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Abstract

As result of globalization, the food supply chain became a vast and complex network that leads
to an increased risk of spread of known and emerging foodborne pathogens (FBPs). Listeria
monocytogenes and Salmonella enterica serovar Typhimurium variant 4,[5],12:i:- are
foodborne pathogens with relevant rate of associated foodborne illness cases reported in
Europe. Species-specific genetic bacterial determinants and matrix-specific ecological factors
(e.g. physical factors, microbial competition, predation, etc.) can contribute to the persistence
of these foodborne pathogens (FBPs) in the food chain. Whole Genome Sequencing (WGS)
based analyses have recently revealed an unparalleled potential for multiple investigations as
a one-serve-all approach. A valuable potential to enhance surveillance and persistence
investigations of FBPs has been shown combining genomic approaches, in particular, to
identify specific genetic features to be used as markers for phenotype prediction. In the studies
presented in this thesis, genomics have been essential in investigating the persistence, virulence
potential and physiological adaptation of Listeria monocytogenes in food processing plants
(Study 1) and the micro-evolution and phylogeography of Salmonella enterica serovar
4,[5],12:i:- (Study II).

Study I: Based on a previous study of persistence of L. monocytogenes in Italian rabbit meat
production plants, two of most represented Apal-PFGE profiles, belonging to subtypes ST14
and ST121, provided an interesting dataset to investigate persistence, virulence potential and
physiological adaptation to food-processing environmental stresses. In this study, 27 ST14 and
6 ST121 newly sequenced genomes collected over one year on the same rabbit meat processing
plant were investigated in comparison to a selection of publicly available genomes. Newly
sequenced genomes were firstly clustered based on a 1748 loci cgMLST analysis which
showed higher discriminatory power in comparison to conventional typing methods (PFGE,
MLVA) for detecting two singletons not observed by other molecular methods. In silico Multi
Virulence-Locus Sequence Typing and alignments of a representative database of virulence
determinant genes were performed on ST121 and ST14 newly sequenced genomes in
comparison to a set of publicly available genomes. ST14 strains were classified as Virulence-
type VT107, a closely related subtype to VTL1 strains, identified as part of an epidemic clone
responsible of outbreaks in US. A full-length and a truncated version of inlA gene were
identified in ST14 and ST121 respectively, predicting a higher virulence potential for ST14
isolates in comparison to ST121. wgSNPs based phylogenetic reconstructions were inferred on
273 newly sequenced and publicly available ST121 and ST14 draft genomes. Within ST14, a
persistent clone was circulating in the Italian rabbit-meat plant isolates along with not persistent
strains. Nevertheless, given the limited number of isolates it would be complimentary to
investigate on a wider representative diversity of persistent and not persistent ST14. A novel
dataset of accurately selected genes was designed to investigate physiological adaptation to
food-processing environment of L. monocytogenes. A significant enrichment in ST121
genomes concerned genetic features related to adaptation to sanitizing procedures, whereas
within ST14, genes conferring enhanced ability to form biofilm and heavy metals resistance
was associated. Phenotypic tests performed on L. monocytogenes isolates from the Italian
rabbit meat plant confirmed that ST121and ST14 were resistant to cadmium chloride 70 mg/ |
and 35 mg/ | and that ST121 isolates are characterized by lower biofilm forming ability in
comparison to ST14 isolates. Overall, these results suggest that ST14 strain-specific genetic
repertoire may represent a selective advantage for this genotype to colonize harbourage sites
where sanitizing procedures are difficult to occur. In conclusion, these study highlights that the



incidence and persistence of ST14 L. monocytogenes strains within food-processing plant
should be taken into greater consideration, given its hypervirulent potential.

Study Il: 148 Salmonella enterica ser. Typhimurium monophasic variant 4,[5],12:i:- (MVSTm)
circulating in human and swine in Italy have been whole genome sequenced and investigated
within an extended contest of selected publicly available S. Typhimurium/ MVSTm strains
collected in Italy and worldwide. In this study, an innovative genome-wide investigative
approach was applied. Population structure analysis was performed on a large dataset (~4,000
genomes) including several Salmonella serovars and Italian MV ST strains revealing that this
last belong to a large population of ~1,300 clonal S. Typhimurium/ MVSTm isolates
(maximum of 2.5% of allele differences), collected from a wide-range of countries in last two
decades. cgSNPs based phylogenetic reconstruction performed on these genomes revealed that
isolates from the same geographical origin shaped several highly supported monophyletic
groups, suggesting discrete geographical segregation. A Genome-Wide Association Study
(GWAS) performed on the pangenome matrix of 1326 S. Typhimurium/ MVSTm identified a
number of genetic markers (e.g. plasmid- and prophage-related genes) statistically associated
with Italian origin. Evidence that geographical isolation has had a strong impact on the
accessory gene content had particular significance for a large SopE-containing prophage
detected in most of the isolates. In conclusion, these data suggest that the expansion of
successful epidemic clones harbouring unique gene clusters, that constitute specific
biomarkers, is driven by the adaptation of certain lineages to specific hosts or food production
systems, with regard to a local geographical scale. Furthermore, in order to improve
identification of the source in course of large epidemics, studies focusing on optimal dataset of
genomes, representative of all the source of isolation of MVSTm in the food chain, should be
performed even taking account of biogeographical genetic markers.
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Food safety in the genomic era

1. Food Safety in the Genomic Era

1.1 Introduction

As result of globalization the food supply chain became a vast and complex network that leads to an
increased risk of spread of known and emerging foodborne pathogens (FBPs). World Health
Organization (WHO) has estimated the global impact of food and water-borne diseases (FWDSs) in
2010 to be roughly 600 million cases and 420,000 associated deaths per year (1). In particular, the
gastrointestinal FBPs Escherichia coli, non-typhoidal Salmonella enterica and Campylobacter jejuni/
coli, were the most common cause of illness compared with invasive infection diseases, with
approximately 550 million cases and 230,000 deaths year (WHO, 2015). In EU countries, FWD
infections (sporadic incidences and outbreaks) in human, and the presence of zoonotic agents are
regularly monitored in food-producing animals and food in accordance with the Directive
2003/99/EC. Data on humans, animals and food are compiled and analysed jointly by the European
Food Safety Agency (EFSA) and the European Centre for Disease Prevention and Control (ECDC)
and presented yearly in the EU Summary Report on trends and sources of zoonosis, zoonotic agents
and foodborne outbreaks. In 2015 at the European level, most of the FWDs infections were caused
by FBPs and toxins, leading to 45,874 cases of illness, 3,892 hospitalisations and 17 deaths in 26
European Union member states (2). In comparison with 2014, the total number of human reported
cases from the European Surveillance System (TESSy) on the most common FBPs [Campylobacter
jejuni/ coli, Salmonella enterica, Yersinia spp., verotoxigenic/ shigatoxigenic E. coli (VTEC/ STEC,
and Listeria monocytogenes] in the European Union (EU) showed a similar or increasing trend in
2015 (Figure 1) (2, 3) with different notification rates (Table 1).

Reported cases number

m2015 m2014

Listeriosis I 2206
| 2242
VTEC infections I 5901
B 5955
B o0
B 6625

NN 04625
Salmonellosis
I 92007

. I
Campylobacteriosis 299213
N 236818

Yersiniosis

Figure 1. Notified cases of the most common foodborne diseases in EU in 2015 (blue) and in 2014
(green) (2, 3).
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Table 1. Major bacterial food-borne bacterial pathogens, related diseases, human notification rate in
EU and related foodstuffs and animal sources (2, 4).

Notification rate of

Pathogen(s)/ Disease IlInesses cases per 10.0‘000 . Foodstuffs and animals sources
population in EU in
2015
Self-limiting Minced meat and meat (from poultry, turkey, pork,

Salmonella Enteritidis
and S. Typhimurium/
Salmonellosis

beef), ready-to-eat (RTE) food and eggs, vegetables

21.2 and dried seeds. Laying hen, broiler, and turkey
flocks, pigs and cattle but also animal- and
vegetable-derived feed

gastroenteritis, 5% of
cases develop
bacteraemia

Self-limiting Milk and dairy products, fishery products (mainly

Listeria monocytogenes/  gastroenteritis, sepsis, smoked fish), meat, eggs and RTE food. Domestic
o A o 0.46 - -

Listeriosis meningitis, encephalitis, ruminants (cattle, sheep and goats), pigs and

abortion broilers but also pets and wild animals

Self-limiting

L e 0

Campylobacter jejuni and - gastroenteritis, < 1% of Mainly poultry meat but also water and RTE food.
C. coli/ cases develop Guillain- 655 Broiler, pigs, cattle, wild animals and pets
Campylobacteriosis Barré and Miller-Fisher + PIgS, ' P

syndromes
Verocytotoxigenic/ Shiga Intestinal discomfort, Prlmar_lly meat from ruminants (sheep _and goat) .bUI

. . : . - also wild ruminants and cattle, Raw milk and dairy

toxin—producing E. coli  haemolytic uremic 1.27

products. Very low in fruit and vegetables (sprouted

(VTEC/STEC) syndrome, renal disease
seeds)

Although FWDs lead to significant economic losses for the agri-food sector and contribute
substantially to the global border of diseases (5-7) measures to prevent and mitigate the risk of
acquiring infections caused by FBPs are a significant challenge. Understanding the ecology of FBPs
in different food matrixes is still a key problem in microbial risk assessment. Repeated food
contamination due to food safety noncompliance promote the persistence of FBP which relies on
species-specific genetic bacterial determinants and on matrix-specific ecological factors (e.g.
physical factors, microbial competition, predation, etc.) (7). Moreover, the identification of the point-
of-exposure source of foodborne outbreaks and, in general, the reservoir of FBPs are critical tasks in
risk management and public health preventions. However, the population dynamic of several FBPs
and the complexity of the transmission pathways make these goals hard to be achieved.

The introduction of genomics in the study of FBPs changed completely our understanding of
microbial evolution, ecology and population dynamic. It revealed new insights into the persistence
of FBP in food. Moreover, genomic based typing of FBPs turned out to be a key tool in retrospective
and prospective epidemiological investigations ensuring enhanced surveillance (8-10). In the study
presented in this thesis, genomics have been essential in investigating the evolution and
phylogeography of Salmonella enterica serovar 4,[5],12:i:- and the persistence of Listeria
monocytogenes in food processing plants. In the following chapters, the biology and epidemiology
of both Salmonella enterica and Listeria monocytogenes as well as the impact of whole genome
sequencing in FBP surveillance have been reviewed.
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1.2 Salmonella enterica

Salmonella enterica, a facultative anaerobe, Gram-negative motile bacillus, was first isolated from
pigs by Dr. Salmon and Dr. Smith in 1885 and is one of the leading cause of human gastroenteritis
worldwide (11).

Salmonella genus was named in 1900 by Lignieres in honor of Dr. Salmon, and originally it included
numerous species. However, later it has been discovered that several of those species were indeed the
result of antigenic variation of one. Therefore, Salmonella species were defined as “a group of related
sero-fermentative phage-types” by Kaufmann (1961) after the development and application of
serological analysis, firstly conceiving by White (1926): the White-Kauffman-Le Minor scheme. This
serotyping scheme is based on the antigenic variation of the Salmonella Lipopolysaccharide O-chain
and on variation in the major protein of the flagellum (Antigen H) (12, 13). The White-Kauffman-Le
Minor serotyping scheme is still the central method for Salmonella nomenclature (14) and it is
currently maintained and updated by the World Health Organization (WHQ) Collaborating Centre
for Reference and Research on Salmonella at the Pasteur Institute, Paris, France (WHO Collaborating
Centre) (15).

Currently the genus is composed by two species, S. bongori and S. enterica and the latest divided into
six subspecies: enterica (1), salamae (1), arizonae (l11a), diarizonae (I11b), houtenae (IV) and indica
(VI). Salmonella enterica ssp. enterica (1) is the most important subspecies accounting for the
majority of human and animal infectious. According to the White-Kauffman-Le Minor scheme, more
than 2,500 different serotypes are classified within this subspecies (13, 16).

Salmonella enterica serovars are either strictly adapted to one particular host or generalists, meaning
they are present in a wide range of hosts. Salmonellosis from human-restricted serovars like Typhi
and Paratyphi causing typhoid and paratyphoid fever respectively (17) are transmitted from person
to person, without an intermediate host, through faecal contamination of water and food. Non-
typhoidal Salmonella serovars in humans are usually caused by generalist serovars. Transmission to
human is by faecal-oral route, and the majority of cases are foodborne, caused by consumption of
contaminated food of animal origin (18). Most of the non-typhoidal serovars within Salmonella
enterica cause gastroenteritis with S. enterica ssp. enterica Typhimurium and Enteritidis the most
common pathogenic serovars, responsible of foodborne outbreaks. Low infective doses are sufficient
to cause clinical symptoms (19). Non-typhoidal Salmonella normally causes gastroenteritis,
bacteraemia, and subsequent infection (16) with an estimation of 93.8 million cases of gastroenteritis
globally each year, including 155,000 deaths (20). Although most human infections are self-limiting,
salmonellosis of new-borns and infants (more susceptible to infections than adults) presents diverse
clinical symptoms, from a grave typhoid-like illness with septicaemia to a mild or asymptomatic
infection.

Nevertheless, after recovery from a clinical case of salmonellosis, some patients, although
asymptomatic, could remain carriers for a prolonged time contributing to the dissemination of
diseases. Interestingly, antibiotics used in human therapy are usually ineffective in the treatment of
the carrier state (21).

1.2.1 Genome structure and virulence determinants of Salmonella enterica

Already in pre-genomic era, the physical map of the chromosome of several strains shows that
Salmonella serovars share similar genome size (between 4.6 and 4.8 Mb), all have seven rrn operons,
and the order of genes on chromosome segments is usually the same (22—-24). It was already clear
that genomic diversity across Salmonella strains and serovars is determined by gain/ loss of functions
via horizontal gene transfer. Several strains harbour “foreign” mobile genetic elements (MGEs), such
as phages and plasmids, that include genes linked to virulence, antimicrobial resistance, antigenic
changes of O antigen, and metabolic characteristics commonly used in diagnostic identification (e.g.
lactose or sucrose fermentation) (21). The advent of genomic era these features have been extensively
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characterized. Below a non-exhaustive summary of the main genomic features related to
pathogenesis, antigenic variation and antibiotic resistance.

