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The aim of this study was to describe the pathology in seals fromwhich Listeria monocytogeneswas isolated
and investigate if the lesions’ nature and severitywere related to the phylogeny of isolates. L. monocytogenes
was isolated from 13 of 50 (26%) dead grey seal (Halichoerus grypus) pups, six (12%) in systemic distribution,
on the Isle ofMay, Scotland. Similar fatal L.monocytogenes-associated infectionswere found inagreyseal pup
from Carnoustie, Scotland, and a juvenile harbour seal (Phoca vitulina) in the Netherlands. Whole genome
sequencing of 15 of the L. monocytogenes isolates identified 13 multilocus sequence types belonging to the
L. monocytogenes lineages I and II, but with scant phenotypic and genotypic antimicrobial resistance and
limited variation in virulence factors. The phylogenetic diversity present suggests there aremultiple sources
of L. monocytogenes, even for seal pups born in the same colony and breeding season. This is the first
description of L. monocytogenes isolated from, and detected in lesions in, pinnipeds and indicates that
infection can be systemic and fatal. Therefore, listeriosis may be an emerging or overlooked disease in seals
with infection originating from contamination of the marine environment.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Listeria monocytogenes is a gram-positive bacillus, found widely
in soil and freshwater, that can contaminate foodstuffs. In animal
species and humans, infectionwith this bacterium has the potential
to cause severe disease including sepsis, neurological disease and
abortion [1]. Ingestion of contaminated food or soil is the most
common source of exposure for humans and animals [2]. The
bacterium is relatively widely distributed in aquatic food products
(eg, shellfish, fish skin and lightly preserved seafood), most likely
contaminated by agricultural or urban surface water run-off [3],
although it remains to be determined if specific subtypes, so called
P. Dagleish).

r Ltd. This is an open access articl
ecotypes, of L. monocytogenes are adapted to particular niches (eg,
food, soil, water, animal hosts) [4].

Infection with L. monocytogenes in humans can occur by inges-
tion of aquatic food products and, therefore, marine mammals
feeding on fish or shellfish would also be expected to be exposed to
the bacterium. There are a few reports of L. monocytogenes in ce-
taceans but the routes of infection were not determined. A 6-year-
old, captive, male killer whale (Orcinus orca) succumbed to
meningoencephalitic listeriosis in Canada in 2004 [5]. An adult
female striped dolphin (Stenella coeruleoalba) was found dead-
stranded on the Italian Ligurian coast in 2015 and necropsy
revealed L. monocytogenes, Toxoplasma gondii and Brucella spp co-
infection in the brain associated with severe non-suppurative
meningoencephalitis [6], but the contribution of each of these
three known pathogens was unclear. There are also two records of
isolation of L. monocytogenes from the lungs of cetaceans in the UK.
The organism was recovered from the lung of a harbour porpoise
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(Phocoena phocoena) found dead-stranded in Bude, Cornwall, UK, in
February 1999. The cause of death was attributed to by-catch (the
lungs were congested and chronic interstitial pneumonia with a
moderate nematode burden was present) and isolation of
L. monocytogenes was considered most likely incidental.
L. monocytogeneswas also recovered from lung and heart blood of a
short-beaked common dolphin (Delphinus delphis) found dead-
stranded at the Lizard, Cornwall, UK, in September 1996. The
cause of death was attributed to severe diffuse pleuropneumonia of
unspecified origin, but the finding of L. monocytogeneswas deemed
significant (both cases: UK Cetacean Strandings Investigation Pro-
gramme, unpublished data). These cases indicate that
L. monocytogenes infection can occur in both captive and free-
ranging cetaceans of various species. However, there are no re-
ports of L. monocytogenes having been recovered from, or causing
disease in, pinnipeds.

