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Abstract

Listeria monocytogenes (L. monocytogenes) is a significant foodborne pathogen, posing a threat to public health. This
study investigated the prevalence and genomic diversity of L. monocytogenes in 466 wild animals sampled across
Central and Southern ltaly (2017-2023), including species such as wild boar, red fox, and wolf, to assess their role as
reservoirs and potential links to the food chain. Overall, 22.5% of the animals tested positive, and 118 L.
monocytogenes strains were isolated, predominantly from wild boar (n=46), red fox (n=20), and Italian wolf (n=15).
Whole Genome Sequencing (WGS) analysis revealed high genomic diversity, classifying the strains into 27 Clonal
Complexes (CCs) and 31 Sequence Types (STs). Both hypervirulent clones (e.g., CC1, CC6, CC207) and
hypovirulent clones (e.g., CC9, CC19), known for their persistence, were identified, with wild boars harboring a
majority of the hypervirulent isolates. All strains carried key virulence genes, and accessory virulence factors,
particularly LIPI-3, were detected in hypervirulent strains. Persistence factors, such as the Stress Survival Islet 1
(SSI-1) and genes for metal/disinfectant resistance (cadA, qacA), were also detected, particularly in wild boar isolates.
Crucially, core-genome MLST (cgMLST) analysis demonstrated direct genomic links between the wildlife isolates and
the ltalian National Reference Laboratory database. Multiple clusters were identified, connecting strains from wild
animals (wild boars, foxes, wolves) with those from meat products, fresh salads, and food processing environments. A
persistent CC9 cluster, circulating in the meat chain for seven years, was strongly correlated with wild boar isolates,
underscoring the role of wildlife as a reservoir that continuously introduces both high-virulence and highly persistent
strains into the food production system. These findings emphasize the necessity of integrating wildlife surveillance into
public health strategies to mitigate the risk of zoonotic transmission, particularly through game meat consumption and
handling.
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Introduction

Listeria monocytogenes (L. monocytogenes) is a ubiquitous foodborne pathogen that causes human listeriosis, a
serious disease characterized by high rates of hospital admission and fatalities. This represents a substantial threat to
public health and a significant economic burden on the food industry. In 2022, listeriosis was the fifth most reported
foodborne disease in the European Union (EFSA and ECDC, 2022).

1

How to cite: Chiaverini et al. Genomic Links between Listeria monocytogenes in Wild Animals and the Food Chain: Insights from Central and Southern Italy.
Veterinaria ltaliana, Vol. 62 No. 1 (2026) DOI: 10.12834/Vetlt.3879.37569.1



L. monocytogenes is a heterogeneous species commonly divided into distinct categories based on clonal complexes
(CCs) and virulence characteristics. According to Maury et al. (2016), the prevalent clones are grouped into three main
categories: hypervirulent infection-associated (CC1, CC2, CC4, and CC6), hypovirulent food-associated (CC9 and
CC121), and intermediate (CC8-16, CC5, CC3, CC37, CC155, and CC18). The hypervirulent clones are strongly
associated with clinical cases in humans and animals due to their enhanced ability to colonize host cells and their
increased virulence profile. This is largely attributed to the presence of the full-length inlA gene and accessory Listeria
Pathogenicity Islands (LIPIs), such as LIPI-3 and LIPI-4, respectively (Guidi et al., 2021b; Ireton et al., 2021).

Conversely, hypovirulent clones are typically isolated from food, particularly meat and meat products (Maury et al.,
2019), and from food processing environments. They are characterized by a reduced virulence profile, which is mainly
linked to the inlA gene truncation. These clones are well-known for their capacity to persist in environments over years,
thanks to stress-related factors such as Stress Survival Islets (SSI-1 and SSI-2) (Vilchis-Rangel et al., 2019;
Wiktorczyk-Kapischke et al., 2023) and transposons, including Tn6188_gac, which confers tolerance to benzalkonium
chloride, a quaternary ammonium compound used in food processing plants (Kim et al., 2018).

In animals, listeriosis is primarily reported in domestic ruminants, often associated with the consumption of poor-
quality silage. Clinical signs include septicaemia, encephalitis, meningitis, meningoencephalitis, abortion, stillbirth, and
gastroenteritis (Heiderich et al., 2024).

