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Abstract

Listeriosis is a foodborne illness characterizedbglatively low morbidity, but a large
disease burden due to the severity of clinical featations and the high case fatality rate. In-
creased listeriosis notifications have been obsenvé&urope since the 2000s. However, the rea-
sons for this increase are largely unknown, withdburces of sporadic human listerioris often
remaining elusive. Here we inferred the relativatdbutions of several putative sourced o
teria monocytogenes strains from listerioris patients in Northern ytéPiedmont and Lombardy
regions), using two established source attributimaels (i.e. ‘Dutch’ and ‘STRUCTURE’) in
comparative fashion. We compared the Multi-Locugugace Typing and Multi-Virulence-
Locus Sequence Typing profiles of strains colledtech beef, dairy, fish, game, mixed foods,
mixed meat, pork, and poultry. Overall, 634monocytogenes isolates were collected from 2005
to 2016. In total, 40 clonal complexes and 51 einge types were identified, with 36% of the
isolates belonging to possible epidemic clones geaetically related strains from unrelated out-
breaks). Source attribution analysis showed th& 60human listerioris cases (95% Confidence
Interval 44-55%) could be attributed to dairy protu followed by poultry and pork (15% each),
and mixed foods (15%). Since the contaminationafyd poultry and pork products are closely
linked to primary production, expanding actionsrently limited to ready-to-eat products to the

reservoir level may help reducing the risk of crogatamination at the consumer level.

Keywords

Listeria monocytogenes, listeriosis, food safety, epidemic clones, soaitebution, molecular

epidemiology
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Introduction

Listeria monocytogenes is a bacterial foodborne pathogen that rarelyesgsvere disease
in healthy individuals. Indeed, clinical listeriesnainly occurs in at-risk groups: pregnant wom-
en, elderly people, immunocompromised people, unbabies, and neonates (Lomonaco, Nuce-
ra, and Filipello 2015). In Europe, the incidentdisieriosis is approximately 0.48 per 100,000
inhabitants, and infections can occur either ip@adic or epidemic form (EFSA and ECDC
2018). Several wild and domestic animals can alsplige infection withL. monocytogenes,
particularly mammals and birds, which are also m®red potential zoonotic reservoirs of the
pathogen (Vivant, Garmyn, and Piveteau 2013). Ammoagmals, ruminants are the most sus-
ceptible to listeriosis, anld. monocytogenes subtypes associated with human listeriosis cases
have been identified in bovine farms as well (Nigdle et al. 2004; Rocha et al. 2013). In
birds, listeriosis mainly occurs sporadically, ainid believed that birds may act as a potential
source for the infection in ruminants through tbatamination of pastures and feed crops
(Dhama et al. 2013; Locatelli et al. 2013). Whikpesure to infected animals and contaminated
agricultural environments rarely appear to be diydmked to human infections, animal-derived
food products that are consumed raw or undercookéigerated RTE stored for long periods,
as well as manure-contaminated fresh produce, ctiase disease in humans (Nightingale et al.
2004; Lopez-Valladares, Danielsson-Tham, and Thah8R Moreover, unlike most foodborne
pathogensl.. monocytogenes can grow in conditions of fairly low moisture, higalt concentra-
tion, and most importantly, at refrigeration tengiares, thereby conferring ability to persist and
multiply in the food environment (Matthews, Kniahd Montville 2017).

In case of human infection, the ubiquitous natdre. ononocytogenes and ability to sur-

vive for long periods outside the host, coupledchwitrelatively long incubation period, may
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hamper the identification of the source (Dhamd.€2@L5). Indeed, by the time of listeriosis
diagnosis, food leftovers are very seldom availadhel recalling the exact food consumption
history preceding the infection may also be difi¢dmato et al. 2017; Jackson, Iwamoto, and
Swerdlow 2010). Source attribution modelling bagednicrobial subtyping offers the oppor-
tunity to overcome these difficulties. Indeed, seuattribution allows for the quantification of
the relative contributions of the main animal, fpadd environmental sources of foodborne dis-
ease, and attributions can be estimated at diff@@nts along the food chain, including produc-
tion, distribution, and consumption (Pires et 802).

Source attribution based on microbial subtypingesebn the characterisation of isolates
using different phenotyping or genotyping metho8sdreoletti et al. 2008). Human cases are
then probabilistically attributed to sources by paming the subtype distributions of human
source strains through mathematical models (Mug@nais and van Pelt 2014). Two main fami-
lies of source attribution models are available: gsb-called ‘frequency matching’ and ‘popula-
tion genetics’ models, each with several advantagdsdisadvantages, as discussed in a recent
opinion paper (Mughini-Gras et al. 2018). Overilg source attribution approach has proven
useful in prioritising and guiding control strategj allowing for the identification of the most
important reservoirs of specific pathogens (Boysieal. 2014).