In this study, fatal infection due to L. monocytogenes in grey seal
(Halichoerus grypus) pups within a breeding colony, a single live-
stranded grey seal pup remote from the breeding colony and a ju-
venile harbour seal (Phoca vitulina) at an entirely different location
is described. The objectives of this study were to (1) describe the
pathology associated with L. monocytogenes infection in seals, (2)
determine the genetic diversity of L. monocytogenes isolates
recovered, (3) using full genome analyses, identify potential viru-
lence factors, and (4) by traditional microbiology, determine the
antibacterial resistance profiles of the recovered L. monocytogenes
isolates.
2. Materials and methods

2.1. Sample collection and processing

As part of a wider disease study [7,8], 50 grey seal pups that died
during the 2011 pupping season (late October to early December) at
various sites (Fig. 1) of the breeding colony on the Isle of May (IOM)
in the Firth of Forth, Scotland, UK, were subjected to post-mortem
Fig. 1. Map of stranding locations of seals sampled for this study. Blue: free-ranging
grey seal pups on the Isle of May, Scotland (n ¼ 50). Red: stranded grey seal pup,
Carnoustie, Scotland (n ¼ 1). Black: stranded harbour seal juvenile, Zoutelande Beach,
the Netherlands (n ¼ 1).
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examination within 48 h of death. Samples of brain, lung, liver and
spleen were collected and stored at �80�C before being processed
for bacteriology using standardmethods. All samples were cultured
on Columbia blood agar (ThermoFisher Scientific, www.
thermofisher.com) incubated at 37�C in air plus 5% CO2 and Mac-
Conkey agar without salt (ThermoFisher Scientific) incubated
aerobically at the same temperature. Selective culture for Brucella
spp bacteria was also undertaken as described [9]. Suspect
L. monocytogenes isolates were further characterized by catalase
testing, the CAMP (Christie‒Akins‒Munch-Petersen) test with
Staphylococcus aureus and Rhodococcus equi [10] and reactions with
the API Coryne identification system (BioM�erieux, www.
biomerieux.co.uk). Samples for histology from each grey seal pup,
including a minimum of 46 individual tissue samples from 34 or-
gans [7], were fixed in 10% neutral buffered formalin, processed
routinely through graded alcohols and embedded in paraffin wax
prior to being sectioned (4 mm) and stained with haematoxylin and
eosin (HE) for examination by a board-certified veterinary pathol-
ogist (JLB). A cause of death was assigned to each animal following
gross post-mortem examination, detailed histopathological exam-
ination, routine bacteriological examination and polymerase chain
reaction (PCR) for targeted viral pathogens including herpesviruses
[7,10].

Two additional L. monocytogenes isolates were obtained from
European pinnipeds that were not part of the IOM study. The first
isolate was from a female grey seal pup (M280/10, 12.8 kg), which
live-stranded in Carnoustie, Angus, Scotland, UK (Fig. 1), and was
admitted to a seal rehabilitation centre in Middlebank, Fife, Scot-
land, in Autumn 2010. On arrival, the pup presented with seizures
and severe eye injuries and was euthanized on humane grounds.
The second isolate was from a juvenile female harbour seal
(PV150116, 28.8 kg) found dead in January 2015 on Zoutelande
Beach, Zeeland, the Netherlands (Fig. 1). Gross post-mortem ex-
amination and histological examination were performed on both
animals and bacteriology was performed on brain, lung, liver,
spleen and mesenteric lymph node (M280/10) or lung and
tracheobronchial lymph node (PV150116).