In contrast, listeriosis is uncommonly diagnosed in wild animals, and reports of detection in wildlife are limited.L.
monocytogenes infection has been described in wild mammals (fallow deer, sika deer, red deer, wild boar, hares, and
rodents) and birds. While L. monocytogenes can cause severe disease and death in wildlife (Rothenburger et al.,
2015), certain infected animals, such as wild boars and birds, may remain asymptomatic and carry this pathogen as
part of their normal microbiome (Schoder et al., 2022; Thomas et al., 2024). Furthermore, wild birds may also function
as potential vectors and routes for longer-distance transmission of L. monocytogenes (Thomas et al., 2024).

A wild animal spreading a foodborne zoonotic pathogen can contaminate plants directly through faecal deposition or
indirectly via faecal contamination of agricultural water or soil in contact with plants. Even low-level contamination by
faecal pathogens poses a significant public health problem regarding pre-harvest contamination (Jay-Russel, 2013;
Thomas et al., 2024).

Although the zoonotic transmission of L. monocytogenes has been reported (Hellstrom et al., 2008; Mclintyre et al.,
2015; Filippello et al., 2020), the role of wild animals is often overlooked during outbreak investigations. Another key
concern in the spread of this foodborne pathogen is the frequent finding of L. monocytogenes on game meat, which
presents a risk to consumers (Abel et al., 2020; Sauvala et al., 2021; Fredriksson-Ahomaa et al., 2022; Floris et al.,
2024).

This study aims to elucidate the genomic population of L. monocytogenes in wildlife across selected regions of Central
and Southern ltaly and to identify potential transmission events between wildlife and the food chain using Whole
Genome Sequencing (WGS) data.

Materials and methods

Sampling and microbiological analysis

Between 2017 and 2023, 466 wild animals were sampled across Central and Southern ltaly. The regions
encompassed in this study were Abruzzo, Campania, Calabria, Lazio, Marche, and Molise. The sampling of wild
animals was part of regional epidemiological passive surveillance and monitoring plans for diseases in wild fauna,
which are activated in the event of the discovery of dead or moribund wildlife, or animals that have been culled or
recovered.

The sampled animals included 234 wild boars (Sus scrofa), 56 red foxex (Vulpes vulpes), 48 ltalian wolves (Canis
lupus italicus), 53 roe deer (Capreolus capreolus), 36 red deer (Cervus elaphus), 9 crested porcupines (Hystrix
cristata), 20 European badgers (Meles meles), 2 European wildcats (Felis silvestris), 1 beech marten (Martes foina), 2
European hares (Lepus europaeus), 1 European hedgehog (Erinaceus europaeus), and 4 Marsican brown bears
(Ursus arctos marsicanus).

For each animal, the following tissues were collected: brain, skeletal (carcass) and masseter muscle, intestine and
intestinal content. No histological examination was performed on the collected tissues.
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The detection of L. monocytogenes strains in tissue samples was carried out according to the procedures detailed in
ISO 11290-1:2017. Species confirmation was subsequently performed using MALDI-TOF mass spectrometry
(Thouvenot et al., 2018).

Genomic characterization of L. monocytogenes genomes

DNA extraction and Whole Genome Sequencing (WGS) were performed following the protocols previously reported by
Centorotola et al. (2023). For the analysis of WGS data, an accredited in-house pipeline (available at:
https://github.com/genpat-it/ngsmanager/) was utilized, with quality control being assessed in accordance with 1ISO
23418:2022.

Multilocus Sequence Typing (MLST) was performed using the Pasteur reference schemes, which are accessible via
the BIGSdb-Pasteur platform (https://bigsdb.pasteur.fr/). Virulence and resistance profiles, including Stress Islands,
metal and disinfectants resistance, and antimicrobial resistance, were obtained from the L. monocytogenes genomes
by employing the BLASTN algorithm as implemented on the BIGSdb-Lm platform (accessed on 12 April 2024).
Furthermore, PlasmidFinder (Carattoli et al., 2014), integrated within ABRicate (Seeman), was utilized for the
detection of plasmids in the genome assemblies.

The genomic correlation between the wildlife strains and the genomes contained within the ltalian National Reference
Laboratory for Listeria monocytogenes (NRL Lm) database was assessed using core-genome MLST (cgMLST)
analysis. Specifically, the NRL Lm database comprised over seven thousand sequences obtained from strains
isolated from food and/or environmental samples collected during official activities or epidemiological investigations
conducted in response to listeriosis outbreaks.

