not highly susceptible to bacteriosis at either
site, and do not harbour vibrios known to be patho-
genic to humans. The lack of susceptibility to local
pathogenic bacteria may explain, in part, the inva-
sion success of C. fornicata across this region.
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