2.2. Immunohistochemistry

Immunohistochemistry (IHC) targeting L. monocytogenes was
performed on sections of brain, lung, liver and spleen, dependent
on histological lesions being present, of three animals from the IOM
(CD002, CD035 and CD042). After dewaxing and rehydration
through graded alcohols, antigen retrieval was performed using a
solution of 0.1% trypsin and 0.1% calcium chloride in Tris HCl buffer
(pH 7.8) for 50min. Endogenous peroxidase activity was blocked by
immersion in 3% H2O2 in methanol (vol/vol) for 20 min. Tissues
were washed in running tap water for 5 min and then incubated in
25% normal goat serum (NGS) (Vector Laboratories, www.
vectorlabs.com) in phosphate buffered saline (PBS) with 0.05%
Tween 20 added (PBST) for 1 h at room temperature to block non-
specific antibody binding. Immunolabelling was performed using
rabbit monoclonal anti-L. monocytogenes antibody (BD Difco Lis-
teria O Antisera, 223,021; BD, www.fishersci.com), diluted 1:4,000
in 25% NGS in PBST and incubated overnight at 4�C. Visualization of
the primary antibodywas by Envison Goat anti-rabbit HRP polymer
(Vector Laboratories) using the chromogen Vector NovaRED (Vector
Laboratories) as per the manufacturer's protocol. Slides were
washed in running tap water, counterstained with haematoxylin,
blued in Scott's tap water substitute, dehydrated through graded
alcohols, cleared in xylene and mounted. Positive control material
consisted of ovine cerebellum infected with L. monocytogenes with
proven lesion-associated immunolabelling. Negative control prep-
arations comprised semiserial tissue sections treated identically,
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Fig. 2. Interstitial pneumonia, lung, seal pup CD042. Alveolar walls expanded by
neutrophils, macrophages and fewer lymphocytes associated with moderate diffuse
congestion. HE. Bar, 100 mm.
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except that the primary antibody was substituted with rabbit IgG
purified from normal rabbit serum (Vector Laboratories).

2.3. Genome sequencing and analysis

Whole genome sequencing of recovered isolates of
L. monocytogenes was performed by MicrobesNG (https://
microbesng.com) as described [11]. Phylogenetic relationships
were assessed using Ridom SeqSphere þ version 6.0.0 [12] and the
published L. monocytogenes core genome multilocus sequence type
(cgMLST) scheme, version 2.1, consisting of 1,701 loci [13]. Calcu-
lation of allelic distances was performed in the mode ‘pairwise
ignore missing values’ and the tree annotated using the Interactive
Tree of Life [14]. The seven-gene multilocus sequence type (ST) and
clonal complex were also derived by Ridom SeqSphere þ version
6.0.0 from the genome sequences. Virulence factor genes were
identified using MyDbFinder 2.0 (https://cge.food.dtu.dk/services/
MyDbFinder/); thresholds were 85% for percentage identity and
80% for minimum length. The input database was taken from Vir-
ulenceFinder 2.0 (https://cge.food.dtu.dk/services/VirulenceFinder/
) and supplemented with LIPI-3 genes llsAGHXBYDP from Listeria
innocua SLCC6294 (accession number KJ394488) taken from Viru-
lence Factors of Pathogenic Bacteria (www.mgc.ac.cn/VFs/). The list
of 100 virulence factor genes is provided in Supplementary Table 1.
Acquired antimicrobial resistance genes were identified using
ResFinder-3.2 (https://cge.food.dtu.dk/services/ResFinder/) [15];
thresholds were 80% for percentage identity and 60% for minimum
length.

2.4. Antimicrobial sensitivity testing

Sensitivity to benzylpenicillin, meropenem, erythromycin and
trimethoprim-sulfamethoxazole was investigated according to
EUCAST Disk Diffusion Test Methodology (v 8.0 January 2020).

2.5. Statistical analyses

Data were analysed using the R statistical software package (R
Core Team 2013) and statistical significance was set at P �0.05. For
prevalence data Fisher's exact test (FET) was performed. Odds ratios
(OR) were calculated using a generalized linear model with a
binomial family and a logit link function. Presence/absence of select
lesions or other pathogens was used as a fixed explanatory factor.

3. Results

Theprecise locations, dates of sampling, key pathologicalfindings,
causes of death and other critical data for all 15 seals from which
L. monocytogenes was recovered are presented in Supplementary
Table 2.

3.1. Grey seal pups on the Isle of May, Scotland

L. monocytogenes was cultured from 13 of the 50 dead grey seal
pups (26%) examined on the IOM in 2011, predominantly from the
liver (9/13) and spleen (9/13) and less frequently from lung (4/13) and
brain (1/13). Six of these pups (CD002, CD020, CD031, CD035, CD041
and CD042) had systemic Listeria infection as denoted by bacterial
recovery from two or more tissues (Supplementary Table 2). In one
case (CD042), L. monocytogenes was the only bacterium isolated and
was recovered from all four organs cultured (brain, lung, liver and
spleen). Coinfections with other known bacterial pathogens were
observed frequently and included Streptococcus halichoeri subsp
halichoeri, Streptococcus phocae, Arcanobacterium phocae, Salmonella
typhimurium, Salmonella Bovismorbificans and Erysipelothrix rhusio-
pathiae (Supplementary Table 2).
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IHC was successful on the tissues of all three seals examined
(results described below). All negative control preparations were
devoid of any immunolabelling and positive control sections
showed specific positive labelling in the expected distribution.