A cut-off of seven alleles was applied to define genomic correlation and detect distinct clusters (Moura et al., 2016).

Results

Bacterial isolation

A total of 105 wild animals tested positive for L. monocytogenes, representing 22.5% of the animals examined. The
positive animals were distributed across 12 species, including wild boar (n=46), red fox (n=20), ltalian wolf (n=15),
and roe deer (n=9), red deer (n=4), crested porcupine (n=3), European badger (n=2), European wildcat (n=2), beech
marten (n=1), European hare (n=1), European hedgehog (n=1), and Marsican brown bear (n=1).

Based on the incidental findings of the animals, it was observed that wild boars were predominantly retrieved near
urban areas characterized by high human population density. Conversely, the other positive wildlife species were
primarily collected in the Apennine areas. Detailed information is provided in Supplementary Table 1, and the
geographical distribution of the positive sampled animals is illustrated in Figure 1.

A total of 118 L. monocytogenes strains were isolated and confirmed from various sample types, including: brain
(n=46), faeces (n=44), masseter muscle (n=22), intestine (n=4), and carcasses (n=2) (Supplementary Table 1).

3

How to cite: Chiaverini et al. Genomic Links between Listeria monocytogenes in Wild Animals and the Food Chain: Insights from Central and Southern Italy.
Veterinaria ltaliana, Vol. 62 No. 1 (2026) DOI: 10.12834/Vetlt.3879.37569.1



@ WwILD BOAR
O rox
@ ITALIAN WOLF
() ROE DEER
@ RED DEER
@ CRESTED PORCUPINE izl
[ . .5
() BEECH MARTEN - : o Tl
8 & . _ =
@ wiLD cat Tk . e o
@ EUROPEAN HARE T, . -
- Wi
@ MARSICAN BROWN BEAR . & 3 wr, o
[ ook g
() EUROPEAN HEDGEHOG vy ? . T P
4 % ok
@ EUROPEAN BADGER P g oh e ‘_‘_'
. man g s
. ‘- "
T, a
S
S P
< » ';;.
(-4 N e ‘_f ::‘
A m & v
Q Q = e~
Q .
0 20 40 80 Km F it T
: : : : ’. O N
3 aw s B N

Figure 1. Spatial distribution of 105 selected wild animals collected from 2017 to 2023.
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Genomic characterization

MLST profiles calculated revealed the presence of a genetically heterogeneous population among the strains isolated
in this study. L. monocytogenes genomes, indeed, were classified into 27 distinct Clonal Complexes (CCs) and 31
Sequence Types (STs) (Table S1) including hyper- and hypovirulent clones. The most prevalent CCs identified were
CC1 (n=23), CC7 (n=10), CC6 (n=8), CC19 (n=8), and CC155 (n=7). Correspondingly, the dominant STs were ST1
(n=23), ST398 (n=8), and ST155 (n=7).

Hypervirulent clones (CC1, CC6, and CC4) were isolated from multiple species, including wild boars, foxes, wolves,
roe deer, European hares, and crested porcupines. Additionally, the hypervirulent clone CC207 was identified in roe
deer, wild cats, foxes, and wild boars (Figure 2). Hypovirulent clones (CC9, CC11, CC19, and CC204) were primarily
isolated from an Italian wolf, foxes, roe deer, and wild boars. No strains belonging to the CC121 clone were identified.
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Figure 2. Phylogenetic tree obtained from cgMLST analysis of the 118 L. monocytogenes strains. The first layer represents MLST analysis results.
Second layer represents the source of isolation as showed in the legend. Virulence (green square) and resistance genes (blue, light grey and orange
squares) and plasmids (fuchsia suares) are shown in the heatmap.

The virulence traits and stress and resistance features identified across the 118 strains exhibited clone-specific
distribution patterns (Figure 2).