Multi-Locus Sequence Typing (MLST) and Multi-Virulee-Locus Sequence Typing
(MVLST) are sequence-based methods in which SiNgligeotide Polymorphisms (SNPs) in
fragments of a set of genes are used to deterriiglie &ariants. MLST is based on a set of 7
housekeeping genes, while MVLST is based on af€twulence genes. MLST has been used
to study and describe the population structurepnytibgeny ofL.. monocytogenes, while

MVLST has been used to identify Epidemic ClonesgE@ outbreak investigations (Ragon et
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al. 2008; Amato et al. 2017; Lomonaco et al. 2@3en, Zhang, and Knabel 2005; Knabel et al.
2012). An advantage of using allele-based methetsei presence of a shared nomenclature
based on reference strains publicly available ahodéed databases (MLST,
http://bigsdb.pasteur.fr/Listeria/Listeria.html; NI§T,
https://sites.google.com/site/mvistdatabase).

The aim of this study was to quantify the relatveatributions of several putative sources
of human listeriosis cases in Northern Italy byngdiwo established source attribution modelling
approaches based on MLST and MVLST data for clificanonocytogenes strains and strains
from beef, dairy, fish, game, mixed foods, mixedameork, and poultry. To further describe the
strains circulating in the considered area the ntgjof the isolates were analysed with Whole
Genome Sequencing (WGS), and screened for Antilmzk&esistance (AMR) genes and SNP

clustering through the NCBI Pathogen Detection lpiee

Materials and M ethods

| solates collection

A total of 634L. monocytogenes isolates were available for this study. Theseuidet
218 isolates from human listeriosis patients arglfddm various food sources, divided into 8
categories (i.e. beef, dairy, fish, game, mixedIfanixed meat, pork, and poultry). Clinical iso-
lates were collected between 2005 and 2016 thraugiuntary network of hospital laboratories
in two Northern Italy regions, i.e. Lombardy an@dnont (Mammina et al. 2013; Filipello et al.
2015). The food isolates were collected betweerl 200@ 2015 during the routine surveillance
carried out by the Regional Animal Health and F&adiety Institutes (1ZS) or in previous re-
search projects aimed at studying the epidemiotidy monocytogenes along the food chain

carried out by the Department of Veterinary Scisraiethe University of Turin.
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Molecular typing

The whole genome sequences for 510 isolates, mpezsby food and environmental
(n=416) and clinical isolates£94), were obtained at the Center for Food SafetlyAgplied
Nutrition (CFSAN) of the US Food and Drug Adminaton (Lomonaco et al. 2018). DNA ex-
traction was performed using the DNeasy blood @asdi¢ kit (Qiagen, Hilden, Germany), fol-
lowing manufacturer's instructions. DNA librariesne generated using the lllumina Nextera XT
DNA Library Preparation Kit. WGS was performed oMgseq or a NextSeq system using a
2x250 bp or a 2x150 bp paired-end MiSeq/NextSeq Red{je respectively (lllumina, San
Diego, CA, USA). MLST and MVLST data were extractesin the WGS data (Lomonaco et al.
2018). The remaining 124 clinical isolates wereetyvith MLST and MVLST as previously
described (Chen, Zhang, and Knabel 2005; Ragoh 20@8). Sequence Types (STs) and Viru-
lence Types (VTs) were defined using the allelgusmces of the different loci schemes availa-
ble in the respective online databases (MLST, littpgsdb.pasteur.fr/listeria/listeria.html and
MVLST, https://sites.google.com/site/mvistdatabpaal were used to assign isolates to Clonal
Complexes (CCs) (i.e. groups of isolates with asié alleles in common with another member
of the same group) and to identify ECs. Both ML®d MVLST data were visualized using
Minimum Spanning Trees (MSTSs), generated by the PBIYiZ software (Francisco et al.
2012).

WGS data for the strains described herein is aladable on the NCBI Pathogen Detec-
tion database (NCBI PD, https://www.ncbi.nlm.nihvggathogens/), a centralized system inte-
grating WGS data for several bacterial pathogemtaiméd from different sources with the scope
of rapidly linking food or environmental isolatesdlinical isolates to discover potential sources