3.2. Pathology

Of the 13 grey seal pups on the IOM fromwhich L. monocytogenes
was recovered, seven (53.8%) had substantial lung pathology ranging
from suppurative to fibrinosuppurative pleuritis to broncho-
interstitial pneumonia (Fig. 2, CD042), and these lesions were pre-
sent in four (CD031, CD035, CD041 and CD042) of six of the pups
with a systemic distribution of L. monocytogenes. Small clusters of
L. monocytogenes bacteria were localized within alveolar walls in the
two animals with lung lesions that were subjected to IHC (CD035
and CD042). A further four pups had oedema of the alveolar septa.

Ten of the 13 (76.9%) pups had either suppurative or necrotizing
hepatitis (Fig. 3) or a combination of both (Supplementary Table 2).
This change was present in all six pups that had systemic
L. monocytogenes. In five cases the distribution was multifocal and
random, typical of haematogenous spread. L. monocytogenes was
localized within foci of hepatic necrosis in two (CD002 and CD042)
of three liver sections subjected to IHC (Fig. 4).

Seal CD035 had mild, multifocal suppurative splenitis and seal
CD042 had mild, multifocal, chroniceactive vasculitis in this organ.
IHC revealed a single small cluster of immunolabelled
L. monocytogenes within an aggregate of neutrophils in the spleen
of seal CD042.

Five of the six seals that had systemic L. monocytogenes infection
had suppurative to granulomatous encephalitis or meningoenceph-
alitis (Fig. 5A and B). Seal CD042, from which L. monocytogenes was
isolated from the brain, had granulomatous encephalitis with vascu-
litis, type II astrocytes and gitter cells. One of the remaining seven
pups (CD051) had granulomatous meningoencephalitis. No immu-
nolabelling was present within the brain sections subjected to IHC (0/
2 seals). In total, 4/13 (30.7%) and 5/13 (38.4%) pups had encephalitis
or meningitis, respectively, compared with 8/37 (21.6%) and 11/37
(29.7%) seals from which L. monocytogenes was not isolated.

3.3. Additional findings

Umbilical infection was a common finding (8/13 seals) and was
often associated with peritonitis and hepatitis (Fig. 6). Gross and

https://microbesng.com
https://microbesng.com
https://cge.food.dtu.dk/services/MyDbFinder/
https://cge.food.dtu.dk/services/MyDbFinder/
https://cge.food.dtu.dk/services/VirulenceFinder/
http://www.mgc.ac.cn/VFs/
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Fig. 3. Necrotizing hepatitis, liver, seal pup. Poorly demarcated focus of necrotic he-
patocytes with dissociation, hypereosinophilia, steatosis, pyknosis and karyorrhexis.
Haemosiderin (brown) pigment in periportal hepatocytes normal in neonatal pinni-
peds. HE. Bar, 100 mm.

Fig. 5. Listerial suppurative meningitis, meninges, seal pup CD042. (A) Pus present
(arrows). Bar, 3 cm. (B) Degenerate and non-degenerate neutrophils. HE. Bar, 20 mm.
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histological examinations revealed a wide range of other changes
including emaciation, infection with phocid alphaherpesvirus 1
(PhHV-1), confirmed by specific PCR [10], thymic atrophy and
septicaemia from agents other than L. monocytogenes. The presence
of L. monocytogenes was significantly more common in pups with
mild to severe thymic atrophy (P¼ 0.049, FET; OR¼ 5.19, P¼ 0.029)
than in pups with no or minimal thymic atrophy. Despite being
isolated more frequently in affected animals, there was no statis-
tical relationship between the presence of L. monocytogenes and
umbilical infection (OR ¼ 1.22, P ¼ 0.764), histological evidence of
peritonitis (OR ¼ 2.67, P ¼ 0.147) or hepatic necrosis (OR ¼ 2.27,
P¼ 0.228) comparedwith pupswithout these lesions. Therewas no
significant relationship with the PhHV-1 infection status of pups
when compared with seals from which L. monocytogenes was not
isolated (FET, P ¼ 0.51) (full data presented in Baily [7]).