The genes comprising the L. monocytogenes intracellular survival pathogenicity island 1 (LIPI-1)—namely prfA, picA,
hly, mpl, actA, and plcB—were present in all isolates. Similarly, the internalization loci inlA, iniB, inlC, inID, inlE, inIH,
and inlK were detected in all assemblies. The inlJ locus was absent in only one strain belonging to CC30. The inlF
locus was absent in isolates belonging to ST399, and a premature stop codon was identified in one CC217 strain
(2019.TE.1857.1.24). An incomplete LIPI-2 was mainly detected in CC7, CC19, and CC155 clones, while LIPI-3 was
harbored by hypervirulent clones (CC1, CC4, and CC6) and strains belonging to CC217, CC3, and CC183. LIPI-4 was
not found in any isolate.

The Stress Survival Islet (SSI-1) was present in 46 L. monocytogenes strains, primarily those belonging to CC155 and
isolated from wild boars, foxes, roe deer, and wolves. SSI-2 was absent in all isolates.

Among the metal-resistance genes, cadA was detected in CC155 (n=3) and CC1 (n=1) strains isolated from foxes,
wild boars, and a wolf. QacA was found in four CC204 strains isolated from wild boars. Meanwhile, intrinsic resistance
traits—including the core genes fosX, lin, mprF, norB, and sul—were identified in all 118 strains, but no acquired
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antimicrobial resistance genes were detected.

Finally, only seven out of the 118 isolates harbored plasmids (repUS25, rep25, and rep26). These strains belonged to
CC3, CC8, CCY, and CC14, and were isolated from wild boars (n=3), foxes (n=2), and wolves (n=2). All genomic
results are summarized in Figure 2.

Genomic correlation with Italian National Reference Laboratory for L.
monocytogenes database

CgMLST analysis, which compared the wildlife isolates with the Italian NRL Lm database, highlighted several
genomic clusters, clearly indicating potential links between wildlife and the food chain.

In the hypervirulent CC1 clones, two distinct clusters were identified: the first cluster included three strains isolated
from foxes and six L. monocytogenes strains from fresh and pork cured meat products (Figure 3a), and the second
cluster linked two strains, one from a fox and the other from a sausage sample (Figure 3b).

Other identified clusters strongly supported connections between wild animals, particularly wild boars, and the food
chain: specifically, one CC8 strain from a wild boar was correlated with four strains derived from pork meat processing
environment samples (Figure 3c). Furthermore, two CC155 strains from wild boars clustered with five strains isolated
from pork meat processing environment samples and one strain isolated from a wolf (Figure 4a).

A CC6 strain from a wild boar clustered with five strains isolated from fresh salad samples (Figure 4b). Additionally, a
CC217 strain clustered with two strains isolated from a mixed food processing environment and dry vegetable soup
mix samples (Figure 4c); in this cluster three strains isolated from two different foxes and one wolf were also included.

Finally, two CC9 isolates from a single wild boar were correlated with 102 strains isolated from various pork meat
products and pork and bovine meat processing environment samples collected between 2017 and 2024 (Figure 4d).
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Figure 3. Minimum Spanning Tree representing genomic clusters identified among wildlife (foxes and wild boars) and Italian LNRLm database
based on cgMLST analysis.
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Figure 4. Minimum Spanning Tree representing genomic clusters identified among wildlife (wolves, foxes and wild boars) and Italian LNRLm
database based on cgMLST analysis.

Discussion

The present study investigated the genomic diversity of L. monocytogenes strains isolated from diagnostic samples
collected from a range of wild animal species across selected regions of Central and Southern Italy. Our findings
confirmed the presence of L. monocytogenes within the wildlife population examined, with over 22% of the animals
testing positive.

This study, however, presents several limitations. Notably, data on the tested animals did not allow us to confirm
pathognomonic lesions directly caused by L. monocytogenes due to the lack of comprehensive histopathological
examination, which prevented a definitive assessment of tissue lesions and limited our ability to correlate bacterial
presence with clinical or subclinical disease. Although several strains were detected in the brain and masseter
muscles, the isolations from the intestine and faeces strongly suggests a carrier function in these animals.

Furthermore, the geographically restricted and opportunistic sampling design may not fully capture the broader
ecological diversity or the true prevalence of L. monocytogenes in the wider wildlife population.