of contamination and aid traceback/outbreak ingasibns. Single-linkage clustering (with SNP
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distance of 50 SNPs) is used to identify closelstesl sets of isolates and assign SNP cluster
accessions (i.e. PDS#). Individual phylogenetiedrare available for each SNP cluster, based on
maximum compatibility (Cherry 2017). Isolates thegt not within 50 SNPs of any other isolate
are not assigned to a SNP cluster. The NCBI PathDg¢ection pipeline also provides data
about the AMR genotype listing the antimicrobiaistance genes that have been identified by
the NCBI AMR Finder process. As of Aprit112019, the NCBI PD database contains 26)567
monocytogenes isolates, and the isolates analysed herein céoupel under BioProject 1D
PRJINA304956. Data on the NCBI PD is available fag 6f the 510_. monocytogenes strains
typed with WGS under BioProject PRINA304956 (Lonumaet al., 2018). Two strains
(CFSANO045809 and CFSAN049182) were excluded fronBNED because their genome size
was considered too small and outside the acceptegks. Overall, 514 isolates are listed under
BioProject PRINA304956, with 6 strains (CFSAN044¥51769, 046011, 046039, 046086,
049217) not included in the original publicatiorothonaco et al., 2018), and thus not consid-
ered herein.
Source attribution modelling

Human cases were attributed to the putative solrgepplying two different models in
parallel, the ‘Dutch model’ (Lapo Mughini-Gras, Rea and van Pelt 2018) and ‘'STRUCTUREFE’
(Pritchard, Stephens, and Donnelly 2000). The Duatoldel is a simple frequency-matching
model that compares the number of human casesccaysespecific subtype (i.e. ST or VT),
with the relative occurrence of that subtype innesaurce. This model was applied separately on
MLST and MVLST data, resulting in two model-dataeycombinations (MLST Dutch and
MVLST Dutch). STRUCTURE is a population geneticgyBsian clustering model that uses

multi-locus genotype data to infer population stuwe and to assign individuals in a sample to
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populations. This model was applied separately k&W MVLST, and coupled
MLST+MVLST data (genotypic profiles defined by tbembined 13 alleles), resulting in three
model-data type combinations (MLST STRUCTURE, MVLSTRUCTURE, and
MVLST+MLST STRUCTURE). For a more detailed desadptof the source attribution mod-
els, we refer to previous papers (Pritchard, Stephend Donnelly 2000; Lapo Mughini-Gras,
Franz, and van Pelt 2018).
Statistical analysis

To assess differences in attributions over theedgfit model-data type combinations (i.e.
MLST Dutch, MVLST Dutch, MLST STRUCTURE, MVLST STRUTURE, and
MLST+MVLST STRUCTURE), the attributable proportioatcases were compared by exact
two-tailed binomial test for each model-data typenbination. To evaluate the agreement be-
tween attributions, a correlation matrix betwees $hmodel-data type combination was calculat-
ed using the Pearson correlation coefficient (rkoy.each model-data type combination, the
attributable proportions were ordered and rankemsoending order. A median was calculated
for each food category taking into account eachevaind the median of the ranks was used to
provide an overall classification. All analyses e/@erformed by open source software R (R

Development Core Team).

Results
MLST typing

MLST results were available for 628 of the 634ase$. MLST results were not available
for six isolates (378, 379, 409, 598, 600, 609; 8inong the typed isolates, 596 isolates be-

longed to 40 different CCs, and 32 isolates beldrige singleton STs (not belonging to any
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CC). The most significant group of clonal isolatess represented by ST®<185 isolates,
29%), corresponding to 3 different VTs. (VT11, VDl&nd VT162). In total 14 CCs accounted
for 95% of the isolates (Figure 1; S1).
MVLST typing

MVLST results were available for all 634 isolatestotal, 51 different VTs were identi-
fied (S1), 17 isolates did not belong to any praslg assigned VT and were therefore assigned
to new VTs (VT160-VT168). Overall, VT11 representbd most abundant group of isolates
(n=186, 29%), corresponding to STi¥=@180) and ST204nE6). Overall, 36%1§=228) of the
isolates belonged to 9 ECs (Table 1). In particul&s represented 22%=90) of the food
chain isolates, and 64%=138) of the clinical isolates. The population stase of the isolates
typed with MVLST and the proportion of the diffetesources identified for each VT are de-
scribed in Figure 2.
WGS analysis: antimicrobial resistance and SNP clusters

Based on the NCBI Pathogen Detection browser, bb08 isolates typed with WGS the
tet(M) gene coding for resistance to tetracycline feamd in 5.3% 1(=27), while one isolate
was listed with theet gene. No presence of penicillin resistance gerassobserved. Eighty-one
isolates (=22 clinical anch=59 food/environmental) were not assigned to any SN§ters,
while the remaining 427 isolates belonged to d tt@1 SNP clusters, as of April 1st, 2019
(Tables 2 and 3). About 32%=23) of the SNP clusters were “local”, comprisindgyasolates
(n=73) from this study and not correlating with iseafrom different countries/sources (Table
3). Of the 23 local SNP clusters, 16 only comprifemti/environmental isolates (grouping from
2 to 8 isolates each), 6 only clinical isolate(gring 2 or 3 isolates each), and 1 comprised both

clinical and food/environmental isolates. The la(DS000006278.4) grouped 3 isolates within
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11 SNPs, collected from a patient (blood) in 204d swabs from dairy plants collected in 2004
and 2014.