3.4. Seals remote from the Isle of May

Necropsy of the grey seal pup found live-stranded in Carnoustie,
Angus, Scotland, in October 2010 (M280/10) and euthanized sub-
sequently revealed suppurative omphalitis and moderate diffuse
Fig. 4. Intense immunolabelling of Listeria monocytogenes within focus of hepatic
necrosis and chroniceactive inflammation. IHC. Bar, 20 mm.

Fig. 6. Septicaemic listeriosis, seal pup CD042. (L. monocytogenes isolated from liver,
lung, spleen and brain). Peritonitis with suppurative peritoneal effusion (white arrow),
suppurative hepatitis (green arrow), perirenal oedema (yellow arrow) and spleno-
megaly (blue arrow). Bar, 4 cm.
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congestion of the whole carcass. Skin ulcers were present over the
ventral neck, periocular regions and flippers along with multiple
mucosal ulcers of the lips and tongue and a severe focal corneal
ulcer (descemetocoele) with conjunctivitis of the left eye.
L. monocytogenes was isolated from the brain, lungs, liver, spleen
and mesenteric lymph nodes. S. phocae was also isolated from the
brain, lung and spleen of this animal and histopathology was
consistent with septicaemia secondary to omphalitis.

Necropsy of the juvenile harbour seal found dead on Zoutelande
Beach, Zeeland, the Netherlands (PV150116), revealed large nec-
ropurulent foci throughout the lungs, tracheobronchial and
mesenteric lymph nodes, liver and adrenal glands consistent with
disseminated embolic bacterial infection. The lungs also had
hyperaemia, emphysema and atelectasis and heavy growths of
L. monocytogenes and Klebsiella pneumoniae were recovered from
the lungs and tracheobronchial lymph nodes. In addition, a heavy
growth of Citrobacter sp was cultured from lungs only.

3.5. Whole genome sequencing e molecular typing and
phylogenetic relationships

The L. monocytogenes isolates recovered from the 15 different
seals belonged to 11 multilocus sequence types, with each ST
belonging to a different clonal complex. Three sequence types (ST8,
ST391 and ST403) were found in multiple isolates (Fig. 7,
Supplementary Table 2). Based on MLST, 13 isolates belonged to
lineage II with only two, CD0351 (from seal CD035) and PV150116,
belonging to lineage I. In agreement with the variety of sequence
types present among the isolates, the cgMLST phylogeny showed a
diverse population of isolates present among the pinniped collec-
tion (Fig. 7). The most frequent sequence type was ST8, isolated
from three seal pups on the IOM (Supplementary Table 2). ST403
and ST391 were each detected in two seals. The mean pairwise
allelic difference between isolates was 1,308 alleles for all 15 iso-
lates, and for those from the IOM only was 1,250 alleles. Despite this
population diversity, there were three examples of highly related
isolates in different individuals. The two ST391 isolates, CD0292
(seal CD029) and CD0311 (seal CD031), could not be distinguished
by cgMLST. Isolates CD0202 (seal CD020) and CD0421 (seal CD042),
both ST403, were separated by 14 allelic differences and the mean
pairwise difference between the three ST8 isolates from CD0024
(seal CD002), CD0252 (seal CD025) and CD0412 (seal CD041) was
four alleles. NCBI accessions for the sequencing reads and assem-
blies are provided in Supplementary Table 3.
Fig. 7. Phylogenetic relationships among L. monocytogenes isolates from European pinnipeds
1,701 loci. ST refers to multilocus sequence type. Geographical location given in brackets and
(see Supplementary Table 2 for details).
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3.6. Distribution of virulence factor genes