Despite these limitations, the study offers valuable insights into the circulation and genomic heterogeneity of L.
monocytogenes in wildlife. Indeed, while various authors have previously reported the detection of L. monocytogenes
in wildlife (Palacios-Gorba et al., 2021; Chen et al., 2022; Floris et al., 2024), available genomic data remain scarce.
For instance, a major European study by Félix et al. (2022) analyzing over 1,400 L. monocytogenes genomes from
different ecological niches included only 10% of isolates from wildlife, such as deer, fallow deer, red deer, and wild
boar.

Our study significantly expands the known host range, particularly highlighting a high prevalence in carnivores, where
detection is not commonly expected (Heiderich et al., 2024). Specifically, several carnivore species, including beech
martens, European wildcats, Marsican brown bears, and European badgers, were found positive, with particularly high
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rates in red foxes and wolves.

The red fox is highly common due to its adaptability (Cignini and Riga, 1997), and reports of other foodborne
pathogens like Hepatitis E virus (HEV) and Echinococcus spp. and coagulase-positive Staphylococcus spp.in foxes
are frequent (Ferrara et al., 2023; Hahaj-Siembida et al., 2024).

The ltalian wolf, a major predator whose population is expanding (Crotti et al., 2023), has also been linked to various
zoonotic pathogens (Greco et al., 2021; Ricchiuti et al., 2021; Gambi et al., 2022) and they could act as reservoirs of
zoonotic diseases (Ortega et al., 2025). Unsurprisingly, wild boars were the most infected species, consistent with
previous studies identifying them as important reservoirs of foodborne zoonoses (Fredriksson-Ahomaa, 2019; Aprea
et al., 2020; Fredriksson-Ahomaa et al., 2022; Altissimi et al., 2024; Floris et al., 2024).

MLST analysis revealed a genetically heterogeneous population among the strains isolated in this study, underscoring
the presence of multiple, genetically distinct clones that may influence patterns of transmission, virulence, or
persistence. Hypovirulent clones, such as CC9, are generally associated with food and food processing environments
and are known for their enhanced persistence in these settings (Maury et al., 2016; FAO and WHO, 2022).
Conversely, hypervirulent clones like CC1, CC4, and CC6 are strongly associated to clinical cases and linked to dairy
products (Maury et al., 2016). Furthermore, the recently described hypervirulent clone CC207 (Frisch et al., 2018) was
also detected in the sampled wild animals.

Intriguingly, the wild boars collected in this study harbored most of the isolates associated with the hypervirulent clonal
complexes. This finding suggests that these animals may serve as reservoirs for L. monocytogenes strains with a
higher potential for causing human disease. The potential link between wild boars and the food chain makes this
species particularly relevant for zoonotic pathogen surveillance.

The WGS analysis confirmed that all 118 L. monocytogenes strains harbored key virulence determinants, as
demonstrated by the presence of genes encoding virulence factors like inlA and iniB (Chen et al., 2022). Crucially,
none of the studied strains, including the hypovirulent ones, presented premature stop codons (PMSC) within key
virulence genes, with the exception of the in/F locus in one CC217 strain, which may lead to virulence attenuation
(Guidi et al., 2021a). Furthermore, complete LIPI-3 was found, which was previously associated with hypervirulence
(Maury et al., 2016; Tavares et al., 2020) and encoding listeriolysin S (LLS)—a factor crucial for murine infection and
polymorphonuclear-cell survival (Zakrzewski et al., 2023). LIPI-3 was found not only in typical hypervirulent clones but
also in CC217, CC3, and CC183 clones. However, none of the isolates harbored LIPI-4, which has been associated
with increased neural and placental tropism (Chen et al., 2022).

Adaptive mechanisms contributing to L. monocytogenes persistence were also identified. The SSI-1, which enhances
growth during exposure to stressful food environments and is significantly associated with increased biofilm formation
(Di Ciccio et al., 2022), was present in several strains, predominantly isolated from wild boars. The ability to form
biofilms may enhance L. monocyfogenes persistence in the environment protecting the pathogen from harvest
conditions (Tuytschaever et al., 2023), representing a risk for of pre-harvest vegetables contamination. When biofilm-
forming strains are introduced into food processing plants via raw materials, even a thin biofilm layer can persist in
hard-to-reach niches, becoming a continuous source of food contamination (Guidi et al., 2021a). Another public health
concern is represented by the introduction and manipulation of L. monocytogenes biofilm-forming strains through raw
game meat in domestic environments where cleaning and sanitation procedures may be lacking or inadequate.