The remaining ~68% of SNP clustens-48) were “global”, comprising 354 strains that
were similar to other 3,179 isolates in the datalfdable 2). Overall, among all SNP clusters
detected herein, PDS000025311.40 was the largestpiag a total of 517 isolates (246 clinical
and 271 food/environmental/other). The most predamt cluster observed among our isolates
was PDS000024241.18<138), comprising ~75% of the 184 WGS-derived VTddlates, fol-
lowed by PDS000001093.241«(35), PDS000024645.27%22), and PDS000025311.40
(n=20). Isolates belonging to the most common detgatefile (i.e. VT11) were distributed in
5 global SNP clusters: VT9/ST11 isolates {51, 82%) in PDS000024241.19,
PDS000011669.6, PDS000025489.2, and PDS000024 2681311 VT11/ST204 isolatesX6,
3.2%) in PDS000024900.22. The remaining VT11 igslatere either in 5 local SNP clusters
(n=20, ~11%) (Table 3) or unclusterad-{, 3.8%). In our study, 10 out of the 24 isolates
(~42%) from the production chain of Gorgonzolarat€cted Designation of Origin (PDO) blue
cheese, are grouped into SNP cluster PDS000001088-88), which also contains isolates
from Gorgonzola, Taleggio, Blue Stilton and bluereel and mold-ripened cheese isolates from
the US and lItaly.

Source attribution

All' 5 combinations of models and type of data idfesd dairy products as the main
source of human listeriosis cases (maximum atiobui3%, 95% Confidence Interval [95%CI]
46.96-58.42; Figure 3 and 4; S2). Even if the laditions varied, the different sources ranked
similarly across the 5 model-data type combinatienth the exception of pork and poultry (Ta-

ble 4). Specifially, in the Dutch model, pork apret be the second most important source
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(15% and 14% based on MLST and MVLST, respectiveiyile poultry appears to be more
important in STRUCTURE, especially when using MVLEB%, 95%CI 15.23-21.51; S2).

We observed high agreement among the 5 model-gatacbmbinations (Table 5), with
the lowest rho value (0.702, p<0.0001) observediden MVLST Dutch and MVLST STRUC-
TURE, and the highest rho value (0.997, p<0.00fwéen MLST STRUCTURE and MLST+
MVLST STRUCTURE. High rho values were also obseérbetween the STRUCTURE and
Dutch models, with a rho value of 0.899 (p<0.00dfiveen MLST+MVLST STRUCTURE
and MLST Dutch. The high agreement among the @iffemodel-data type combinations sug-
gests a high goodness of fit. Increasing the nurablkerci in STRUCTURE by including 13 loci
for MLST and MVLST together did not influence theusce attribution results significantly

(Figure 4).

Discussion

We characterized a large collectionLoimonocytogenes isolates from human cases and
different putative food sources in Northern Itahdadentified the most likely sources of human
listeriosis in that area. These results can supEkimanagers in prioritizing public health inter-
ventions. Source attribution using the microbiditgping method is particularly important for
listeriosis, as not all strains have the sametgtidi cause disease (Nightingale et al. 2008).

In our study, source attribution was performed gg€irmodels (Dutch and STRUCTURE)
and 2 typing methods (MLST and MVLST ), consideréhdifferent food sources. Moreover,
WGS was performed to obtain typing data, AMR d&tdP clusters, and comparison with more
than 26,000 isolates already present in the NCBbRIine databases. The screening of WGS
data for AMR genes showed that ~58&27) of the isolates carried the tetracycline-caonigr

resistance gertet(M), a higher percentage than the 0.5% reportédeaEuropean level (Nielsen
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et al. 2017). Among our isolates, ~89f& R4) oftet(M) positive isolates belonged to ST9/VT11
isolates, that were overrepresented, possibly exptathe higher proportion. As also reported in
other studieget(M) is the resistance gene most frequelntly deterté. monocytogenes due to

the transfer through mobile genetic elements fromerresistant Gram-positive bacteria (Hau-
bert et al. 2018). No isolates carried penicilesistance genes, consistently with findings from
the European report (Nielsen et al. 2017).

In total, 40 CCs and 51 VTs were identified, witB€being the most prevalent type and
accounting for 43% of the food isolates and represkby all food sources (S1; Figure 2). On
theListeria MLST Pasteur database, CC9 isolates?2Q3, 6% of all isolates in the database)
originated from a wide variety of sources, inclugimatural environment samples. None of the
CC9 isolates with available information on the Pastlatabasen€12) carried theet(M) gene.