Salmonella pathogenicity

Several steps are involved in Salmonella pathogenicity starting from the invasion of the small bowel
mucosa to the rapidly adhesion and invasion of follicle-associated epithelium cells and absorptive
enterocytes. Subsequently, Salmonella overcome host-specific defence mechanisms which include
antibacterial actions of phagocytic cells coupled with the immune response. The interaction between
Salmonella and the host is a complex mechanism. and depends on several loci. Most of these genes
are located in five highly conserved chromosomal Salmonella pathogenicity islands (SPI-1-5) and in
virulence plasmids (e.g. pSLT), essential for dissemination in the appropriate host, guaranteeing
bacterial survival. Gene products of the SPI-1 are key determinants of the intestinal inflammation
induced by Salmonella (25). Into host cells, phage-mediated horizontal transfer and SPI-1 type 3
secretion system (T3SS-1) translocate effector proteins (SopB, SopE, and SopE2) that can induce
inflammation within the gut (26). In particular, it has been shown that sopE gene can increases the
severity of intestinal inflammation (27), and increase the fitness of S. Typhimurium by conferring a
nitrate respiration-dependent luminal growth advantage (26). Only a limited number of Salmonella
serovars within subspecies enterica carry a large, low-copy-number plasmid that contains virulence
genes. Salmonella serovars-specific virulence plasmid, containing a highly conserved 7.8 Kb region,
spv, can varies in size: 95 kb for serovar Typhimurium, 60 kb for Enteritidis, 80 kb for Dublin (28).
Furthermore, the pSLT plasmid also contains pef, a fimbrial operon encoding genes involved in
colonization of the small intestine (29).

Salmonella antigens

The O-antigen (or somatic antigen), the external component of the lipopolysaccharide, consists of a
long linear polysaccharide and is classified using the characteristic O factor (e.g. O:4). The genes
involved in the biosynthesis of the O antigen are generally found in the chromosome in the cluster
(frequently a single operon) names as rfb gene cluster and are divided in three groups: (i) genes
involved in the biosynthesis of the precursors of nucleotide sugars; (ii) glycosyltransferases; (iii) gene
involved polymerization and in the translocation through the membrane (30). Diverse combination
of these three set of genes are at the basis of the antigenic variation of the O-antigen. The H-antigen
(or flagella antigen) correspond to the flagellin which is the major component of the flagella
responsible of Salmonella motility. Many Salmonella serovars contain a biphasic character of the
flagellar antigen giving the ability to change its composition with a switch for the expression of two
loci encoding the major flagellar protein, FIiC (phase 1 antigen) or FljB (phase 2 antigen) flagellin,
described as "phases”. Therefore, the capacity of Salmonella to express two distinct flagellar antigens
is termed “biphasic” (e.g. Salmonella Typhimurium) and results in a "phase variation” with respect
to their flagellar antigen. In order to express only one variety of flagellin protein at time (31), a switch
mechanism, under the control of the recombinase Hin, regulate the expression of these two loci to
facilitate inversion of a promoter element so that it transcribes fljB (which encodes the phase 2 antigen
F1jB) and fljA (which encodes a repressor of fliC, the gene encoding the phase 1 antigen FIiC). If the
promoter is located in an orientation that does not allow for transcription of fljB and fljA, the lack of
a repression of fliC transcription leads to expression of phase 1 flagellar antigens (Figure 2) (31).
Based on flagellar antigen expression ability, monophasic variant (producing only one type of
flagellin), and less frequently triphasic or other complex (producing more than three flagellins)
variants were identified and detected among Salmonella serovars. A small type letter ‘a to z’ indicate
the first phase, followed by the second phase of the H-antigens indicated by numbers or letters. If
Salmonella do not have H-antigens is considered non-motile and does not possess flagella. The Vi-
antigen is a surface (capsular) polysaccharide structure and occurs in only three Salmonella serovars
(Salmonella Typhi, Salmonella Paratyphi C and Salmonella Dublin) (32).
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Figure 2. Flagellar phase variation in S. enterica. The FIjB flagellin is produced when the promoter
(P) for the fljBA operon is expressed (orientation ON) along with FIjA, repressor of fliC gene that
encodes FIiC flagellin. The promoter inversion mediated by the Hin recombinase (orientation OFF)
implicate that neither the fljB gene nor the repressor FIjA are expressed, allowing the transcription of
fliC (adapted from Soyer et al., 2009) (31).

Salmonella antimicrobial resistance (AR)

As other bacterial species, Salmonella can readily acquire through horizontal transfer MGEs
containing genes conferring resistance to a number of antimicrobials. These genes could be located
either in chromosomal regions (SGI-1) or in plasmids (33, 34). In addition, point mutations in
housekeeping genes can confer resistance to selected antimicrobial agents (e.g., fluoroquinolones and
quinolones). Extensive use of antibiotics lead to the selection of strains harbouring multiple resistance
genes in MGE which can move between human and animal through the food chain (35). In particular,
antibiotic selective pressure events lead to the spread of strains with plasmids-mediated MDR to high
priority therapeutic antibiotics (36). Among Salmonella serovars with multidrug resistance (MDR) S.
Typhimurium and monophasic variant 4,[5],12:i:- strains are global health problems and are
commonly found in animal species such as poultry, pigs and sheep (37, 38). In particular, S.
Typhimurium definitive type (DT) 104, monophasic U302 and DT193 variants have been described
as largely responsible for the increase of MDR Salmonella isolates in Europe (39, 40). Several studies
have identified the specific resistance genes and genetic mechanisms associated with antimicrobial
drug resistance phenotypes in different Salmonella serovars (41), and it is summarized in Table 2.
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Table 2. Common resistance genes associated to the antimicrobial compounds class and Salmonella
serotypes (adapted from Alcaine et al., 2007) (41).

Associated resistance
genes

aac(3)-1V, aac(3)-1Va,
aacC2, strA, strB,
aph(3)-11A, aadAl,
aadA2, aadB

blaCMY-2, blaCTX-
M9, blaTEM-1,
blaTEM-53,
blaCARB2, blaOXA-
30

catl, cat2, cmlA, floR

gyrA, gyrB, parC
tet(A), tet(B)

sull, sul2, sul3

Antimicrobial
compounds class

Aminoglycosides

Beta-lactams

Chloramphenicols

Quinolones *

Tetracyclines

Sulfonamides

Salmonella serotypes

4,5,12:i:-, Agona, Anatum, Blockley,
Bredeney, Derby, Give, Hadar, Heidelberg,
Kentucky, London, Infantis, Saintpaul,
Newport, Typhimurium

Anatum, Agona, Blockley, Dublin, Enteritidis,
Haardt, Muenchen, Newport, Stanley,
Typhimurium, Virchow

Albany, Agona, Derby, Enteritidis, Haardy,
Kiambo, Newport, Typhimurium

Enteritidis, Typhimurium

Agona, Anatum, Blockley,

Bredeney, Colorado, Derby, Dublin,
Enteritidis, Give, Haardt, Hadar, Heidelberg,
Infantis, Orion, Senftenberg, Typhimurium
4,5,12:i;, Agona, Albany, Anatum,
Brandenburg, Derby, Djugu, Enteritidis, Hadar,
Heidelberg, Orion, Rissen, Typhimurium

* Quinolones resistance is mediated by point mutations in the associated gene



1.2.2 Epidemiology of Salmonella infection
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In the EU, notification and surveillance of food-borne salmonellosis in humans is mandatory in
accordance to European Commission Decision 2000/96/EC and Decision No 2119/98/EC. Since
2007, EU and EEA countries report their public health surveillance data to TESSy at ECDC. Among
all the serovars, S. Enteritidis (39.5%%-45.7%), S. Typhimurium (15.8%-20.2%) and S.

2013

Others
23,2%

Enteritidis
39,5%

Derby

1,1%
Infantis
3,0%
4,[5],12:i:-
8,6%

Typhimurium
20,2%

2014

Others
23,0%

Enteritidis
1,0% 44,4%
Stanley

1,0%
Infantis

7,8%
Typhimurium
17.4%

2015

Others

Enteritidis
1,0%

Stanley
1,1%

Typhimurium
15,8% -

Figure 3. Distribution of the 10 most frequent non-
typhoidal Salmonella serovars in 2015, 2014, 2013

(2).

Typhimurium monophasic variant 1,4,[5],12:i:-
(~8%) were the three most frequently reported
in the 2013-2015 period (Figure 3) (2).

Among the implicated food vehicles those of
animal origin were dominant: eggs and egg
products, pig meat, broiler meat and cheese,
followed by fish and fish products, milk and
dairy products, bovine meat and crustaceans.
Among the reported place of exposure by
Member States in 2015, household was by far
the most frequent accountable in terms of risk
exposure for food-borne outbreaks. A typical
factor that contribute to the spread of a
particular serovar into the food chain is the
import of food. Indeed, besides a decreasing
trend in 2015, the highest number of reported
food-borne outbreaks caused by Salmonella, in
particular Salmonella Enteritidis was associated
with the consumption of imported eggs and egg

products.
Overall, the annual percentage of the
Salmonella Typhimurium isolates

progressively decrease over last year's, but an
increase was observed in the number of isolates
from pigs in EU. Notably, besides a decreasing
trend of S. Typhimurium in pork meat was
observed, the number of isolates of monophasic
strains of S. Typhimurium 4,[5],12:i:-
constantly increased. In particular in Italy,
Portugal and United Kingdom (UK), this
specific serovar were collected in more than
50% of Salmonella serovars isolated from pig
meat and were also very frequent among pig
isolates in Italy and UK (2). S. enterica serovar
4,[5],12:i:-, considered a monophasic variant of
Typhimurium, appears to be antigenically
similar and genetically closely related to
Salmonella Typhimurium (31, 42, 43).
Moreover, the emergence of this serovar is
highlighted by the high level of resistance to

antimicrobials and heavy metals for the different clones of monophasic strains of S. Typhimurium,

especially along the swine chain (44).
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1.2.2.1 Epidemiology of multi-resistant monophasic S. Typhimurium strains variant
4,[5],12:i:-

In the United Stated, S. Typhimurium and its monophasic variant 4,[5],12:i:- were responsible of
6,500 and 1,019 human illness, respectively, from 2002 to 2012 (45). In particular, a significant
increase of Salmonella 1,4,[5],12:i:- causing human diseases was observed also in Canada from 2003
to 2010, becoming the fifth most common serovar in 2007 (46). In Europe, an increasing emergence
of monophasic variant S. Typhimurium have been reported already in 2010 (EFSA). Several studies
in numerous EU countries confirmed the rapid emergence and dissemination of such strains in food
animals, companion animals and humans (32, 47-49). In particular, serotype 1,4,[5],12:i:- has been
described as the most frequently identified serotype in swine in Spain (50) as well as the causative
agent of at least two Salmonella outbreaks in Luxembourg always linked to consumption of
contaminated pork (51).

S. Typhimurium and its monophasic variant have similar virulence-related features as well MDR
patterns and are generally resistant to a variable number of different drugs (ampicillin (A),
chloramphenicol (C), streptomycin (S), sulfamethoxazole (Su), tetracycline (T), trimethoprim (Tp),
nalidixic acid (NA) and gentamicin (G). Several studies described monophasic variant 1,4,[5],12:i:-
strains as belonging to multiple clones or clonal lines (31, 44, 51-54). Multiple clones of Salmonella
serotype 1,4,[5],12:i:- with distinct geographical distributions, MDR profiles and deletion patterns
have been described as emerged through independent deletion events (31, 44, 55). Within European
countries two major clonal lines of monophasic S. Typhimurium, the so-called European and Spanish
clones, have been described. The first reported one was the ‘Spanish clone’ in the late 1990s,
characterised by a plasmid-mediated resistance against up to seven antimicrobials, ACSUGSTTp, also
described as a heptaresistance by Petrovska and colleagues (44, 54, 55). In contrast to the ‘Spanish
clone’, the ‘European clone’ emerged since 2000 and has been characterised by a predominant
ASSUT resistance profile, harbouring the AR genes on a chromosomal region (33, 34). These clones
have probably evolved from a traditional biphasic S. Typhimurium resulting in a monophasic variant
due to the lack of the second-phase flagellin-encoding gene or to the ability to express it (56).
Within the European clone, the majority of monophasic S. Typhimurium strains belong to the phage
types DT193 or DT120 (51, 57) whereas the Spanish clone includes strains belonging mostly to the
phage type U302 (50). The reasons why these MDR strains colonize successfully are still unknown.
The molecular basis for the success of specific epidemic clones of bacterial pathogens has important
implications for the surveillance and management of outbreaks related to monophasic S.
Typhimurium. Several factors including improved genetic mechanism to survive in the host and
acquisition of bacteriophages encoding AR to additional molecules such as heavy metals and
detergents affect the fitness, the virulence and adaptive response of monophasic S. Typhimurium (36)

1.3 Listeria monocytogenes

Listeria ssp. are Gram positive rods, psychrophile, ubiquitous bacteria and was first isolated in 1924
from livers of laboratory rabbits with bacterial sepsis by Dr. Murray (58). The genus includes six
species from which Listeria monocytogenes turned out to be by far the most pathogenic one for
humans. L. monocytogenes is a highly heterogeneous species and can be divided into four major
evolutionary lineages (59-61), 13 serotypes (21) and four PCR serogroups (62). Multilocus sequence
typing (MLST) further subdivides the above categories into clones, which are geographically and
temporally widespread (63, 64). Listeria monocytogenes MLST clonal complexes (CC) have been
recently defined by Maury and colleagues as described in Supplementary Note available from the
study (65). Herein, the authors stated that clonal complexes belonging to Lineage I, which includes
serovars 4b, 1/2b and 3b, are more frequent among clinical isolates then other lineages. Clonal
complexes belonging to Lineage Il, including serovars 1/2a, 1/2c and 3c (Figure 4) are the most
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frequently detected in food and environment and relative underrepresented in clinical samples (60,
65).
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Figure 4. Prevalence of MLST clones belonging to Lineage 1l and isolated from 2005 and 2013
in food and clinical sources (adapted from Maury et al. 2016) (65).

1.3.1 Genetics determinants of Listeria monocytogenes

Genome evolution in Listeria has involved limited gene gain and loss as suggested by relatively high
conservation of the predicted pan-genome (66). Conserved genome size ranges between 2.8 and 3.2
Mb, a low C+G content of about 37-38% and a highly synthetically linked genome (67, 68). The
genus Listeria provides an example of a group of bacteria that appears to evolve through a loss of
virulence rather than acquisition of virulence characteristics (66). In fact, the limited gene loss
described in Listeria includes mainly virulence genes, likely associated with multiple transitions to a
saprotrophic lifestyle.