A screen of 100 L. monocytogenes genes of known and putative
virulence factors found limited variation in the presence or absence
of these genes among the 15 isolates from the seal pups
(Supplementary Table 1), with most genes being present in most
isolates. The majority of virulence factor genes (81/100) were
present in all isolates, although no isolate encoded all of the 100
known and putative virulence factor genes examined. Ubiquitous
genes included those encoding key virulence factors such as lis-
teriolysin O (hyl), internalin A and B (intA, intB), LIP-1 (prfA, hly, mpl,
iap, plcB, plcC and actA) and fibronectin-binding protein A (fbpA).
The virulence factor genes with the most limited distribution were
the eight lls genes belonging to LIPI-3 (encoding listeriolysin S),
which were present in a single isolate (PV150116). Only two other
virulence factor genes were absent in the majority of isolates: Vip,
which encodes a LPXTG-motif cell wall anchored protein involved
in host cell invasion [16,17] (absent in 11 isolates), and gadA, which
encodes a glutamate decarboxylase [18] (absent in eight isolates).

3.7. Analysis of phenotypic and genotypic antimicrobial resistance

All 15 isolates were sensitive to benzylpenicillin, meropenem,
erythromycin and trimethoprim-sulphamethoxazole by disc
diffusion. The fosfomycin resistance determinate fosX was present
in all isolates but no other acquired resistance genes were present.

4. Discussion

To the authors’ knowledge, this paper represents the first
description of L. monocytogenes detected in pinnipeds. The high fre-
quency of necrotizing to suppurative hepatitis (10/15 seals) and
fibrinosuppurative pleuritis or pneumonia (8/15 seals) suggests that
these two pathologies may be characteristic of L. monocytogenes
infection in seals. Notably, specific intralesional immunolabelling is
strong supportive evidence that this pathogen is the cause of some of
the lesions in the grey seal pups. Although ingestion of contaminated
food or soil is the most common source of exposure for humans and
animals [2], given the frequent association with umbilical infection
(9/15), L. monocytogenes is likely to be an opportunistic pathogen
present in the environment benefitting from any breach in the
integrity of the abdominal wall to cause aggressive disease in seal
pups. Immunosuppression predisposes to development of clinical
disease inmanycases of listeriosis in landanimals [1],whichmayalso
. Neighbour-joining phylogeny generated using the L. monocytogenes cgMLST scheme of
reflected in text colour. Note: isolate references are derivatives of seal reference name
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be a factor in young seal pups as their immune system will still be
immature [19].

Meningitis or encephalitis was found frequently in infected seals
(6/13 seals) but as the prevalence was comparable to that seen in
other pups not infected with L. monocytogenes its significance is
doubtful. The failure to isolate L. monocytogenes from, or localize it
by IHC in, brain tissue from most of the animals affected may
suggest that seal pups develop a visceral form of the disease. Sys-
temic listeriosis is more common in monogastric and neonatal
animals, in which septicaemia with multifocal to diffuse hepatic
and splenic necrosis, but without brain involvement, has been re-
ported as the most frequent presentation [2].

No dominant sequence type or clonal complex was present in
this study but rather a mix of sequence types within
L. monocytogenes lineages I and II. This indicates exposure to a wide
diversity of L. monocytogenes isolates, probably from a variety of
sources or sources that themselves are comprised of diverse
L. monocytogenes lineages. Whether these isolates reflect an adap-
tation to the marine environment is unclear. Among the more
frequent STs, ST8, isolated from three seals on the IOM, has been
found to be predominant in aquatic products in China [20]. ST403,
which had clear septicaemic distribution in pup CD042 and
inconclusive pathology in pup CD020, is a poorly known ST but was
associated with a large outbreak of listeriosis in humans in Austria,
Germany and the Czech Republic in 2009/2010 due to consumption
of a traditional Austrian Quargel cheese [21]. However, ST391,
detected in two seals, has been associated with human disease due
to consumption of smoked fish in Denmark [22]. The presence of
some highly related isolates is evidence of a closely linked trans-
mission network and may indicate possible seal-to-seal trans-
mission or, possibly more likely, infection from a common source,
as infected cases ST391 and ST403 were >800 m distant from each
other. Similarly, the three isolates of ST8 were from seal pups in
three different locations on the IOM, so it is perhaps premature to
speculate given the small geographical area studied.