In our samples, CC9 mainly corresponded to VT11lien8ingle Locus Variants (SLV — isolates
with n-1 alleles in common to the linked node; VT160 &1d.62 in Figure 2). ST9/VT11 had
been previously identified as the most predomirauat persistent type also in a study that inves-
tigated the presence bf monocytogenes in meat processing plant in Spain (Martin et @lL4),

and in a study carried out in a mushroom processiag in the US (Murugesan et al. 2015).
Despite such a broad diffusion, it seems that ST2MVisolates have a minor role in causing
clinical cases, as only 5 human clinical strainsmgend to this genotype (2.3% of cases; S1),
and thus may be more adapted to survive in the@mwient. Indeed, CC9 has been observed as
significantly associated with food and food envir@nt and with a particularly high prevalence
of truncated InlA variants, which are associatethwiypovirulence (Moura et al. 2017; Nightin-
gale et al. 2008). The main cluster of clinicalesaare instead represented by CC1350,

23%) and CC1n=31, 14.2%). In particular, CC101 is the major cdusif clinical cases, which

12
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had been previously singled out in a 2014 studyrevlit stood out among different CCs for be-
ing the only one with a clear predominance of humsatates (Haase et al. 2014). A novel EC
associated with CC101, i.e. ECXI, was recently gatzed as involved in two unrelated out-
breaks linked to the consumption of Ricotta saf&taA, 2012) and Taleggio cheese (ltaly,
2011), both produced in Italy (Amato et al. 2017).

L. monocytogenes types found in foods and clinical isolates onlytigdly overlap (Fig-
ures 1 and 2), strengthening the evidence thatlhbt monocytogenes strains are equally capa-
ble of causing invasive disease. Overall, seveualiss have shown that lineagke. Imonocyto-
genes strains are on average more virulent and moreiéetly associated with human clinical
cases than lineage Il strains (Lomonaco, Nuceligeho, 2015; Pirone-Davies et al., 2018).
Such partial overlap was also observed in the I8B8HP clusters, with the majoritp<£16,

69.5%) only grouping food/environmental isolatedlofved by 26% comprising just clinical
isolates and only 4.3% currently containing botmokg the 81 isolates not currently included in
a SNP cluster, more than a hail£@5, 55.6%) were from food and food production emwients,
while the rest was from clinical cases@2, 27%) or associated with agriculture (i.e. stcoid
feeds,n=14, 17.2%). Additionally, a recent study showed thaignificant proportion df.
monocytogenes isolated from food production environments hawuced virulence (Van Stelten
et al. 2016). In light of these data, considerimgf turrent regulations in EU and US are based
on the sole detection &f monocytogenes, it could be useful and more sustainable (e.cergihe
high economic impact due to recalls) to reviews#t Essessment process that incorporates strain-
specific virulence parameters, meaning the idexifon of virulence genes and their variants
that may be applied as markers either for disealgsant strains or non-virulent strains (Wal-

land et al. 2015). For instance, internalin A asdruncated variants have often been identified

13
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as possible marker for reduced virulence (Van &tedt al. 2016). Nevertheless, to date straight-
forward identification of such markers are stitthkeing, and inconsistent evidences have been
reported (Ferreira da Silva et al. 2017).

The different model-data type combinations useithénsource attribution analysis
identifed dairy products as the main source of hutisdéeriosis (28% to 53%) (Figures 3 and 4,
S2). Indeed, in Europe half of the reported outksdwave been linked to dairy products (Lun-
dén, Tolvanen, and Korkeala 2004). In the Dutch ehqubrk appeared to be the second source
of listeriosis (Figure 3). This may be explainedthg overrepresentation of pork isolates over
the other sources among the food isolates (28%;T®19 may influence the output, as the Dutch
model is a frequency matching based model. Onfttiner land, poultry appears to be a more
important source when using STRUCTURE, particulaiyh MVLST data (18%; Figure 4; S2).
The poultry category comprises both raw meat am#ted preparations and its impact in the
Dutch model may have been overshadowed due t@thaumber of isolatesi13; S1). Given
this, STRUCTURE seems to be more reliable tharbiliteh model in overcoming representa-
tiveness issues.

Becausd.. monocytogenes is highly susceptible to thermic treatment (i.eoldng), source at-
tribution of the listeriosis cases is usually aadrout only on ready-to-eat (RTE) products (Little
et al. 2010; Nielsen et al. 2017), as opposeddeadies like salmonellosis and campylobacterio-
sis that are studied also at the reservoir levietgRet al. 2009; Boysen et al. 2014; Lapo Mug-
hini-Gras et al. 2018). Isolates collected at #servoir level (i.e. non-RTE) were also included
in this study and possible associations were foumgarticular with poultry (Figure 4, S2). This
finding underlines how controlling contaminationtla¢ reservoir level could be useful, in terms