Pathogenicity and virulence of Listeria monocytogenes

Listeria monocytogenes is the etiologic agent of listeriosis, an opportunistic, invasive illness which
occurs in immunocompromised individuals, such as HIV patients, elderly persons, infants, and
pregnant women (69). The potential severity of L. monocytogenes infection is linked to the invasive
capacity of the bacterium. A non-invasive form of listeriosis is known to occur in immunocompetent
individuals, and it is characterized by febrile gastroenteritis and flu-like symptoms (70). By far the
most common passage for the bacterium into the human body is via the digestive tract. L.
monocytogenes crosses the intestinal epithelium and disseminate through the body by exploiting the
lymph and blood circulation and thereby reaching the liver and the spleen. In particular, L.
monocytogenes is able to penetrate and adhere into different types of eukaryotic cells, to multiply and
spread into the cytoplasmic reaching the adjacent cells. The molecular mechanisms involved in the
different stages of infection are relatively well known and involve numerous virulence factors. The
main Listeria monocytogenes virulence gene cluster, also known as the prfA virulence cluster or the
Listeria pathogenicity island (LiPI), encodes several proteins that are necessary for intracellular
survival and motility. Specific functions encoded in this cluster include hemolysin, two
phospholipases and a metalloprotease (encoded by hly, plcA, plcB, and mpl genes), which all
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contribute to escape from host cell vacuoles, an actin polymerizing protein (encoded by actA), and a
global regulator of virulence gene transcription (encoded by prfA). In particular, the latter, PrfA, is
the main transcriptional regulator for key virulence factors and (directly or indirectly) controls the
expression of 145 other genes, which are encoding transporters, metabolic enzymes, regulators as
well as of the members of the regulation of stress response sigma B, a general stress-responsive sigma
factor in Gram-positive bacteria (71). Members of the internalin protein family, which are cell wall
anchored or secreted proteins that are characterized by the presence of leucine rich repeats, are also
associated with virulence in L. monocytogenes. While a considerable number of genes encoding
internalins have been found in pathogenic and non-pathogenic Listeria, clear virulence related
functions have been assigned to specific alleles, including inlA and inlB, which encode proteins
required for invasion of different cells types, including human intestinal epithelial cells, and inlC
(71). Nonetheless, premature stop codons (PMSC) in the key virulence genes inlA and prfA resulting
in the production of truncated InlA and PrfA proteins, were associated to attenuated virulence (72—
75).

Persistence of Listeria monocytogenes

Listeria monocytogenes is able to persist within food processing environments for long periods of
time, due in part to its ability to grow at wide-ranging temperatures and pH (-0.4°C to 45°C, optimum
37°C; pH 4.39 t0 9.4, optimum 7.0 (ICMSF, 1996)), to resist to desiccation and to the ability to form
biofilms (7). The persistence of a single subtype of L. monocytogenes in processing facilities or on
equipment has been reported for up to 10 years, resulting in contamination of food at several stages
from farm to fork (76). The contamination route (Fig. 5) starts from the direct contamination of raw
food material (meat, milk, vegetable and fish) by water, microflora and soil. This last plays a central
role in the transfer of the pathogen into farms resulting in the contamination of raw material that is
one of the main entries for the pathogen into the food processing environment. A relevant role may
also be played by livestock, a reservoir for L. monocytogenes that can survive in the environment
since contaminated faeces and manure are transferred back to the soil.

Human contamination Contaminated food

Processing plant

Polluted Water

« Ty
- :}/3‘ -
X -

/1
W y // |
e A
“""’\ /o
// \
3 4 I‘ - - |
% kR
s, A
94,' ‘Q ([ ] ‘
%, (
2,
'71%;, #
< Home - Restaurant

.
Soil microbiota consumers

Figure 5. Contamination route of Listeria monocytogenes from the natural environment to humans.
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Furthermore, the raw material contamination can be transferred to processing and post-processing of
food, defined as secondary contamination. The risk of this contamination is for all food sectors and
include different environments and tools where operators of the food chain handle the food items
during the processing of food as well as the storage and transportation of the product.

There is a gap of knowledge concerning mechanisms of persistence, although several studies focused
on investigating the tolerance to environmental stresses such as cold, salt, acid and oxidative stresses
as well as resistance to heavy metals and quaternary ammonium compounds (QAC) (77-80) of L.
monocytogenes isolated from food processing plants. In particular, tolerance to QAC disinfectants
and heavy metals have been largely described alone or in combination in L. monocytogenes persistent
and presumed non-persistent strains in food processing plants (77, 79, 81, 82), showing contradictory
results. Elhanafi and colleagues (77) identified a plasmid-based gene cassette that conferred increased
resistance to benzalkonium chloride, a widely used QAC disinfectant in the food industry. Several
genetic determinants (e.g. bcrABC, ermE) were described as associated to benzalkonium chloride
resistance and located in Listeria genomic island 1 (LG1). In addition, a novel transposon, Tn6188,
carrying the transporter QacH, which is responsible for benzalkonium chloride (BC) tolerance, has
been described (83-86). Regarding heavy metals, the plasmid-mediated cadAC determinant were
described as associated to inducible cadmium resistance mediated by efflux mechanism (87).
Moreover, a novel cadmium resistance determinant in L. monocytogenes has been recently described
as cadA4 providing evidence for roles of this genetic cassette in enhanced cadmium tolerance as well
as in virulence and biofilm formation (80). Several studies have investigated attachment/ biofilm
formation of persistent and presumed non-persistent strains of L. monocytogenes to surfaces, with
varying results. For example, a study by Lunden and colleagues showed that persistent strains
enhanced attachment over short periods of time, however, some presumed non-persistent strains
matched, or in some cases surpassed, the levels of attachment of persistent strains after 72h. A
possible explanation for this observation may involve differences in flagella between different strains;
flagella have been shown to facilitate early attachment to stainless steel (88). A more recent study
described a better adherence of persistent strains from dairy environment than sporadic strains (89)
while a higher biofilm formation among persistent compared to non-persistent strains from bulk milk
samples was also described (90).

Stress tolerance have been observed in L. monocytogenes associated to specific serotypes and clonal
complexes (91-93). Gene cluster involved in tolerance to low pH and high salt concentrations in L.
monocytogenes predominantly belonging to serotypes 1/2c¢, 3b and 3c have been described so far as
Stress Survival Islet 1 (SSI-1) and SSI-2 (93). Further gene cluster involved in alkaline and oxidative
stress response in L. monocytogenes predominantly belonging to ST121 have been described as well
(91, 94). Higher cold tolerance has been recently associated to the biomarker of virulence inlA gene,
in that strains harbouring a full-length inlA gene (92). Other factors, alone or in combination, such as
the reintroduction of the “persistent” strain-type from an external habitat, the recontamination events
due to not sufficiently sanitised sites, the increased survival and growth capacity at the conditions in
particular niches (95) could influence the persistence of L. monocytogenes phenomenon at secondary
production (7).

1.3.2 Epidemiology of Listeria monocytogenes infection

As previously mentioned, Listeria monocytogenes is transmitted via three main routes: direct contact
with animals, cross-infection of new-born babies in hospital and food-borne common vehicles of
infection as packaged ready-to-eat foods. Listeriosis is associated with enormous public health and
economic consequences due to the high hospitalization rate (91%) and fatality rate (20-30%) among
foodborne illnesses, with most cases reported to be sporadic in nature, and associated with long-term
sequelae (96, 97). In Europe, the observed trend of listeriosis changed during 2001-2006 where an
increasing in the number of confirmed cases (1,558 human cases of listeriosis were reported in 2007)
was observed especially in patient over 60 years old (98). Moreover in 2015, of the 2,206 confirmed
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human cases of listeriosis in EU countries 270 deaths occurred showing a statistically significant
increase trend over 2008-2015 (2).

Ready-to-eat (RTE) products with a long shelf-life are associated with a direct risk of transmission
of L. monocytogenes that is detected above the legal safety limit (100 CFU/g). Moreover, non-
compliance in samples of fishery products (mainly smoked fish), dairy products (other than cheeses)
and meat products collected at processing have been reported. Even if meat products are cooked
before consumption, L. monocytogenes can survive and grow during storage, posing cross-
contamination issues in processing plants as well as at household level. At retail, non-compliance
was highest in batches of fishery products and ‘soft and semi-soft cheeses’ (2). It is recognised that
the presence of L. monocytogenes in raw foods cannot be completely eliminated, but through the
application of effective hygiene measures, it is possible to reduce its occurrence and level. In addition,
to ensure the safety of food products, all the processing and food supply systems must be carried out
in order to control the growth of L. monocytogenes and to prevent its multiplication in the food-
processing environment (99). Therefore, it is important to investigate which L. monocytogenes strains
contaminate food products and persist in processing plants and which are the stress-tolerance and
virulence genetic determinants that may influence infection and clinical outcome.

1.4 Molecular and genomic-based typing for enhanced surveillance of foodborne
pathogens

Contamination events in the production or distribution of food leading to FWDs may be hard to detect
and correlate, and have a big impact on the public health especially if geographically dispersed. To
prevent and control FWDs within the European Union, three platforms have been developed for rapid
exchange of information between member states (MS) on detected food-borne threats in humans and
hazards in food or feed:

1. The Epidemic Intelligence Information System for Food- and Waterborne Diseases (EPIS-
FWD): an ECDC-hosted platform for information communication and exchange on emerging
clusters and outbreaks as well as unusual increases in human cases detected at the national
level. Since it was launched in 2010 more than 300 outbreaks have been assessed from extra
EU/EEA countries (100).

2. The Early Warning and Response System (EWRS): a web based official notification system
linking the European Commission (EC) and competent Public Health Authorities (PHA) and
MS to control communicable diseases event at the EU level, ensuring a rapid and effective
response.

3. The Rapid Alert System for Food and Feed (RASFF): an official system for sharing
information on hazards found in food and feed and trade of (potentially) contaminated batches
between MS, and for tracing these  batches back and  forward
(https://ec.europa.eu/food/safety/rasff_en).

Since 2012, molecular typing data of strains isolated from human Salmonella, L. monocytogenes, and
STEC infections are submitted to ECDC by public health authorities and laboratories of the MS
through the common-shared database system TESSy. Non-human typing data collected by EU/ EEA
countries on related FBPs isolates from food/feed/animals and environment are reported to EFSA
(through the joint EFSA/ ECDC molecular typing data collection system) by the food and veterinary
authorities and MS laboratories. These network process, is aimed to perform regular joint analysis of
the molecular typing data in order to share comparable typing data in a common repository, referred
to as ‘the joint database’, so that human’s data can be linked to similar data from the food chain (101,
102). Moreover, the analysed data are published annually in two European Union Summary Reports:
one report on zoonoses, zoonotic agents and foodborne outbreaks, and another on antimicrobial
resistance (2, 3).
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At the EU level, Directive 99/2003/EC and Decision 1082/2013/EU provides criteria for data
collection from humans and food, with a view to an integrated multidisciplinary approach in a context
of real-time molecular surveillance of FBPs. For this purpose, ECDC developed a set of specific
principles and prerequisites relevant for a routine EU-level surveillance of circulation food and
clinical strains and outbreak investigations. External quality assessment (EQA) schemes to support
molecular typing methods in order to improve data quality and allow internationally comparable
results across laboratories were developed (2, 100, 101). Consequently, standardised Pulsed Field
Electrophoresis (PFGE) and Multi Locus Variable tandem repeat Analysis (MLVA)-based methods
emerged for the characterisation and comparison of Salmonella, Listeria monocytogenes, STEC (103,
104) and of Salmonella serovars Enteritidis and Typhimurium (105), respectively.

Several other initiatives have been promoted for enhancing surveillance of foodborne pathogens.
Local capacity and a robust and harmonised surveillance system are paramount for rapid detection
and investigation of outbreaks supported by good communications between clinical laboratories and
the public health authorities (5, 106). PulseNet International is a global laboratory network dedicated
to bacterial foodborne disease subtype-based surveillance (11). It involved European and other 85
countries in the world, and its aims are the implementation of standards for molecular typing and the
sharing information of laboratory surveillance data for the detection and correlation of foodborne
outbreaks even if geographically separated.

1.5 Enhanced surveillance: from conventional molecular typing to Whole Genome
Sequencing

Molecular typing of FBPs supply the traditional epidemiological surveillance by providing
relationship between strains at suitable discriminatory power to support the rapid and early detection
of widespread international outbreaks, to detect and investigate transmission pathways and the
relatedness of strains. Moreover, tracing the source of an outbreak and identifying new risk factors
are also enabled by molecular typing.

Molecular typing methods have been widely and successfully used for FBPs investigation in EU
surveillance and outbreak investigation (107), and recently Whole Genome Sequencing (WGS)-based
analysis is replacing traditional methodologies becoming a standard approach in national and
multinational food-borne outbreaks and epidemiological investigations (108-113). Therefore, the
integration of WGS into real-time food safety management and the collection of WGS data at
European level have become a central aspect in the European strategy to control foodborne pathogens
(114, 115). From the recently published ECDC “Expert Opinions”, standards that fulfil the criteria
for integration into EU level surveillance networks and systems are going to be established in the
next future, enabling the EU-wide use of WGS as the method of choice for typing of microbial
pathogens (114, 116).

WGS was revealed to be one of the most promising one-serve all approach. Besides typing, the
sequencing data on the whole genome are useful to explore genotypes and predict phenotypes,
including antibiotic resistance, virulence, pathogenicity and infectivity. One of the greater advantages
of the WGS based approaches is that thanks to their digital nature, WGS data are sharable and storable
in dedicated databases (117).

1.5.1 Conventional molecular typing

Several molecular techniques with high phylogenetic resolution have been developed and extensively
used for typing foodborne pathogens, differentiating closely related strains and identifying the
sources of contamination (118). Until the recent advent of Whole Genome Sequencing, the most
common subtyping techniques for outbreak investigations and for source attribution, population
structure, epidemiological and evolutionary studies have been phenotypic and genotypic-based
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methods. In outbreak investigations and in the development of strategies to prevent further FWDs
spread, subtyping schemes with high discriminatory power are required to distinguish all
epidemiologically unrelated or sporadic isolates and to discriminate closely related isolates to
eventually reveal strain transmission pathways. At the same time, others performance criteria such as
reproducibility along with convenience (cost and availability of reagents and equipment; versatility,
time and complexity of execution and interpretation of results) are considered (119, 120). Moreover,
typing methods validation has to be assessed by determining if highly similar isolates are gathered
accordingly to the observed techniques (121). In order to implement a typing method for routine-
surveillance in international networks for an efficient control of FWDs, adequate stability over time
and full access to results via open source web-based database are essential. In particular, molecular
typing methods provided such a level of intra- and inter-laboratory reproducibility that several
databases were developed (122, 123). Internationally standardised nomenclature and protocols on
different bacterial species are crucial prerequisite for a typing method to be used in surveillance
systems in order to allow comparable results across laboratories (124, 125). A summary of traditional
typing methodology and corresponding international databases is available in Table 3. Moreover, in
Table 4 the most commonly applied methods with technical details and relevant strengths and
limitations have been summarized (107, 118, 119, 124-127). Among these methods, Pulse-field Gel
Electrophoresis (PFGE) is widely used for surveillance and outbreak investigations of Salmonella,
VTEC and Listeria monocytogenes. PFGE has been considered the “gold standard” typing technique
and global protocols have been developed and standardised by the United States (US) Centre for
Disease Control and Prevention (CDC) (104, 128). PFGE has been successfully and widely used and
has proven to be very accurate and reproducible in epidemiological investigations for almost all
bacterial species and in backtracking of foodborne outbreak becoming the only generic method for
typing Salmonella serovars (using Xbal enzyme) and Listeria serotype (103, 122). PulseNet-
standardized PFGE protocol with Apal/Ascll restriction enzymes for Listeria monocytogenes typing
were developed by CDC and Association of Public Health Laboratories and also used by ECDC as
gold standard procedure to track L. monocytogenes isolates from food processing facilities, foods,
and clinical samples (129, 130).