Interestingly, the metal-resistance genes cadA and gacA, associated with resistance to cadmium and quaternary
ammonium compounds, respectively, were found in strains isolated primarily from wild boars.

The antimicrobial resistance (AMR) genetic profile was highly conserved across all studied strains, including core
genes involved in antibiotic efflux (norB), antibiotic target alteration (mprF), and antibiotic inactivation (/in, fosX). The
consistent presence of fosX and lin genes is attributed to the species' intrinsic resistance to fosfomycin and
lincosamides. Importantly, no acquired AMR genes were detected. Although phenotypical expression was not tested,
none of these intrinsic genes are known to confer resistance to the primary antibiotics used for treating listeriosis
(Guidi et al., 2021b; Mafuma et al., 2021; Fredriksson-Ahomaa et al., 2022; Hanes et al., 2022; Parra-Flores et al.,
2022).

Only Brown et al. (2023) investigated the presence of AMR determinants in L. monocytogenes strains isolated wild
black bears, especially those involved in tetracycline resistance. None of tested strains was resistant to ampicillin,
penicillin, trimethoprim, vancomycin, erythromycin, rifampicin, gentamicin, chloramphenicol, streptomycin, or
kanamycin.
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A notable strength of the present study is the capacity to contextualize L. monocytogenes genomes obtained from wild
animals within a broader national genomic database, thereby enhancing the resolution of strain comparison and
supporting insights into potential transmission events. The comparative genomics approach strongly, based on
cgMSLT analysis, highlighted the connection between wild animals (wild boars, foxes, and wolves) and the food chain,
involving both hyper- and hypovirulent clones. Comparative genomics has allowed us to identify small clusters
involving both vegetables and animal- based products.

Interestingly, a single large cluster of a hypovirulent CC9 clone was found circulating in different meat processing
environments for a seven-year period, demonstrating a strict and persistent connection between wild boars and the
meat chain. This supports the notion that wild boars can act as asymptomatic carriers, introducing the pathogen into
the food chain (Schoder et al., 2022).

An asymptomatic animal spreading a foodborne zoonotic pathogen can contaminate plants directly or indirectly
through fecal contamination of the environment, representing a significant public health risk for pre-harvest
contamination (Jay-Russel, 2013; Thomas et al., 2024).

Human infections can occur through the consumption of undercooked game meat, or through hunting and handling
infected carcasses (Navarro-Gonzalez et al., 2016; Fredriksson-Ahomaa, 2019, Aprea et al., 2020; Fredriksson-
Ahomaa et al., 2022; Schoder et al., 2022). Given that wild boar is a major game food species in Central and Southern
Italy, utilized for both food and sport hunting, it represents a plausible transmission route to humans through the
consumption of raw meat products (Altissimi et al., 2024), consistent with contamination reports by other authors
(Atassanova et al., 2008; Avagnina et al., 2012; Abel et al., 2020).

Overall, these findings underline the need to further investigate transmission pathways between wildlife and food-
processing plants and emphasize the importance of establishing a national surveillance plan integrating wildlife and
food chain monitoring to effectively mitigate the risk of human exposure.

Conclusion

This study provides valuable insights into the circulation and genomic heterogeneity of L.monocytogenes in wildlife.
Several wildlife species, including wild boars, red foxes, and wolves, were found positive suggesting that they could
act as a reservoirs for the spread of major zoonotic diseases.

Genomic investigations identified different CCs, encompassing both hypervirulent and persistent hypovirulent clones.
The widespread presence of key virulence determinants (LIPI-1 and LIPI-3) alongside resistance-associated genes
(SSI-1, cadA, gacA) underscores the circulation of strains with considerable pathogenic potential and enhanced
environmental persistence.

Most significantly, cgMLST analysis demonstrated direct genomic links between L. monocytogenes strains found in
wildlife and those isolated from the ltalian food chain (including meat products and processing environments, and
vegetables) supporting the occurrence of wildlife-to-food chain transmission events.

Integrating genomic surveillance with future systematic pathological investigations, broader and more structured
sampling strategies, and longitudinal monitoring will enhance the characterization of transmission pathways, clarify the
ecological role of wildlife reservoirs, and ultimately strengthen risk assessment efforts relevant to both animal and
public health.
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