of preventing cross-contamination that may occuh lad the distribution (e.g. deli counters) and
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at the household level. Indeed, it is still poarhderstood how.. monocytogenes circulates be-
tween animals, humans, and various environmentdgk¢bet al. 2015). In particular, it has
been found that bovine farm environments have piglvalence rates af monocytogenes, in-
cluding subtypes linked to human listeriosis casesoutbreaks, and cattle appear to contribute
to the amplification and spread lofmonocytogenes in the farm environment (Nightingale et al.
2004). In Italy, Rocha et al. found 60% and 10%.ahonocytogenes isolated from bovine clini-
cal cases belonging to ECI and ECX, respectivetc(fa et al. 2013). Poultry is also a recog-
nized reservoir oE. monocytogenes and contaminated raw meat poses a concrete riskdo
human consumer (Dhama et al. 2013). In the USrakE€s were found in chicken processing
plants and listeriosis cases and outbreaks havedsseciated with consumption of undercooked
chicken and RTE poultry products (Lomonaco et @L3). Moreover, it is not clear whether
only specificL. monocytogenes subtypes are able to move from the reservoireédithsts and
cause disease (Walland et al. 2015). Consequéantiyprove our understanding of the ecology
of L. monocytogenes, it is important to study the prevalenceLomonocytogenes strains in all
different niches, such as the farm environmengdliock, raw materials, transport vehicles and
containers, manufacturing facilities (e.g. chedaatp) and humans. A recent study identified
eight genes significantly associated with foodased acrosk. monocytogenes lineage 1l strains,
likely playing an important role in the survivaldaproliferation oflL.. monocytogenes in the food
environment. The authors indicated the need fdreiustudies on such genes as such knowledge
can help understand hdw monocytogenes adapts to the host and food environments (Pirone-
Davies et al., 2018).

Most other published source attribution studiesifilgaon Salmonella andCampylobac-

ter) tend to have higher numbers of isolates (KittleR013; de Knegt et al. 2016; Mughini-
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Gras et al. 2014; Boysen et al. 2014), and it le@n lveported that is preferable to have at least
100 isolates for each source analysed (Smid 204B). Moreover, selection of isolates should
include contemporaneous sampling of isolates froances and humans from a fixed geographic
area. In the current study, samples were colleated a fairly broad timeframe (13-year period,
2004-2016). While broad, such a timeframe was rszcgg0 ensure that the strain collection
was as representative as possible within the sobite study, given the low incidence of lister-

iosis.

Conclusion

Dairy products were identified as the most impdr&urce of human listeriosis in the
study area, highlighting the need for specific colteasures to redute monocytogenes con-
tamination in these products. To date, mainly RT&tlpcts have been included in source attribu-
tion studies of listeriosis. According to our résulmplementing actions currently limited to
RTE products also at the reservoir level, may hetlucing the risk of cross-contamination at the
distribution and household levels.

Considering the scarcity of data suited for soattebution of listeriosis, especially in It-
aly, this study represents a first stepping-standuture research. Indeed, this is the first seurc
attribution study for listeriosis in Italy, and itsutine application may help mitigating the impact
of the disease, both at a national and internatienal, by targeting the main sources. To reach
this goal, collaboration between the different cetept authorites in a One Health perspective is

of paramount importance.
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Figure 1 Minimum spanning tree of the 628steria monocytogenes isolates typed with MLST.
Each circle represents a single Sequence Typei8iCated on the tree by the corresponding
number. Yellow nodes are group founders and blaels lindicate Single Locus Variants (SLV —
isolates witn-1 alleles in common to the linked node). For e&thisolates obtained from dif-
ferent sources are represented by the colourgitetiend. The number and proportion of iso-

lates for each source are listed in brackets inehend.

Figure 2 Minimum spanning tree of the 634steria monocytogenes isolates typed with

MVLST. Each circle represents a single Virulencg@dyVT) indicated on the tree by the corre-
sponding number. Yellow nodes are group foundedsbdack lines indicate Single Locus Vari-
ants (SLV — isolates with-1 alleles in common to the linked node). For edchthe colours
listed in the legend represent the proportion offites from the different sources. Grey slices
indicate isolates not assigned to any of the listagrces. The number and proportion of isolates

for each source are listed in brackets in the ldgen

Figure 3 Source attributions of listeriosis human casel MVLST and MLST data using the
Dutch model (error bars denote 95% confidencevatsj. Unknown bar represents clinical cas-

es caused blyisteria monocytogenes types not found in any source.

Figure 4 Source attributions of listeriosis human casel MVLST, MLST and
MVLST+MLST data using the STRUCTURE model (errordbdenote 95% confidence inter-

vals).
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Table 1. Number ofL. monocytogenes isolates belonging to each of the currently idesdiEpi-

demic Clones (ECs), among the all the strains ct@dtefrom clinical cases and 8 different food

sources.