Table 3. Molecular typing databases (adapted from Carrico et al., 2013) (123).

’ Typing method Database URL
MLST.net http://www.mlst.net
MLST Pubmist.org http://www.pubmlst.org
Institut Pasteur MLST http://www.pasteur.fr/mist/
Pasteur MLVA:MLVA-NET http://www.pasteur.fr/mlva
MLVA MLVA.net http://www.mlva.net
PulseNet International http://www.pulsenetinternational.org
PFGE PulseNet USA www.cdc.gov/pulsenet/
Ridom database http//:spaserver.ridom.de
Ribotyping Dipnet http://www.dipnet.org/ribo.public.php

Furthermore, PFGE protocols based on more than one restriction enzyme have been studied as
described by Saidijam and colleagues (2003) that used a two-enzymes PFGE (Smal and Sall) to
differentiate sporadic-case strains of C. jejuni (68). Unfortunately, more than one epidemiological
study demonstrated that PFGE alone could not prove an adequate epidemiologic connection for the
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identification of the source of an outbreak since PFGE sometimes discriminate isolates of the same
outbreak and characterize with an identical pulsotype two samples not epidemiologically linked (131,
132). This suggests that PFGE results must be combined with conventional epidemiologic data in
order to establish the right epidemiology (131,132)(131).

Table 4. Classification level, technical details, reproducibility and discriminatory power and relevant
strengths and limitations of most commonly used FBPs typing methods.

Typing method Reproducibility

Discrimination power

Advantages & Disadvantages

Good

Serotyping reproducibility

Multi Locus Sequence
Typing (MLST)

Multi Locus Variable
Number Tandem
Repeat (VNRT)
Analysis (MLVA)

Pulsed Field Gel
Electrophoresis
(PFGE)

Very good
reproducibility

Good

Ribotyping reproducibility

Highly reproducible

Highly reproducible

"Poor discriminatory power for

many pathogens when
compared to other typing
methods but good for
Salmonella enterica serotypes

Even though MLST became the
gold standard for long-term
epidemiological surveillance of
several species, PFGE remains
important for outbreak
detection because it often has
higher discriminatory power

Insufficient for routine use in
long-term surveillance although
is a very popular tool for
epidemiological and
evolutionary studies of specific
pathogenic serovars (S.
Typhimurium and Enteritidis)
and show higher discriminatory
power than most other typing
methods

Excellent discriminatory power
to become the 'Gold standard’
typing technique

Relatively limited
discriminatory power and
resolution, not as high as that of
PFGE

'Most important developed phenotypic

method although the possible high cost of
antisera. Time consuming and usually
restricted to only a few reference
laboratories

Internationally standardised nomenclature
producing unambiguous and portable
results but the selected genes and their
number need to be suitable to discriminate
among isolates with more recent genetic
mutation. MLST is expensive and will
require skilled researcher to perform

Possible automation and high resolution.
The results can be expressed in digital
format facilitating inter- and intra-
laboratory comparison but not universal
method, time consuming and variable cost
based on the loci array

High epidemiological concordance,
excellent typeability and intra-laboratory
reproducibility but technically demanding
and labour-intensive, time-consuming and
relatively expensive

Automation, 100% typeability and
straightforward and quick protocol, enables
analysis without prior knowledge of
genomic DNA sequence. Resulting profiles
are comparable among laboratories and can
be used to build databases but requires 3-4
days to complete the analysis

For Salmonella, Multi Locus Variable Number Tandem Repeat (VNRT) Analysis (MLVA) is
serotype specific, and has a higher discrimination power compared with PFGE for S. Typhimurium
and S. Enteritidis is widely used for surveillance and outbreak investigations (107, 133).. In 2006
Hyytia-Trees and colleagues demonstrated promising epidemiological concordance of MLVA for
subtyping E. coli O157:H7 (134). Their results showed that MLVA correctly clustered isolates
belonging to eight well-characterized outbreaks (134). In addition, MLV A showed high concordance
with PFGE (68). An MLV A scheme for subtyping L. monocytogenes was described and evaluated by
Murphy and colleagues as able to discriminate strains of the same serotype and to be well-correlated
with PFGE data (135). Recently, MLVA protocol based on 18 VNTRs was evaluated by Chenal-
Francisque and colleagues (63) and considered useful for L. monocytogenes characterization and
epidemiological investigations as well as for listeriosis surveillance (136, 137). Ribotyping was firstly
used by Wiedmann and colleagues for lineage-specific differentiation of L. monocytogenes isolates
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in 1997 and to also assess their pathogenic potential (61). Later, ribotyping has also been used
successfully for L. monocytogenes typing from different sources (138-140). Ribotyping have been
also applied for Salmonella identification and characterization (141, 142), serotype prediction (143)
and prevalence study (144).

Recently, clustered regularly interspaced short palindromic repeats (CRISPR) typing have been
applied for the analysis of a range of Salmonella serovars including S. Enteritidis and S. Typhimurium
(145-147) and for typing Listeria monocytogenes strains in evolutionary studies (148).

DNA-based typing has been largely applied for L. monocytogenes and Salmonella genotyping starting
from molecular serotyping through multiplex PCR (polymerase chain reaction) for serotype
prediction (12, 62, 149). Multi Locus Sequence Typing (MLST) have been used as gold standard
typing methodology for long-term epidemiological surveillance for both Salmonella and Listeria.
Achtman and colleagues in 2012 proposed an MLST-based, ‘e-burst’ method for serovar prediction
(Fig. 6), although limitations of this method could arise in serovars that shared a common ancestor
resulting in identical MLST types for different serovars and in polyphyletic serovars (150). In a study
based on MLST seven housekeeping genes (acbZ, bglA, cat, dapE, dat, Idh, InkA) adapted from the
MLST system proposed by Salcedo and colleagues, 360 L. monocytogenes representative isolates,
from the collections of the French National Reference Centre for Listeria and the WHO Collaborative
Centre for foodborne listeriosis, were grouped into seven well-demarcated CC within the different L.
monocytogenes lineages (see above), showed by means of the MST in Figure 7 (adapted from Ragon
etal., 2008 (151)).
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Figure 6. Minimum spanning tree (MST) build on PHYLOViZ Online from MLST data of 3,536
publicly available genomes belonging to 11 most commonly reported serovars of S. enterica subsp.
enterica, downloaded from Enterobase (data from this thesis).
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Figure 7. MST analysis of 360 L. monocytogenes and four L. innocua strains based on MLST data
(adapted from Ragon et al., 2008) (151).
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1.5.2 Whole Genome Sequencing applied to foodborne pathogens

More than ten years ago, the release of a pyrosequencing-based next generation sequencer (Roche’s
454 Genome Sequencer FLX) marked the beginning of high throughput sequencing generating reads
of 100 bp up to 500 bp in the successive version (152). In 2006, sequencing-by-synthesis-based
Illumina Genome Analyzer was able to produce a Gigabases of sequence data. In the years following
the increase in throughput and the drop of costs allowed large bacterial sample collection with 96
samples to be sequenced simultaneously in each lane using the Illumina HiSeq platform. Nowadays,
the most popular platforms in microbiology for fast and compact bench-top machines are reported in
Table 5. Moreover, several authors have described the application of WGS for genomic and
metagenomics studies of FBPs from food processing environments and retail settings as well as across
the whole food chain (110, 153, 154).

In recent years, several studies demonstrated that WGS is applicable to all organisms and shows a
great potential to perform several in silico analysis from a single assay, including rapid
characterization, functional annotation and prediction of phenotypic characteristics (antimicrobial
resistance) and genome-wide association studies, with an unprecedented level of precision (106, 155—
157). Additionally, based on WGS data nowadays public health microbiologist has the right tool to
precisely interpret the transmission pathways of infectious diseases, to identify the critical points of
contamination along the food chain (from environmental, animal or food sources) and to characterize
specific features related to persistent of certain bacterial strains in food and food processing plants.
Indeed, compared to conventional typing techniques, WGS offers cost-competitive and labour-
efficient performances with similar turnaround times for FBPs typing (116). WGS-based datasets
containing all relevant genetic information (genotype and other characteristics like antibiotic or
chemical compounds resistance profiles and serovars) on the observed isolates along with related
epidemiological data, are stepping stone for an integrated surveillance optimization, not least to
enable the establishment of a threshold value for the genetic variation level among epidemiologically
related isolates (101).

In addition, the achievement, handling and management of WGS-based data along with efficient
bioinformatics analytical workflows standardisation and a comprehensive genomic sequence
database are the upcoming objectives to make as effective for an integrated surveillance (114).

Table 5. Next Generation Sequencing platforms and relative year, amplification and sequencing
technology and references.

Technology Year  Amplification method & Sequencing chemistry =~ Advantages & Disadvantages References

Highest throughput and best
Hlumina™ 2006 Bridge amplification on solid surface and reversible cost-effectiveness but long run
(Hlumina) dye termination Sequencing by Synthesis time, short read length and

substitution errors

(158)

SOLID (Life 2006 Emulsion PCR on beads and Sequencing by Highest throughput but long run (159)
Technologies) nucleotide ligation and detection and time, very short read length
Pacific Amplification-free and monitoring of individual Very long read length and fast
Biosciences 2010 DNA polymerase molecules n zero-mode run time but high cost and error (160)

waveguide detectors. rate with low throughput

lon Torrent (Life
Technologies)

Emulsion PCR on beads and Sequencing by Fast run time but errors in

2011 Synthesis with detection of H+ ions on silicon chip homopolymer repeats

(161)

Discriminate individual nucleotides by measuring Low capital cost, portable DNA
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WGS for outbreak investigation and surveillance purposes

WGS has emerged as a powerful tool for outbreak detection and investigation and surveillance studies
especially for monomorphic (clonal) microorganisms such as Salmonella (4) and Listeria
monocytogenes (163). As reviewed by Moran-Gilad the routine use of WGS technology is growing
among public health microbiology laboratories and governmental agencies along with harmonized,
standardized and transferable bioinformatics tools and approaches for analysing WGS data (164). By
2015, ECDC reported that WGS technology has been accessible to public health laboratories in the
68% of the EU/ EEA countries (114).

Nowadays, the harmonisation and standardization of bioinformatics analytical approaches for WGS-
based analysis of FBPs across public health and food safety sectors are the main objectives within
EU surveillance. In particular, the analytical strategies that can be adopted for comparative genome
analysis and genome evolution studies are:

- Phylogenetic analysis to measure of the evolutionary distance among genomes with the
determination of the most recent common ancestor (MRCA). The resulting tree or network
graph shows the linkage among isolates from different sources (human, food, animal,
environment).

- Phenotype prediction of biological properties with clinical and epidemiological relevance
such as antimicrobial resistance profile, stress adaptation and virulence profile as well as the
genetic determinants included in mobile genetic elements (plasmids, phages, transposons).
The assignment of the biological function is provided looking for gene homologies in a
reference database.

- Nomenclature assignment through an openly accessible database which return the allele
identifiers of a sequence for each FBPs, indispensable for communication of results to public
health and food safety professionals in a view of epidemiological surveillance and outbreak
rapid response (116, 165).

The high resolution of the outputs of WGS-based analytical strategies results in highly specific and
sensitive case definition increasing the detection of the source of infection also in retrospective FWDs
outbreak investigation (127, 166). Moreover, an enhanced ability to detect temporal and spatial
clusters of genetically related FBPs may enable the detection of a higher number of outbreaks (167—
169), the detection of the emergence and monitoring of the evolution/dynamics of MDR pathogen
spread (44, 54, 170) hugely impacting on surveillance-specific epidemiological investigations (171).
Along with these analytical strategies, a crucial step for meaningful epidemiological surveillance is
the integration and combination of WGS data with accessible and sharable contextual (sensitive,
clinical and epidemiological) metadata, using a common source attribution for contextual data to be
deposited in a publicly available database in accordance with the EU legislation (114,116).

WGS for source attribution

Providing information on the genetic features of strains and their distribution to identify the primary
source (animal reservoirs and vehicles, e.g. food) of human infection caused by foodborne pathogen
is crucial to control and reduce the burden of human diseases (101). The growing number of genome-
based methodological approaches and data analysis comparison tools is significantly contributing to
outcome of novel approach for source attribution studies (171, 172). Indeed, NGS technology applied
on FBPs demonstrated an unprecedented accuracy in studies for attribution of contamination sources
as was the case for the EHEC outbreak in Germany in 2011 (173). Recently, WGS was also applied
to compare Escherichia coli O157 strains from cattle and sheep isolated in Scotland to demonstrates
that geographic variation dominates host association (174). Moreover, WGS-based investigation on
recent multi-country outbreak of Salmonella Enteritidis successfully provided evidence of linkage
between the outbreak and eggs sources produced and exported from Poland (175).

Besides the superior resolution of WGS data can improve the accuracy in the attribution of specific
ST to specific reservoirs, there is often a considerable uncertainty in source attribution concerning

21



Food safety in the genomic era

particular pathogen serotypes or clonal complexes. Therefore, the analytical methods used in source
attribution studies should be discriminatory enough to correlate human isolates with their sources of
contamination but, on the other hand, they should not be too discriminatory to avoid the risk that
correlated isolates might be distinguished as unrelated (172, 176). Moreover, the optimal level of
discrimination is not only influenced by the level of clonality but also by the degree of host association
of the observed pathogen (101). Due to the source specificity of certain pathogen subtypes and
assuming that the transmission pathways start from sources and end to humans, the relative
contribution of each source to human cases can be inferred probabilistically by comparing the human
and source subtype distributions (172). Therefore, combining the analysis of epidemiological (case—
control) and molecular based source attribution data has also been shown to bridge the gap between
attributing human cases at the point of exposure and at the top of the transmission chain (177).
Moreover, an integrated surveillance through the collection of isolates extended to all major sources
to which human population is exposed to may facilitate source attribution analysis (101).