L. monocytogenes has a high tolerance to moderate salinity, can
be found in seawater, presumed due to run-off from the land, and is
frequently isolated from seafood [3]. It is predominantly isolated
from fish skin and viscera, fresh shrimp and shellfish but the
associated human health risk is low due to the tendency to cook
such foods [3]. As expected, ready-to-eat and lightly preserved fish
and shellfish have a higher prevalence but total bacterial counts
tend to be low [3]. Prevalence studies in Mexico's coastal ecosys-
tems found L. monocytogenes in 4.5% of fish and 8.3% of estuarine
water samples, but not in oysters [23]. However, in Egypt, 13% of
coastal waters, 17.3% of fresh fish and 33% of shellfish were
contaminated [24]. Therefore, there is likely to be a constant, if low
level, exposure of coastal marine mammals to L. monocytogenes and
this may be greater if intensive farming or other, yet unrecognized,
land management practices occur upstream of estuarine rivers.

The limited variation in key virulence genes, despite the large
number, in the L. monocytogenes isolates in this study suggests all are
potentially pathogenic to their pinniped and human hosts. The
presence of the eight lls genes belonging to LIPI-3 (encoding the
additional pathogenicity island listeriolysin S) in a single isolate,
PV150116, is typical of a subsetof lineage I isolatesof L.monocytogenes
[25]. This was isolated from the harbour seal in the Netherlands,
whereas the other isolate of lineage I (ST59, CD0351), found on the
IOM, does not possess this pathogenicity island, possibly reflecting
differences in geographical location or host species.

The relative lack of antimicrobial resistance was noteworthy and
reassuring given the emergence of resistant and multidrug resis-
tant strains of L. monocytogenes in many different ecosystems over
the past decades [26]. Only the fosfomycin resistance determinate
fosX was present, which is an almost ubiquitous finding in
59
L. monocytogenes isolates [26]. It is important to note that all iso-
lates in our study were distinct from the sheep pathogen Listeria
ivanovii, a less common and less virulent pathogen of sheep [27],
which is distinguished readily from L. monocytogenes and all other
Listeria spp by the CAMP test [28]. However, L. ivanoviiwas reported
in harbour seals in 1998 after being isolated, primarily, from um-
bilical abscesses but also associated with a range of other lesions
including meningitis, pneumonia and septicaemia [29].

The present study raises questions as to the origins of the bac-
teria in these animals. Plausible explanations include agricultural
run-off, untreated sewage, maternal exposure to contaminated fish
skin, fish faecal content or shellfish consumed as part of the normal
diet, or exposure to isolates within the cool, damp sediment in the
pools present on the IOM, possibly due to faecal contamination
from the many seabirds that visit and nest there; however, further
studies are required to confirm these possibilities. Nevertheless, the
isolation of L. monocytogenes in such a high proportion of grey seal
pups raises concerns of zoonotic disease risk to humans in contact
with carcasses of grey seal pups. Furthermore, despite the
completely unknown prevalence and significance of this pathogen
in adult grey seal populations, it is tempting to speculate that it may
induce disease in older, immunosuppressed individuals or possibly
act as an abortifacient agent as in other species [30]. The potential
for long distance transmission of L. monocytogenes from areas of
high human activity to pristine locations by these highly migratory
seal species also remains to be determined.

5. Conclusion

The lack of historical reports in pinniped species could suggest
that L. monocytogenes represents an emerging or overlooked
infection in seals, originating from microbial contamination of the
marine environment. Indeed, the prevalence of listeriosis in farm
animals has increased dramatically since the advent of feeding
ensiled fodder, especially grass [31], and emerging diseases in
wildlife species are frequently a result of increased overlap in
humanewildlife habitats and changes in human activity [32]. This
work supports previous studies [33,34] suggesting that assessing
coastal ecosystem health should include targeted studies of specific
marinemammals species with appropriate life histories that render
them useful as sentinels.
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