Epidemic Clones (ECs)

Sour ce [ 1l IV V VI VII VIII X Xl | Total
Human 30 6 8 17 15 10 2 50 138
Beef 1 1
Dairy 13 7 4 1 1 4 2 1 8 4
Fish 2 1 3
Game 2 3 5
Mixed food 4 2 2 1 1 10
Mixed Meat 1 1 2 4
Pork 1 6 7 3 1 1 19
Poultry 1 3 4
Unknown 1 1 1 3
Total 47 14 24 36 6 21 18 4 58| 228




Table 2. List of the 48 "global* SNP cluster, comprisingd3Solates from this study and corre-
lating with 3,178 isolates from different countf/ssurces avilable on the NCBI PD database (as
of April 1%, 2019). The number of environmental/food/other dlimical isolates, is indicated as
those originating from this study over the overalinber (i.e. #/#). Bold font was used to high-
light SNP clusters grouping only isolates fromyiteBNP clusters are determined by the NCBI
Pathogen Isolates pipeline and several informadrerlisted for each: Virulence Type (VT), Ep-
idemic clone (EC), Sequence Type (ST), accessiambeu and analysed version, overall number
of isolates and specific from this study, and ollenamber of environmental/food/other and

clinical isolates.

Number of isolates
(from this study/overall)

. . , SNP Cluster .
Sequence Clonal VirulenceEpidemic o Total in :
Type Complex Type Clone Accon.ID and SNP Environ./ Clinical
(ST) (CC) V) (EC) Version cluster food/other
(asof April 1st, 2019)
PDS000003341 .13 2/4 0/0 2/4
PDS000003348 .26 1/18 1/6 0/12
ST1 cel V20 ECI PDS000006160 .21  8/9 4/4 4/5

PDS000041947 .5 1/105 0/25 1/80
PDS000024430 .119/107 7142 2/65

ST2 CcC2 VT21 ECIV PDS000024474 .2 1/3 0/0 1/3
PDS000024705 .8 3/30 3/24 0/6

PDS000006340 .10 3/5 1/3 2/2

PDS000007098 .4  2/4 0/1 2/3

ST3 ces VT4 ECVII PDS000009528 .3  1/2 0/0 1/2
PDS000009530 .3  1/2 0/1 1/1

ST5 CC5 VT63 ECVI PDS000032961 .1 1/2 1/2 0/0
PDS000024682 .26 1/273 0/73 1/200

PDS000024688 .2  2/4 0/0 2/4

VT19 PDS000043734 .1  1/2 1/2 0/0

ST6 cce ECll PDS000024930 .2  1/5 1/1 0/4
5/14 0/39

VT163 PDS000024684 .9 9/53 3/14 1/39

ST7 CC7 VT56 ECVIII PDS000024618 .8 4/38 4/16 0/22
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PDS000003019 .6  1/3 1/3 0/0
ST8 ccs VTS9 ECV PDS000025311 .40 20/517 17/271 3/246
* PDS000024241 .19138/324 136/297  2/27
PDS000011669 .6 6/9 6/9 0/0
ST9 cco VT11 PDS000025489 .2 4/6 4/6 0/0
PDS000024263 .2 3/4 3/3 0/1
ST204 CC204 PDS000024900 .26/199 6/172 0/27
ST18 CC18 VT118 PDS000025244 .1  2/4 0/1 2/3
ST19 CC19 VT84 PDS000006154 .4 1/14 1/3 0/11
PDS000024749 .4  6/9 1/2 5/7
ST29  cC29 Vi PDS000024751 .2  1/3 1/2 0/1
ST32 CC32 VT93 PDS000037504 .2 1/6 1/1 0/5
ST388 CC388 PDS000025477 .5 1/10 1/2 0/8
ST37  CC37 VT61l PDS000032941 .18 4/174 1/111 3/63
ST38 PDS000001213 .2010/31 8/15 2/16
ST101 cclol VT80 ECXI PDS000024823 .111/74 0/55 1/19
ST59 CC59  VT119 PDS000011242 .8 1/15 1/8 or7
Stiol ool VT94 PDS000024645 .2722/430 2/24/323 1%27
VT109 PDS000024656 .28 7/457 01424 0/33
PDS000005514 .13 9/27 0/5 9/22
STISS  CCISS  VT4s PDS000006382 .27 1/128 1/102 0/26
ST217 CC217 VT62 PDS000024967 .212/128 2/20 0/108
ST224 CC224 VT124 PDS000009525 .4  1/3 0/2 1/1
ST296  CC88 VT8 PDS000003204 .811/128 1/104 0/24
ST325 CC31 VT113 PDS000001093 .24 35/58 30/53 5/5
ST394 CC415 VT2 PDS000009385 .6 1/10 0/9 1/1
ST398 CC398 VT100 PDS000024700 .1 13/14 12/13 1/1
ST425  CC90 VT151 PDS000042587 .1 1/6 0/0 1/6
ST451 CC451 VT140 PDS000024708 .17 1/69 0/29 1/40
ST562 CC562  VT166 PDS000004800 .423/7 3/6 0/1
TOTAL 354/3533 269/2345 58/1188