1.5.2.1 Example of application of WGS on Listeria monocytogenes and Salmonella enterica

Listeria monocytogenes

In 2013, to evaluate the applicability of WGS for enhanced surveillance of L. monocytogenes in
United States, isolates from different sources (clinical, food and environment) were sequenced within
a nationwide Listeria Whole Genome Sequencing Project (4). From this wide project emerged that
WGS enable the identification of more clusters than with PFGE, decreasing the cluster size median
(167) and effectively attributing the diseases to their sources. These results suggest that outbreak
detection may be faster. This was the case described by Angelo and colleagues that confirmed Listeria
monocytogenes strains from caramel apples originating from a single supplier. Since L.
monocytogenes isolates have never been associated with this kind of food product without WGS the
outbreak source might not have been conclusively identified (178). Other outbreak associated with
consumption of packaged salad (179) and stone fruits have been successfully untangled using WGS
technology leading to the identification of the source of contamination and the removal of
contaminated foods from circulation (180). Genomic comparison using WGS data has also been
useful in establishing potential links between food and environmental isolates of L. monocytogenes
and the limited numbers of epidemiologically linked outbreak strains indicating the genomic
relationship between strains (181). In a retrospective study on persistence of L. monocytogenes
contaminating different delis, WGS approaches were successfully applied revealing that L.
monocytogenes strains isolated in different geographic areas and in different time had identical or
nearly identical genome, improving the subtyping and identification of this persistent pathogens in
food associated environments (83, 110, 167, 181-183).

Salmonella enterica

Opposite to traditional typing techniques, subtyping methods based on WGS data have been shown
to successfully delineate clonal S. enterica serovars. Although the first sequencing platform was
developed in 2005, the big potential of WGS technology was shown in 2012 during a Salmonella
outbreak. A retrospective study was conducted on Salmonella isolates which belonged to the same
pulsotype of the ongoing outbreak. A collection of clinical, food and historical Salmonella were
sequenced on the Illumina MiSeq and further analysed distinguishing and correlating all the isolates
with high resolution (184). Moreover, in a retrospective and prospective analysis on outbreak-
associated S. Enteritidis from Connecticut and New York in 2010, 93 isolates previously
characterized through PFGE were whole genome sequenced and further analysed demonstrating that
whole genome cluster analysis enhance outbreak clusters detection and resolution improving
surveillance and tracking of this pathogen (185). Later in 2014 several cases of S. Enteritidis phage
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type (PT) 4 infection from two geographically separated areas in Belgium were investigated with
MLVA. Results did not sufficiently discriminate or assign a common origin of contamination for the
two outbreaks. On the contrary, WGS confirmed and/or discriminated food and human isolates
between and within outbreaks, separating isolates into two different clades and confirming that two
overlapping outbreaks were taking place (186). In a different study, 52 S. Enteritidis isolates analysed
by MLVA, CRISPR, and PFGE in tandem comparison with WGS. The latter clustered isolates into
16 outbreaks whereas the next most accurate technique, MLVA, correctly grouped only 6 of the 16
outbreaks (187).

Also concerning S. Typhimurium, a study conducted in Denmark compared 18 isolates from 6
salmonellosis outbreaks to 16 unrelated strains retrospectively identifying outbreak cases with 100%
of accuracy (188). In addition, WGS based approaches were also evaluated for the ability to gather
outbreak cases from unrelated isolates within the same PT revealing that highly clonal isolates may
be clustered in well-defined different outbreak clades (189).

1.6 EU initiatives to implement genomic-based typing for enhancing surveillance
of food-borne pathogens

Several international initiatives and networks in the area of food safety have been underpinned to
harmonize and standardize FBPs detection and subtyping. These have been aimed not only for
surveillance and outbreak investigations but also for investigating population structure and
transmission patterns, source attribution and antimicrobial resistance studies. In particular in 2011
the Global Microbial Identifier (GMI) project, a common platform including a global surveillance of
microbial pathogens and infectious diseases identification and diagnostic, was developed with the
aim to aggregate, share, mine and use microbial genomic data for public health and clinical purposes.
Since 2014, in collaboration with members of GMI initiative, the European COMPARE
(COllaborative Management Platform for detection and Analyses of (Re-) emerging and foodborne
outbreaks in Europe) project began. The main objectives of the multidisciplinary research network
gathered in COMPARE are:

- enabling analytical framework and globally linked data and information sharing platform
system for the rapid identification, containment and mitigation of emerging infectious
diseases and foodborne outbreaks

- integrate state-of-the-art strategies, tools, technologies and methods for collecting, processing
and analyzing sequence-based pathogen data in combination with associated (clinical,
epidemiological and other) data, for the generation of actionable information to relevant
authorities and other users in the human health, animal health and food safety domains.

Another large European project co-founded by EFSA named INNUENDO was launched to develop
a cross-sectorial platform for the integration of genomics surveillance of foodborne pathogens in the
context of small countries with limited resources. Not far from the COMPARE project, the main
objective of INNUENDO is to establish a “one size fits all” framework to ensure the accessibility to
all the WGS-based strategic approaches for surveillance of foodborne diseases also to all the players
and end-users in the field of public routine health surveillance and epidemiological and outbreak
investigations.

Several other organizations, projects and consortia actively working to overwhelm WGS technology
obstacles as well as to establish robust bioinformatics pipelines and develop pilot studies based on
WGS typing of foodborne pathogens (116). In particular ECDC have planned WGS-based actions
for surveillance of Listeria monocytogenes to be conducted during 2017-19. In addition, the WGS
cost-efficiency (based on a moderate number of clinical cases) and the typing feasibility of this
pathogen thanks to the validated typing and nomenclature schemes along with the progress of MS
capacity for WGS application underpin the use of this method to complement and replace the gold
standard typing PFGE. A consensus methodology for comparable WGS data production, exchange,
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analysis and EU reporting of L. monocytogenes is being launched along with an international WGS-
based nomenclature for this and others food-borne pathogens (106).

Concerning Salmonella enterica, EU-wide WGS-based surveillance is still challenging and standard
protocols and WGS-derived nomenclatures are not yet validated at international level. Despite the
high priority and health impact of salmonellosis infections in the EU/ EEA, the high volume of case
reports and samples to be typed in order to fulfil the main surveillance goal of rapid outbreak detection
make the implementation process more complex. Nevertheless, has been envisaged that, within the
next years, once WGS approaches for S. enterica will be well established it definitely becomes the
all-embracing technology for identification and characterisation of this food-borne pathogen across
the EU/ EEA countries. In the meanwhile, ECDC will assist MS by supporting ad hoc comparative
WGS-based typing for the investigation and joint assessment with EFSA of multistate outbreaks of
salmonellosis in Europe (114), as was the case of S. Enteritidis contaminating Polish eggs (190).
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2. Bioinformatics for comparative genomics

The comparative analysis of multiple genomes of the same species makes possible the high
throughput investigation of the micro-evolution and genetic variations of strains as well as the
identification of specific genetic markers determining the pan-genome of related microorganisms and
exploring the nucleotide substitutions between genomes (165). This approach not only allows to
reveal genomic rearrangements, such as inversions or translocations, but also to explore the conserved
and shared genes as well as the more variable or accessory genes. Based on genomic data, the
evolutionary relationships between pathogenic strains and a number of epidemiological relevant
genotypic and phenotypic features (e.g. virulence, stress tolerance, environmental adaptation) can be
inferred. Furthermore, the presence and location of particular genomic islands (Gls) and of external
genetic elements such as prophage clusters and transposable element may be detected by aligning
two or more sequences (4). Nevertheless, the massive rate of genomic data generated through WGS
poses significant challenges for comparative genomics, such as speed and complexity of analysis,
data quality assessments, and results management, visualization and interpretation.

Currently, multiple bioinformatics approaches (Fig.8) have been developed to overcome these
hurdles mainly relying on reference based read mapping, de novo assembly, core and whole
genome single nucleotide variant (also called single nucleotide polymorphism - SNP) and the “gene
by gene” approach, based on the extension of the original seven genes based MLST concept to the
core/whole-genome level (cg/ wgMLST).

Sequencing Analysis Phylogenetics
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Qiagen, Invitrogen Pars-SNP, BWA, GATK
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Figure 8. Illustration of genomic approaches for foodborne pathogens outbreak investigation and
surveillance purposes.
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2.1 De Novo assembly

As descripted above, the most spread methodology to generate WGS data is the shotgun sequencing
through short read sequencers able to produce many copies of randomly fragmented DNA segments
(191). These fragments are termed reads and are commonly stored in FASTQ files in association with
a Phred quality score for the predicted nucleotide. Commonly, these files are inspected for assessing
quality of sequence reads and subject to pre-processing step such as trimming sequencer adapters and
low-quality reads (192). Pre-processed data are used for the reconstruction of genomes: starting from
reads and ending with an assembled draft sequence (193). If this process is performed without a
reference genome is referred as de novo assembly. The bioinformatics process behind the de novo
assembly analysis is aimed to reconstruct long contiguous consensus sequences, so-called contigs,
through computationally efficient algorithms that overlap reads (194). Additionally, reads are mapped
back to the contigs generating longer sequences called scaffolds so that the sequence is polished
resulting in high quality draft genomes. Typically, the assembler output is a FASTA file containing
the contigs nucleotide sequences. This allows an easier management and storage of the sequence data
in dedicated database thanks to reduced file size and standard format that enhance transferability for
further comparative genomic analysis (195). Nevertheless, a crucial point in draft genomes generation
is the quality of the assembled sequence. Given the relevance of this key bioinformatics process
several software are available for performing de Bruijin graph-based de novo assembly, such as
Velvet (194) or SPAdes (193) and de novo quality assembly evaluation such as QUAST (196).
Quality check of assemblies are based on several parameters such as the number of contigs, the size
of the assembled genome, the contigs lengths and the median contig size (N50). Coverage is also a
central aspect for evaluation the quality of final assembly. Coverage refers to the time each nucleotide
position in the assembled genome is covered by reads. , not many pipelines have been developed to
perform de novo assembly based on a consistent quality assessment and quality check (QC/QA). One
of these is INNUCca (https://github.com/INNUENDOCON/INNUca), an automatic bioinformatics
pipeline specialised on systematic QA/QC respecting well-defined criteria and calculating coverage
in different analytical steps in order to control the quality of reads, assess the quality of de novo
assembled contigs and searching for possible contamination.

High quality de novo assemblies may be used as reference sequences for SNP variant calling (see
below) in comparative phylogenomics approaches especially in intra-cluster comparisons of strains
within outbreaks (197) or monophyletic strains (198).

2.2 Reference based read mapping and variant calling

The generation of genome sequences along with the detection of genetic variants can be performed
mapping pre-processed reads against a high-quality reference genome, if available (199-201). This
is one of the most common strategies applied in SNPs analysis based pipelines such as snippy, a
variant calling pipeline by Torsten Seemann (https://github.com/tseemann/snippy). The process
behind read-mapping against a reference genome relies on algorithms that index the reference
genome, align sequence reads to the reference and index the differences between them assigning
confidence levels to each variant position (4, 165). Among the several read mappers software, the
most popular in FBPs analysis are Burrows-Wheeler Aligner (BWA) (199) and Bowtie2 (202), both
based on Burrows-Wheeler transform based algorithm. These tools generate a Sequence Alignment
Map (SAM) file so that the aligned reads can be processed for SNPS detection. A list of the identified
polymorphisms is produced applying variant caller algorithms such as Varscan (203), Freebayes
(200) and Haplotype Caller as part of Genome Analysis Toolkit, GATK (204, 205).

Ad hoc pipelines for variant calling focused on SNPs analysis have been successfully applied in
several outbreak detection and investigations studies and in food-borne pathogens surveillance
projects and networks (10, 110, 206-208). Nevertheless, one of the relevant drawback of reference
mapping based approach is the selection of the most appropriate reference genome to be queried.

26



Bioinformatics for comparative genomics

Characteristics like gaps or sequence errors, the genome quality and the relatedness are essential in
the reference choice in order to avoid misalignments or variants misidentification. If poorly related
genomes are chosen as reference, distant and divergent genomic regions won’t likely be considered
from the SNPs analysis so that likely variant sites will remain undetected. One of the strategies to
overcome this limitation is to perform SNPs analysis selecting a high quality de novo assembled draft
genome as reference genetically closely related to the observed dataset and filtering that genomic
regions responsible of ambiguous read mapping (209).

2.3 Structural and functional genome annotation

Genomes annotation refers to the identification of sequences features and the subsequent association
to the biological role (157, 210). Annotation is one the first steps applied for the analyses of draft
genome assemblies in order to identify the genetic regions that code for proteins (coding DNA
sequences, CDS) as well as non-protein-coding, functional RNA molecules (transfer, tRNA, and
ribosomal, rRNA), regulatory genetic regions and “foreign” DNA such as that originated from
plasmids or bacteriophages (211, 212). Occasionally, higher order features such as operons, CRISPR
elements and specific genomic islands can be identified during the annotation phase (145,147). This
process is usually performed through automatic pipelines that use multiple external feature prediction
algorithms and often followed by manual curation (212). One of the most widely used algorithm for
sequence similarity search against a database of known protein and functional characterization of
gene sequences is the basic local alignment search tool (BLAST). Different type of analysis can be
performed with this tool including comparing nucleotide query sequences to a nucleotide reference
database (BLASTN), comparing protein query sequences to a protein reference database (BLASTp),
comparing translated nucleotide query sequences to the protein database (BLASTX), comparing
protein query sequences to the translated nucleotide database (tBLASTn) and comparing translated
nucleotide query sequences to a translated nucleotide database (tBLASTX) (213). The quality of
pairwise sequence alignment performed with BLAST is assessed by a score, which is positive for
good matches and negative for mismatches or gapped positions. Among the several freely available
online web services, the NCBI prokaryotic genome annotation pipeline (PGAP) (210)
(https://www.ncbi.nlm.nih.gov/genome/annotation_prok/) is one of the well-known for genome
annotation along with the RAST Server (214). The drawback of these tools is that they need from 12-
24 hours to few days to get the genome assembly annotated. This feature makes it unsuitable to work
with hundreds or thousands of genomes. Nevertheless, a locally performing faster option is to use
PROKKA (157), an accurate pipeline that fully annotate a draft genome in few minutes. The output
of the annotation process consists in 10 files which include Genbank file (GBK) and GFF v3 file,
containing sequences and annotations. These files can be visualised with freely available software
such as the Artemis genome viewer in order to explore the genomic features of interest and the
Artemis Comparison Tool (ACT) in order to identify and analyse regions of similarity and difference
between genomes and to explore conservation of synteny, in the context of the entire sequences and
their annotation (215).

2.4 “Gene-by-gene” approaches

Along with SNPs analysis, one of the mayor strategies in WGS-based FBPs subtyping using
assembled genomes or reads as input is the “gene-by-gene” analysis (165, 216). This approach reveals
the full gene content of a given dataset of bacterial genetic sequences referred as pan-genome. The
pan-genome comprises a set of core genes, shared among nearly all the members of the same species,
and a set of accessory genes, present only in a variable percentage of strains or specific to a single
strain (217, 218). Therefore, several curated MLST scheme may be adopted to explore strain
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relationships based on the amount of and diversity in gene content (allelic variation) and on the
required resolution level:
- ribosomal MLST (rMLST), targeting 53 ribosomal protein subunit genes that allow for
bacterial typing at taxonomic level,
- core genome MLST (cgMLST), targeting genes shared by all members of the observed
species;
- whole genome MLST (wgMLST), enabling the indexing of allelic variation in both core and
accessory genes.
Approaches based on whole genome MLST scheme allow the identification of the gain/loss process
characterizing the members of a bacterial species and providing discriminatory power levels
comparable to SNPs analyses especially in phylogenetic studies, outbreak investigations and
comparative analyses for routine-surveillance of clonal strains such as Listeria monocytogenes,
Salmonella enterica (106, 165). At the time of writing, two publicly online databases are available,
Pasteur Institute database (http://bigsdb.pasteur.fr/listeria/) and EnteroBase
(https://enterobase.warwick.ac.uk/species/index/senterica), hosting validated cgMLST schemes for
Listeria monocytogenes and cg/ wgMLST schemes for Salmonella enterica, respectively.
Nevertheless, designing ad hoc cg/ wgMLST schemes and performing the analyses locally in a closed
system it’s also possible through pipelines such as Genome Profiler (GeP) (219) or the recent
compressively workflow for schema creation, validation and allele call chewBBACA (220)
(https://github.com/B-UMMI/chewBBACA/). ChewBBACA used an allele calling algorithm based
on Blast Score Ratio (BSR) and include functions for validating allele variation in the loci (220). In
addition, a recent study conducted by McNally and colleagues highlights that core and whole genome
gene-by-gene analysis in combination with regulatory gene regions (non-coding DNA sequences)
analysis across genomes may reveal with high resolution population evolutionary details of particular
bacterial pathogenic lineages (221).

2.5 Pangenome analysis and Genome Wide Association Studies

An open source tool that rapidly build large-scale pan-genomes, without requiring a pre-defined
schema and identifying core and accessory genes, is Roary (222). It can analyse datasets with
thousands of samples in few hours, comparing the pan-genome of related and annotated draft
genomes. Moreover, a novel pipeline emulating Roary but relying on intergenic regions (IGRS)
variation analysis is Piggy (223) (https://github.com/harry-thorpe/piggy). In particular, for
Staphylococcus aureus differences in gene expression have been associated with highly divergent
(‘switched’) IGRs and a multi-locus reference database of IGR alleles (igMLST) has been developed
and implemented in BIGSdb (224).

The specific genomic content identified by gene presence/absence analysis in the draft genomes
performed by Roary and Piggy can be further analysed with different systems in order to perform
Genome Wide Association Studies (GWAS). One easy-to-use and ultra-fast software tool with wide
applicability for pan-GWAS is Scoary (155) (https://github.com/AdmiralenOla/Scoary), designed to
take the gene presence/ absence file from Roary as well as a traits file created by the user. All the
accessory components of the pan-genome are therefore scored and associated with specific genes or
different phenotypic traits, accounting for population stratification with minimal assumptions about
evolutionary processes (155). Another efficient system for rapidly locating differentially abundant
genomic regions based on probabilistic models is Neptune (225). This tool is aimed to identify unique
and conserved sequences that are sufficiently common to a group of target sequences (inclusion
group) and sufficiently absent from non-targets (exclusion group), returning a genomic signature
without requiring genome annotation information. Signatures may reside in genic or intergenic
regions and may correspond to genomic islands, phage regions or entire operons. As in Scoary-based
GWAS, Neptune might correlate genomic features with phenotypic traits using probabilistic models
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instead of heuristic strategies and uniquely delineate groups of organisms associated with particular
disease cluster or event, from unrelated sporadic or environmental microbes (225). Methodologies
accounting for GWAS can be useful in the identification of loci that are strongly associated with
strain virulence, antibiotic resistance and host or niche adaptation. Nevertheless, in association studies
methods accounting for scale genetic differences and phenotypic clustering, large volumes of
valuable data can be discarded reducing the association detecting power. To overcome this drawback
phylogenetic analyses accounting for clonal population structure and genetic recombination can be
inferred and combined to GWAS (226).

2.6 Phylogenetic approaches

Phylogenetic tree-based approaches have been largely applied for the reconstruction of the
evolutionary history of bacterial population from WGS data in outbreak detection or surveillance
studies. Phylogenetic analyses allow for the identification of genetic evolutionary relationships not
only for population clusters, but also for subpopulations and individual relationships taking into
account clonality and genetic recombination (227).

Depending on the observed species and the study purposes, the inputs for phylogenetic analyses can
be different, from SNPs or pan-genome matrix to core SNPs or core/accessory genes alignment files
(165, 228). Several algorithms can be adopted to construct and infer trees, including distance-based
algorithms: Unweighted Pair Group Method with Arithmetic Mean (UPGMA) (229) and neighbour-
joining (NJ) (230); and character-based algorithms: Maximum parsimony (MP), Maximum
likelihood (ML) and Bayesian methods. In particular, the character-based algorithms are the most
commonly applied in WGS outbreak investigation studies since attempt to find (i) the tree that
requires the fewest evolutionary changes, MP method, (ii) the tree that, given a model of molecular
evolution, is most likely to have produced the observed data, ML method, and (iii) the tree or parts
of it that has the highest posterior probability given the observed data, Bayesian method (4).
Otherwise, distance-based methods infer the tree that best represents the observed distances or the
tree whose terminal nodes have the same distance from the root assuming that the rate of mutation is
constant over time, NJ and UPGMA (229,230). One of the main advantages of using character-based
algorithms as tree methods is the high sensitivity and their ability to model the evolution of a whole
group of genes or genomes from multiple sequence alignments at once. Nevertheless, the dataset size,
the homologous recombination rate and the accuracy of multiple sequence alignments may influence
the inference of phylogenetic trees reducing the number of information usable to build evolution
models in comparative genomics analyses (231). Some of the most frequently used software to infer
phylogeny on WGS data are MEGAG6 (232), FastTree (233), PhyML and 1Q-Tree (234) for distance
based, MP and ML analyses and BEAST (235) for Bayesian analyses. In addition, phylogenetic
methods that detect and account genetic recombination of bacterial genomes in ML tree inference,
such as ClonalFrameML (https://github.com/xavierdidelot/ClonalFrameML), have been recently
developed (236).

2.7 In silico pheno-genotyping using WGS

Dedicated bioinformatics online resources for antimicrobial resistance prediction have been
developed, including the ResFinder database (156) (https://cge.cbs.dtu.dk/services/ResFinder/) and
the Comprehensive Antimicrobial Resistance Database (CARD) (237). An automatic pipeline for
mass screening of contigs for antimicrobial resistance and virulence genes has been recently
developed and named abricate (https://github.com/tseemann/abricate). This tool can be locally
performed and can rely on seven different databases. Among these are the Virulence Factors database
(VFDB) (http://www.mgc.ac.cn/VEs/) that enables the search of virulence-related genes from various
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bacterial pathogens in nucleotide sequences. Another similar tool for detecting virulence genes is the
VirulenceFinder (156) (https://cge.cbs.dtu.dk/services/VirulenceFinder/), optimized for the
examination of phage nucleotide sequences. Not all antimicrobial resistance or virulence-related
genes that are identified by molecular methods are consistently expressed, in order to enhance the
fitness of the organism (238), but identification of these genes can serve as a trigger for further
phenotypic investigations.

Publicly available web tool PlasmidFinder (239) (https://cge.cbs.dtu.dk/services/PlasmidFinder/),
PHAST (211) (http://phast.wishartlab.com) and MLST server (www.cbs.dtu.dk/services/MLST)
have been also developed to identify plasmids and prophage regions in raw reads, contigs or closed
plasmid sequencing data and to identify the sequence types (STs) of bacterial pathogens from WGS
data, respectively. Additionally, command line based tools that locally scan contigs files against
traditional ~ PubMLST  typing  schemes  determining STs is also available
(https://github.com/tseemann/mist) and implemented in the above mentioned automatic INNUca
pipeline.

2.8 Management, analyses and visualisation of WGS data

The ability to easily transfer and share sequence data analyses along with efficiently store and define
a common language is essential for identification of bacterial clones, supporting and enhancing
surveillance as well as tracking and monitoring of FPBs (102,123). Since a massive amount of DNA
sequences is currently generated by WGS technologies and since bioinformatics tools have been
being more commonly applied, several software systems and freely available databases that store,
manage, analyse and visualize the WGS-based “big data” from FBPs surveillance and outbreak
investigations have been developed (102). In particular, databases and software systems allow to
identify and investigate about clusters of related bacterial profiles, plasmids, bacteriophages, and
other mobile elements spread in geographically and temporally distant isolates from human and non-
human source (food, feed, environment and animal) in association with linked metadata. Moreover,
epidemiologically relevant metadata including year and source of isolation and geographical
localisation in association with molecular typing data of released isolates are essential for focusing
investigation on strains that might be part of ongoing and recent outbreaks or of particular clones
relevant for epidemiological studies (102). Community-oriented databases include National Center
for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/genome/), pubMLST database
(http:// pubmilst.org/databases/) and nucleotide-sequence repository, such as the European Nucleotide
Archive (ENA) (http://www.ebi.ac.uk/ena). Species-specific databases based on genomic data have
been developed including BigsDB (216) or EnteroBase (https://enterobase.warwick.ac.uk/), a
genome database including more than 100,000 Salmonella isolates of different serovars along with
their temporal and geographic metadata. This web service allows to analyse and visualise genetic
variation among isolates combining a set of modular, open-source and web-based tools integrating
bacterial genomics with epidemiological disease patterns. However, the currently available databases
show several drawbacks, including the lack of automated process for data and metadata submission
and curation protocols along with the multiplicity of data sharing formats. Therefore, published data
collection is still a challenging and laborious manual process and needs of integration with data from
different databases (123) that could be analysed by locally available software.

A suite of analysis options including quality metrics for the data, reconstruction of MLST profiles
with pre-defined schemes, resistance prediction, gene content variation analyses and phylogenetic
inferences are provided by WGSA system (http://WGSA.net) which interactively displays data via
trees and shows maps of geographical sources of the isolates. Downloadable systems with easy-to-
use interfaces, such as PHYLOViZ 2.0 (240), enables to perform locally multiple data analyses
(e.g. goeBURST analysis) of molecular epidemiological data, including SNPs and cg/ wgMLST
allelic profiles, and visualize results through Minimum Spanning Trees (MST) or hierarchical
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clustering along with related metadata. The extended version is PHYLOViZ Online (241), a web-
based platform which allows phylogenetic inference, visualization of trees including large dataset
along with metadata and data sharing.
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Aims of the work

Aims of the work

The objective of this thesis is to get insights on epidemiology and persistence of food-borne pathogens
through the application of whole genome sequencing and comparative genome analysis-based
approaches. In order to achieve this, two studies were developed concerning Listeria monocytogenes
and Salmonella Typhimurium variant 4,[5],12:i:- (MVSTm), respectively.

Study | focused on L. monocytogenes ST14 and ST121 isolates repeatedly collected over one year
from an Italian rabbit production plant. The aims were to (i) improve molecular subtyping of L.
monocytogenes (e.g. cgMLST, virulome), (ii) explore SNP differences within each ST as a
guantitative metric to differentiate persistent from sporadic strains and (iii) investigate the genes
enrichment of observed isolates including ST14 and ST121 publicly available genomes in order to
identify key molecular determinants that may contribute to the ability of L. monocytogenes to
colonize and tolerate stresses in food processing environments.

Study Il focused on monophasic Salmonella Typhimurium variant 4,[5],12:i:- (MVSTm). Herein, the
aims were to untangle the evolutionary history of MVVSTm isolates circulating in swine sources and
in humans in Italy during two years of sampling (2013-2014) in an extended contest of selected
publicly available S. Typhimurium/ MVSTm strains from several countries. Therefore, we unravel
the phylogeographical structure and identified biogeographical genetic markers by applying an
innovative workflow based on recently developed bioinformatics approaches including gene-by-gene
analysis, Genome-Wide Association Study and core SNPs phylogeny.

50



Experimental works

W72
S P>
p4

< ¥
b
/, “‘I \ W

51



52



L. monocytogenes ecophysiology

Study I: Listeria monocytogenes in a rabbit meat processing plant: persistence investigations

Listeria monocytogenes is responsible pathogen for listeriosis, a severe foodborne illness caused by
consumption of contaminated food. Its ability to grow at low temperatures, form bio-films and persist
in food processing plants for long time makes it challenging to effectively implement control
measures against the survival and adaptation of this pathogen.

Genomic characterization and ecophysiology studies can address the long-term persistence and
phenotypic responses of this food-borne pathogen to environmental conditions specific of the food
processing plants.

In a previous study on the prevalence of L. monocytogenes in four Italian rabbit meat processing
plants (A, B, C, D), isolates sharing the same 7-loci MLST, Multi Locus Variable number tandem
repeats Analysis (MLVA) type and Apal-PFGE profiles were repeatedly collected over time from
carcasses, meat cuts, meat products and the meat-processing environment (1). Two of the most
represented Apal-PFGE profiles in the rabbit meat plant A, belonging to subtypes ST14 and ST121
and collected over one year from the rabbit meat plant A, provided an interesting dataset to investigate
persistence, virulence potential and physiological adaptation to food-processing environmental
stresses. In this study, different comparative genomics approaches have been applied to investigate
on 33 newly sequenced L. monocytogenes genomes of ST14 (27) and ST121 (6) strains isolated from
different sources (environment, carcasses, rabbit meat cuts and products) within the observed rabbit
plant. In a first step, the research had a specific focus on: (i) the evaluation of the discriminatory
power of cgMLST in comparison to molecular typing methods and (ii) the in silico characterization
of the virulence potential of ST14 and ST121 newly sequenced genomes in comparison to a selection
of publicly available genomes, mostly from strains isolated in food-processing environments. At a
later stage, the research has been focusing on: (i) assessing persistence of newly sequenced L.
monocytogenes genomes from the previous work; (ii) selecting genes associated to physiological
adaptation to food-processing environment; (iii) comparing presence/ absence/ truncation of these
genes. In order to fulfil these objectives, a selection of a curated gene dataset based on a wide
comprehensive literature review and additional comparative genomics approaches have been applied
on the 33 newly sequenced genomes in comparison to a large set of 240 publicly available ST121
and ST14 genomes. Public genomes originated from L. monocytogenes strains widely distributed
within time and geographical locations and isolated from food processing environments and humans.
Phenotypic tests have been also performed on isolates from Italian rabbit meat processing plant for
genotypic results confirmation.
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Introduction

Listeria monocytogenes is a food-borne pathogen adapted to survive, grow and ultimately persist in
different environments (2). In food processing plants, L. monocytogenes has been repeatedly isolated
both from food samples and food processing environment for months or years (3-5). Based on
different molecular typing methods, isolates sharing the same profile have been collected over months
or years in fish, meat, dairy and vegetable processing plants (3-5). Strains repeatedly isolated over
time in the same plant are considered as persistent. Unfortunately, there is not yet an agreement on
specific issues related to the definition of persistence. In particular, the number of times of re-
isolation, the sources as well as the period of isolation are not yet uniquely defined (6).