* includes 21 strains carryirtgt(M) (overall this SNP cluster includes two moegM)-carrying
strains from lItaly, which were not included in Lonazo et al., 2018)
# includes 3 strains carryirigt(M)
$ includes 1 strain carryirtgt
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Table 3. List of the 20 "local" SNP cluster, comprisinglees (=73) correlating only with
other Italian isolates originating from the currenidy (as of April T, 2019). SNP clusters are
determined by the NCBI Pathogen Isolates pipelireseveral information are listed for each:
Sequence Type (ST), Clonal Complex (CC), Virulefgpe (VT), Epidemic clone (EC), acces-
sion number and analysed version, overall numbeotdtes and specific from this study, and
overall number of environmental/food/other andickhisolates. The SNP clusters are divided
into three groups, those only grouping environmigotzd/other isolates, those grouping only
clinical and those grouping both. Bold font wasdugehighlight the same VT/ST observed in

different groups, while * was used to indicate &det carrying theet(M) gene.
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o
- = = g5 3
5 ¢ £ & 5 8 2
g 8 3 g z 2 8
Type of isolates = & = 5 SNPCluster 2 5 3
grouped o 8 § R AccessionID '§ =
3 = g 5 8 £ O
¥ s £ 3 s 5 ©
O > 1T} B 5 H
E 1+
PDS00001651z .1 2 O
ST1 CCl VT20 ECI PDS000016511 .1 5 O
PDS00000615¢ .3 3 O
ST2 CC2 VT21 ECIV PDS00000574¢ 4 3 O
ST3 CC3 VT14 ECVIII PDS00000952¢ .3 4 O
ST5 CC5 VT63 ECVI PDS00001651¢ .2 3 O
VT11 PDS00000616: .4 8 O
On]y environmental VT11 PDS00002425: .1 5 0
/food / other iso- VT162 PDS00002474C .1 4 O
lates ST9 CC9 VT11 * PDS000024741 .1 3 O
VT11 1 2 0
VT160 PDS00002550( 1 1 0
VT11 PDS00002429¢ .1 2 O
ST36 CC36 VT75 PDS00002470: .1 3 O
ST427 CC29 VT74 PDS00000615t 5 5 O
PDS00002469¢ .1 2 O
ST663 ST663 VT62 PDS00002470z .1 2 O
ST1 CCl VT20 ECI PDS000024707 .1 0 2
ST5 CC5 VT63 ECVI PDS00001634: .2 0 3
Only clinicaliso- ST7 CC7 VT56 ECVII PDS00001634¢ .1 0 2
lates ST14 CCi14 VT125 PDS00001633t .1 0 2
ST54 CC54 VT79 PDS00001638C .1 0 2
ST398 CC398 VT100 PDS00002492: .1 0 2
Both
env./food/other anc ST3 CC3 VT14 ECVIII PDS00000627¢ 4 2 1
clinical isolates
TOTAL 59 14

* isolates carrying the&et(M) gene



Table 4. Median of ranks and the ranks (in descending dfdereach of the 8 food sources and

each of the 5 model-data type combination consitibezein.

Dutch STRUCTURE
MLST
Source MLST MVLST MLST MVLST + Median

MVLST
Dairy 1 1 1 1 1 1
Poultry 5 7 2 2 2 2
Mixed food 3 4 3 3 3 3
Fish 6 6 4 5 4 5
Mixed meat 4 3 5 6 5 5
Game meat 7 5 6 4 6 6
Pork 2 2 7 7 7 7
Beef 8 8 8 8 8 8




Table 5. Pearson correlation coefficient (rho) matrix técatate the agreement between attribu-

tions obtained with the 5 model-data type combarationsidered herein The lowest and highest

rho values are marked in bold.

Dutch STRUCTURE
MLST MVLST MLST MVLST MLST + MVLST

MLS-]_ 1 * * * *

Dutch MVLST 0979 1 * . .

MLST 0918 0.85 1 * .

STRUCTURE MVLST 0762 0702 0934 1 *

MLST + MVLST 0.899 0.828 0997  0.953
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Highlights

» Up to 53% of listeriosis cases in Northern lItaly are attributable to dairy products

*  37% of isolates were Epidemic Clones, strains involved in more than one outbreak
* Poultry accounted for up to 18% listeriosis cases

* Including isolates at the reservoir level may identify cross-contamination events
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