Persistent strains of high virulence are of major concern since they commonly colonize harbourage
sites difficult to clean or to reach by sanitizing procedures. These strains typically contaminate
different lots of food during several months of production and have been described as responsible of
outbreaks including few to hundreds cases spread in time and geographical areas (7). The reasons
why L. monocytogenes persists in food processing plants is still in debate. One strain can by chance
colonize harbourage sites (8). In this view, the persistence of the strain was supposed as more related
to characteristics of the environment than particular characteristics of the strain itself (8). In this
regard, authors failed to identify associations among persistence and particular genes/ features of the
strain (3, 9). Nevertheless, a differential distribution of specific subtypes in food environment and
clinical samples was observed, suggesting that certain L. monocytogenes strains might harbour unique
genotypic and phenotypic characteristics facilitating the survival and growth in food processing
environments and the spread to humans.

L. monocytogenes isolates of lineage Il and serotype 1/2a have been isolated from food and food
processing plants more frequently than isolates belonging to lineage I (10). Clonal complex (CC) 121
belonging to serotype 1/2a has been described as the most prevalent clone with a strong association
to food origin. In particular, CC121 showed an overall prevalence of 17.6 % over 6,633 tested isolates
of L. monocytogenes collected over nine years from food and clinical sources, with a statistical
significant over-representation in food sources in comparison to clinical ones (92.9% vs 7.0%) (11).
Low values of prevalence of human CC121 (11/116, 9.5%) were observed also within 116 strains of
the Institute Pasteur L. monocytogenes database (http://bigsdb.pasteur.fr/listeria/). Low frequency of
L. monocytogenes in humans might be linked to the attenuated virulence of this CC. Premature Stop
Codons (PMSC) in the virulence marker inlA (12-16).

Compared to CC121, CC14 has been isolated rarely in food. Maury and colleagues found 92 isolates
belonging to CC14 over 6,633 tested isolates (1.4%) (11). Lower detection values were described
also in 19 meat processing plants located in Northern Italy (5.7% over 69 tested isolates) in
comparison to CC121 (23%) (17). Besides a low prevalence, CC14 was described to be associated to
higher infection rates. The clinical frequency of CC14 reached a not negligible 29.5% among isolates
of clinical sources (11). Within CC14, a ST14 strain isolated from a case of invasive listeriosis was
molecular characterized as belonging to epidemic clone (EC) 111 (corresponding to Multi-Virulence
Locus Type 1 (VT1)) previously associated to a sporadic case occurred in United States in 1988, as
well as a multi-state outbreak occurred in United States in 2000 (17,18)
(https://sites.google.com/site/mvistdatabase/protocol-for-mvist).

Physiological adaptation (ecophysiology) to environmental stresses including resistance to
antimicrobials, heavy metals and quaternary ammonium compounds (QAC) as well as adaptation to
cold, salt, acid, oxidative stresses and desiccation and ability of biofilm formation are often described
in L. monocytogenes isolated from food processing plants (20-32). Studies on the frequently
identified ST121 strains have been recently performed aiming at identifying genes associated to
persistence and/ or adaptation to food-processing environmental stress of this subtype. In particular,
deletions of Imo02774-Imo2776 were described along with no significant association of genes. In one
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study, ST121 isolates were found to harbour the gacH carrying transposon Tn1688 (QAC resistance)
(28, 33, 34). No similar studies are available on ST14.

Whole Genome sequencing (WGS) based analyses such as single nucleotide polymorphisms (SNPs)
analysis and core genome Multi Locus Sequence Typing (cgMLST) have recently revealed a valuable
potential and high discrimination power in multiple investigations. This is particularly relevant in
studies of repeatedly re-isolated strains showing high genetic similarity (same Pulsed Field Gel
Electrophoresis (PFGE) or 7- locus MLST) in which a superior discrimination power is required,
especially to differentiate true persistent strains to sporadic strains (6). Moreover, based on WGS
data, studies on novel genetic determinants as well as on genetic determinants already known as
linked to specific phenotypes (i.e. virulence) can be performed at once. At present, freely available
tools unable a quick screening of genomes for thousands of genes selected for their association to
virulence or antimicrobial resistance (35, 36). Genes, useful to predict phenotypic traits associated to
L. monocytogenes physiological adaptation to environmental conditions, have not been collected so
far in a unique dataset.

In a previous study on prevalence of L. monocytogenes in four Italian rabbit meat processing plants
(A, B, C, D), isolates sharing the same 7-locus MLST, MLVA and Apal-PFGE profiles were
repeatedly collected over time from carcasses, meat cuts, meat products and the food processing
environment (1). This study provided an interesting dataset to investigate further specific ST-types
over time. For this purpose, a specific focus was put on ST14 (belonging to CC14) and ST121
(belonging to CC121) isolates, repeatedly collected over one year and six months, respectively, from
different rabbit meat and environmental sources of the same processing plant (A). The initial aims of
the present study were: 1) to evaluate the discriminatory power of cgMLST in comparison to
molecular typing methods; 2) to characterize the virulence potential of 33 newly sequenced genomes
along with 23 publicly available genomes of ST14 and ST121 L. monocytogenes strains. Additional
investigation on persistence and physiological adaptation of L. monocytogenes to food-processing
environmental stresses were also performed. In particular, the research questions were: 1) assess
persistence of L. monocytogenes isolates from the rabbit-plant; 2) select genes associated to
physiological adaptation to food-processing environment; 3) compare presence/ absence/ truncation
of these genes in newly sequenced and publicly available ST121 and ST14 genomes. A particular
focus has been placed on the evaluation of putative gene enrichment in the two subtypes as well as
identification of putative markers of ecophysiology associated to survival and growth of rare yet
hypervirulent subtype ST14 of L. monocytogenes.

Materials and methods

Bacterial isolates

L. monocytogenes isolates included in the present study are a subset of isolates collected from
November 2005 to November 2006 within a previous study on prevalence of L. monocytogenes in
rabbit meat processing plants (1). Isolates were considered as potentially persistent when they
belonged to the same genotype and were collected more than six times over a period of more than six
months from different sources (rabbit carcasses, rabbit meat cuts, rabbit meat products and food
processing environment) in the same plant. Therefore, 33 L. monocytogenes isolates belonging to two
7-locus Multi Locus Sequence Types (MLST), ST14 and ST121, and indistinguishable by Apal-
Pulsed Field Electrophoresis (PFGE), automated ribotyping and Multi Locus Variable number
tandem repeat Analysis (MLVA) (1) were selected as potentially persistent. An additional sporadic
isolate, belonging to lineage I, serotype 1/2b, ST224 was also included for backward comparability
along with three technical replicates (LSALMG63-65) as controls.
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In order to better explore the phylogenetic relationship of newly sequenced L. monocytogenes and to
investigate ST-specific genetic putative markers associated to ecophysiology a selection of a
representative set of publicly available ST14 (44) and ST121 (196) draft genomes from ENA and
NCBI were included in this study. In particular, public available genomes were from strains isolated
from both food processing environment as well as strains of human origin widely distributed over
time and geographical locations (Studyl Research2_Supplementary Table S2).

DNA extraction, sequencing and assembly

Genomic DNA was extracted from the 34 L. monocytogenes isolates using the MagAttract HMW
DNA Kit (Qiagen, Hilden, Germany). The purified DNA concentration and the quality parameter
ratio 260/280 were measured by BioSpectrometer fluorescence (Eppendorf). The whole genome of
all isolates was sequenced using Ilumina MiSeq platform (TrueSeq library, paired-end reads) at the
Istituto Zooprofilattico della Lombardia ed Emilia-Romagna (IZSLER) “Bruno Ubertini” in Parma,
Italy. Then, paired-end reads were quality checked and de novo assembled using INNUca
(https://github.com/INNUENDOCON/INNUca) a QA/ QC pipeline developed within the European
project INNUENDO (http://www.innuendoweb.org). Briefly, INNUCca calculates if the sample raw
data fulfil the expected coverage (minimum default 15X). Then, after a read quality analysis using
FASTQC and trimming using Trimmomatic (37), de novo draft genome assembly is performed with
SPAdes (38) 3.11, which is subsequently improved using PILON (39) to correct bases and fix
misassembles.

Bioinformatics data analyses for comparative genomics of L. monocytogenes
Genomic MLST analysis

Core genome Multi Locus Sequence Typing (cgMLST) was calculated on 37 genome assemblies by
the Institute Pasteur cgMLST curators (http://bigsdb.pasteur.fr/listeria/) based on a core gene schema
of 1,748 loci. Briefly, after genes alignment, an allele number is assigned to each locus and a cluster
type representative of all allele numbers is assigned (40). Dendrogram of cgMLST profiles was
inferred based on UPGMA algorithm considering alleles values as categorical data.

Virulotyping of environmental ST14 and ST121 L. monocytogenes

The Multi Virulence Locus Sequence Type (MVLST) was inferred based on in silico sequence
alignment of seven virulence determinant gene loci: clpP, dal, inlB, inIC, lisR, prfA
(https://sites.google.com/site/mvistdatabase ) (41) and the analyses of virulence genes presence was
performed using VirulenceFinder 1.5 (https://cge.cbs.dtu.dk/services/VirulenceFinder) (42).
Therefore, a BLAST search of a database of 82 L. monocytogenes virulence determinant genes was
performed on all ST14 and ST121 newly sequenced genomes from this study, along with a selected
set of 23 publicly available genomes of L. monocytogenes belonging to ST14 and ST121 and isolated
from humans or food processing plants. Publicly available genome of EGD-e (Genbank accession
number NC_003210.1) was included as reference. The default parameters used were 90% ID
threshold and 60% of minimum length. Upon detection of no gene the analysis was repeated with
85% ID threshold and 20% minimum length. Alignment of inlA and prfA genes was performed by
Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo).

Statistical analysis: index of diversity

The discriminatory power of this typing method was assessed by the Simpson’s Index of Diversity
(ID) in comparison to the typing methods applied on the same isolates by De Cesare and colleagues
(16). 1D values with P<0.05 were considered statistically significant different (43).
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Phylogenetic reconstruction based on SNPs analysis

SNPs detection was performed using the Snippy v2.6 pipeline (https://github.com/tseemann/snippy)
on a total of 202 ST121 and 71 ST14 de novo assemblies. A newly generated draft genome for each
L. monocytogenes ST-type was chosen as reference genome: LSALM51 for ST121 and LSALML1 for
ST14. After removal of Illumina Nextera adapters and low-quality sequences (Phred scores of <10)
assemblies were mapped with the Burrows-Wheeler Aligner (BWA) v0.7.12 (44) using default
parameters against the reference genome. After mapping, average nucleotide depths were determined
with SAMtools v1.3 (45) and variants were called using Freebayes v0.9.20 (46). Snippy was used to
pool all identified SNP positions called in at least one isolate and investigate all isolates of the panel
at that position. Alignments of SNPs detected on the whole genomes were used to infer a high-
resolution phylogeny. A maximum likelihood (ML) tree was constructed using IQtree
(https://github.com/Cibiv/IQ-TREE) and iTOL (https://itol.embl.de) (47) was used to visualize the
tree rooted at midpoint for each ST. Draft genomes were tentatively considered as belonging to the
same persistent clone if the following criteria were fulfilled: 1) the difference between draft genomes
and the reference genome was equal or lower than 25 SNPs; 2) draft genomes belonged to isolates
collected from different origin (food and the processing environment) for at least six times during a
time frame of at least 6 months. The cut-off of 25 SNPs was used as previously proposed (48).

Dataset of putative gene markers of ecophysiology in L. monocytogenes

An extensive literature review was conducted on PubMed (https://www.ncbi.nlm.nih.gov/pubmed/)
using following keywords: “antimicrobials”, “quaternary ammonium compounds”, “heavy metals”,
“bacteriocins”, “cold”, “high salt concentration”, “low pH”, “desiccation”, “blue-light”, “biofilm”,
“Listeria monocytogenes” and “genes”. At the time of the analysis (October 2017), the system
retrieved overall 664 peer-reviewed published papers. The abstract of each of these papers was read
with the purpose to identify genes associated to the response of L. monocytogenes to each stress.
Around 100 papers were selected based on the abstract. These papers were thoroughly read in order
to identify and specifically select genes with a strong association to the related phenotype. For this
purpose, only genes confirmed by insertional mutagenesis or mutant selection experiments were
included (Studyl Research2_Supplementary Table S1). All GenBank accession numbers and
related sequences reported in published papers were checked by nucleotide BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and CLUSTAL Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) for alignment. For each gene, the following information
were reported: name of the gene, locus tag, annotation, main function, localization, reference paper,
GenBank accession number and direct link to the web page of the sequence in NCBI
(https://www.ncbi.nlm.nih.gov/nuccore/)  (Studyl Research2_Supplementary Table S1). Each
gene sequences were screened in mass using abricate pipeline (https://github.com/tseemann/abricate)
on contigs of all 273 draft genomes of L. monocytogenes ST121 and ST14 included in this study and
statistically significant differences at 95% confidence by t-test were assessed.

Data availability

De novo assembled genomes of the 27 ST14 and 6 ST121 L. monocytogenes isolates included in this

study were deposited at GenBank under BioProject no. PRINA396103 with individual BioSample

identification (ID) numbers SAMNO07420940 to SAMNO07420973.

Supplementary materials are accessible in a dedicated GitHub repository under the following link:

https://github.com/fedex88/PhD_Thesis. Spreadsheets have been uploaded in PhD Thesis under file

names “Studyl_Research2 Supplementary Table S1” and “Studyl_Research2_Supplementary
Table S2”.
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Phenotypic tests for confirming genotyping results
Antimicrobials, cadmium and benzalkonium chloride susceptibility tests

Newly sequenced strains carrying antimicrobial resistant genes ampC and tetA were tested for
susceptibility against ampicillin (10 pg) and tetracycline (30 pg) by disk diffusion method following
Clinical & Laboratory Standard Institute (CLSI) (https://clsi.org) recommendations for fastidious
organisms (document M45-A2) (49). The assay was performed on Mueller Hinton Agar plates
supplemented with 5% defibrinated sheep blood (Thermo Fisher Scientific, Milan, Italy).
Determination of cadmium chloride and benzalkonium chloride resistance was performed as
previously described (27). Briefly, a single colony from a blood agar plate culture was suspended in
100 pl of tryptic soy broth (Thermo Fisher Scientific). Three microliters of the suspension were
spotted in duplicate onto: 1) Mueller Hinton Agar Cation adjusted (MHBII) containing 2%
defibrinated sheep blood (Thermo Fisher Scientific) (control); 2) MHBII (Thermo Fisher Scientific)
containing 2% defibrinated sheep blood (Thermo Fisher Scientific) spiked with 70 mg/l of cadmium
chloride anhydrous (Sigma, Milan, Italy); 3) MHBII (Thermo Fisher Scientific) containing 2%
defibrinated sheep blood (Thermo Fisher Scientific) spiked with 35 mg/l of cadmium chloride
anhydrous (Sigma, Milan, Italy); 4) Mueller Hinton Agar (MHB) (Thermo Fisher Scientific)
containing 2% defibrinated sheep blood (Thermo Fisher Scientific) spiked with 10 mg/l of
benzalkonium chloride (Sigma). Positive and negative control strains were included. All plates were
incubated at 37 °C for 48 h.

Crystal violet staining assay

In order to test the ability of biofilm formation, a representative set of ST121 and ST14 isolates of L.
monocytogenes were submitted to the crystal violet staining assay as previously described (50).
Briefly, 20 ul of standardized optical density (OD 0.8-1.0) bacterial suspension from overnight
cultures were added to 230 ul of Brain Heart Infusion broth (BHI, Thermo Fisher Scientific) into
each well of a sterile 96-well not tissue treated polystyrene microplate (Sarstedt, Milan Italy). The
plates were incubated at 35 °C for 24 h. The content of the plate was discarded and 300 ul of sterile
distilled water were added to each well. This washing step was repeated three times. Adherent bacteria
were fixed with 250 ul of methanol per well. After 15 min, methanol was discarded and plates air-
dried overnight. Biofilms were stained with 250 ul per well of Crystal violet (Gram-colour staining
set for microscopy; Merck) for 5 min. Excess stain was rinsed off and microplates air-dried. Finally,
attached bacteria were solubilized with 250 pl of 33% (v/v) glacial acetic acid per well and OD of
each well was measured at 570 nm using Infinite® F50 Absorbance Microplate Reader (Tecan Group
Ltd, Mannedorf, Switzerland). Based on the OD detected by bacterial films, strains were classified
into: no, weak, moderate or strong biofilm producers, as previously described (50). All isolates were
tested in triplicate.

Results

De novo assembly

Thirty-four isolates of L. monocytogenes of ST14, ST121 and ST224 collected over one year of
sampling in a rabbit meat processing plant from environment, meat cuts and meat products were
Illumina sequenced and de novo assembled using the QA/QC INNUCca pipeline. The in silico 7-loci
MLST data provided at the last step of INNUca pipeline is consistent with ST data from previous
study by De Cesare and colleagues (1). Extracted DNA had a yield ranging from 14.2 to 81.3 pg/mL
and a 260/280 ratio values ranging from 1.81 to 1.88, proving the purity of extracted nucleotide
sequences. The sizes of de novo assembled draft whole genomes ranged from 2,925,197 to 3,068,560
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bp. Draft genomes were characterized by a low number of contigs ranging from 13 to 28 and high
N50 values (from 456298 to 580604) with final covering values ranging from 42 to 187X (Table 1).
According to these parameters, this study provides high-quality draft assemblies of L. monocytogenes

isolates belonging to different ST-types.

Table 1. Sequence type (ST) and assembly statistic of the 34 sequenced L. monocytogenes isolates.

Isolate
1D

LM1

LM2

LM3

LMS

LM8

LM9

LM10
LM11
LM15
LM16
LM17
LM18
LM19
LM22
LM27
LM29
LM31
LM35
LM39
LMA41
LM44
LM46
LM47
LM50
LM51
LM53
LM54
LM55
LM56
LM57
LM58
LM59
LM60
LM61

Sequence
Type (ST)
14
14
14
14
14
14
14
224
14
14
14
14
14
14
121
121
121
14
14
14
14
14
14
121
121
121
14
14
14
14
14
14
14
14

No. of
contigs

13

14
13
15
14
13
14
13
13
14
14
14
15
13
26
28
25
13
15
13
13
13
13
24
25
21
13
13
13
13
13
13
13
13

N50

579785

456298
580466
579913
580478
580478
580478
511384
580472
580454
580454
580454
580471
580454
529438
530140
530140
580472
580604
580472
580478
580478
580478
530364
530139
530354
580472
580478
580478
580478
580478
580478
580472
580478

Genome size
(bp)
3022050
3022428
3022420
3022168
3023685
3023308
3023687
2925197
3022932
2986892
2986900
2986900
3023022
3022659
3060499
3061007
3060579
3022414
3022475
3022475
3022308
3022405
3022625
3068560
3060573
3062194
3022424
3022427
3022415
3022426
3022498
3022821
3022629
3022408

Fold
Coverage

84,03
41,78
114,86
57,83
176,68
121,54
167,18
159
146,98
131,2
149,23
187,12
172,15
79,03
120,24
131,41
127,78
106,18
120,54
126,39
144,31
85,42
106,27
111,58
137,29
139,38
150,5
142,63
121,34
134,73
123,61
135,9
132,49
108,5
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Core genome MLST based phylogeny

Based on cgMLST analysis, ST14 isolates were classified as different Clonal Type (CT) (Fig. 1)
based on the Institute Pasteur cgMLST schema, whereas some of these isolates were indistinguishable
by Apal-PFGE (Fig. 2), automated ribotyping and MLVA (1). The major cluster (green coloured in
Fig. 1) gathered almost all putative persistent ST14 sequenced L. monocytogenes isolates which were
classified as CT1701. Nevertheless, two ST14 isolates, LM15 and LM10, showing the same pulso-
type (Fig. 2), have been included in two close singleton clusters and classified as CT1702 and
CT1703. Out of the 1,748 loci of the cgMLST scheme, these two singletons carried 12 and 11
different loci respectively in comparison to CT1701 (data not shown). This finding suggests that a
persistent one and two sporadic ST14 strains might be circulating in the rabbit-meat processing plant
during the time of sampling. In contrast, all ST121 isolates were indistinguishable by cgMLST (Fig.
1), confirming the high similarity of these isolates as already suggested by molecular typing methods
from previous work (1).

CcgMLST tree

cgMLST1748

@

8

=100

LM27 2006 CT1700 SL121 I

99.9

99.8 LM51 2006 CT1700 SL121 I
98— LM50 2006 CT1700 SL121 I
098 LM31 2006 CT1700 SL121 I
97 LM53 2006 CT1700 SL121 I
— LM29 2006 CT1700 SL121 I

. i[ LM1 2005 CT1701 SL14 |l
LM63 2006 CT1701 SL14 I

LM41 2006 CT1701 SL14 I
LM54 2006 CT1701 SL14 |l
LM39 2006 CT1701 SL14 |l
LM44 2006 CT1701 SL14 I
LM47 2006 CT1701 SL14 I
LM5 2006 CT1701 SL14  1I
LM8 2006 CT1701 SL14 I
LM19 2006 CT1701 SL14 I
LM60 2006 CT1701 SL14 I
LM55 2006 CT1701 SL14 I
LM57 2005 CT1701 SL14 |l
LM46 2006 CT1701 SL14 |l
LM58 2006 CT1701 SL14 I
LM59 2006 CT1701 SL14 I
LM61 2006 CT1701 SL14 I
LM2 2005 CT1701 SL14 |l
LM64 2006 CT1701 SL14 I
LM9 2006 CT1701 SL14 I
LM35 2006 CT1701 SL14 I
LM56 2006 CT1701 SL14 |l
LM65 2006 CT1701 SL14 I
LM16 2006 CT1701 SL14 I
LM17 2006 CT1701 SL14 I
LM18 2006 CT1701 SL14 |l
LM22 2006 CT1701 SL14 |l
LM3 2005 CT1701 SL14 1l
S LM10 2006 CT1702 SL14 1I
LM15 2006 CT1703 SL14 |
V11 2006 CT1704 SL224 |

99.9

0.6

Figure 1. cgMLST based phylogenetic reconstruction of the 34 Listeria monocytogenes isolates
sequenced in this study, including year of isolation, Clonal Type (CT), Sub-Lineage (SL) and
lineage.
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Figure 2. UPGMA based denrdogram relative to PFGE profiles of the 34 L. monocytogenes isolates
sequenced in this study, including 7-loci MLST and EcoRI-ribotype from previous work, and

source of isolation (1).

Statistical evaluation of typing methods discriminatory power

The cgMLST analysis showed a superior discriminatory power in comparison to PFGE, ribotyping,
7-loci MLST and MLV A based on Simpson’s index of diversity (Simpson’s ID) (Table 2), although
statistically significant only in comparison to ribotyping (P=0.01).

Table 2. Simpson’s ID of cgMLST analysis in comparison to molecular typing methods on the 34
newly sequenced L. monocytogenes isolates.

Typing method
cgMLST
Ribotyping
Apal-PFGE
MLST

MLVA

N profiles

5 0.439
2 0.214
3 0.348
3 0.348
3 0.348

Simpson’s ID

Cl (95%)

(0.253-0.624)
(0.045-0.383)
(0.170-0.525)
(0.170-0.525)
(0.170-0.525)
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In silico characterization of virulence potential

In order to investigate the virulence potential of 33 ST14 and ST121 isolates, repeatedly isolated over
one year and six months respectively, in the observed rabbit meat processing plant, MVLST was
assessed. All sequenced ST14 isolates belonged to virulence type VT107, whereas all ST121 to
VT94.

The in silico detection of 82 virulence-related genes was performed with VirulenceFinder web-
service on the 33 newly sequenced genomes along with the reference L. monocytogenes genome
EGD-e and 23 additional publicly available L. monocytogenes genomes of ST14 and ST121, isolated
from humans or food processing environment, in order to investigate potential associations of genes
presence/ absence with ST-types. The EGD-e reference genome and the ST14 and ST121 genomes
carried 82, 80 and 80 virulence genes respectively, indicating that those genes are core virulence
genes of L. monocytogenes. The genes inlF and Imo2026 were not detected in the 56 ST14 and ST121
genomes analysed, whereas the inlJ gene was not found or found truncated. Moreover, all ST14
carried a full-length version of the actA gene (1920 nucleotides), which was detected truncated in all
the ST121 genomes. The gene ami was detected in a truncated version in part of ST14 and ST121
genomes. A full version of the prfA gene was detected in all the newly sequenced genomes while inlA
gene was found in full-length only in ST14 genomes. In contrast, all ST121 genomes showed a
mutation in the the inlA gene leading to a premature stop codon (PMSC) predicting the translation of
a truncated InlA protein of 492 aa (instead of 800 aa full-length InlA). No relevant differences in
carriage of virulence genes were found in relation to food or human origin.

Phylogenetic trees based on SNPs analysis

To better understand the genetic relationship of genomes belonging to ST14 and ST121 strains
isolated from environmental sources, humans and foods showing similar genetic content a SNPs
analysis was performed for each ST-type. Assemblies of ST121 and ST14 sequenced isolates were
mapped separately against de novo assemblies of LSALM51 and LSALML1 strains, respectively,
using Snippy v 3.2. The maximum likelihood (ML) trees inferred based on a whole genome SNPs
alignment for each ST-type are reported in Figures 1a and 1b. Form the ML tree inferred on ST14
genomes two major clade have been identified, a major one including all but two of the public ST14
isolates and a smaller one gathering together the 27 isolates from the Italian rabbit meat plant. Within
this last clade, 23 out of 27 isolates collected from rabbit meat carcasses, meat cuts and products from
November 2005 to November 2006, shared SNPs counts ranging from 0 to 25 SNPs in comparison
to the reference genome LSALM1 and were considered as belonging to the same persistent clone.
Three isolates (LSALMS8, LSALM9, LSALM10), collected from rabbit carcasses from June to
August 2006, showed 29 to 33 SNPs whereas one isolate (LSALM22), collected in November 2006
showed 359 SNPs (Fig. 3). Comparing LSALML1 to public ST14 draft genomes, pairwise SNPs
differences ranged between 59 (environmental swab, USA) and 1183 (RTE product, USA).

The ML tree inferred on ST121 isolates differentiated genomes in two distinct clades (Fig. 3), one
including only 6 isolates from fish and environmental samples showing a pairwise SNPs distances
ranging from 1424 to 1584 in comparison to ST121 reference genome LSALMS51. In contrast, the
major clade gathers the 97% (196) of ST121 genomes including that isolated from the Italian rabbit
meat plant. These last were clearly differentiated in two distinct clusters (Fig. 3) of two and four
isolates respectively. The two isolates (LSALM50 and LSALM53) were collected from rabbit meat
cuts in May 2006 and shared 185 and 195 SNPs. Whereas, the others four isolates counted from 0 to
24 SNPs and were collected over six months (December 2005 - May 2006) from the rabbit meat-
processing environment as well as from meat cuts (Fig. 3). In comparison to LSALMb51 reference
genome, public ST121 draft genomes showed pairwise SNPs distances ranging from 45 (processing
environment, Denmark) to 1042 (fish product, China) (Fig. 3). These results confirm that within the
same STs L. monocytogenes genomes are characterized by high clonality even considering the wide
temporal range of isolation of public genomes (1996-2017).

62



WgSNPs trees
3a

3b

Tree scale: 0.001

Country
. Denmark
B
B us
[] nay
B :v

Tree scale: 0.001

Country

. Denmark
W us

B china
| U

[] nay

. Australia

[ =Y

L. monocytogenes ecophysiology

3 c B o3 s
AU U U N B A p
NSRS EEE Iy
Wt u s b §fsg s 0F g
5 % 3 %% 8 7 8 P
Y A,%%,%E ggs,gg;“ﬁ} éfﬁyﬁ\
AR a8, mf;:*"‘ﬁe,ﬁ
. 'ty r’% -€,§ e B -,;«,‘n‘ ,‘é’ P, 4 .
, r‘%’ % '3% ¥e "# & & °‘“‘,‘,.r-
Y, %th 2 _— Py @ @ e
”'% o 'EF F; ] e T A .
oy AL FET s e e
%0, “’O 'ﬂ:\k‘ RN / o " o -
Ig n \ ™ o 7
o, /-.."!.\” {{f ] o e
L. \“m L » * ,
2015 — o 7008 5
OO gy 1139 / -\ R 20 - M'ﬂ‘.m\m
2017 4308 e 152 salmon
environmeny 2027 155 - g0 2004 smoked
environment 2017 m: M, " 563 2008 smoked salimon
T 625 e 587 2008 .
enviranment ’::u :“ - ™ moked saimon
st o .n. :: . Ham piany
swi? ‘:p - 201, Ham iy
o ™ 8, T
- o ey e,
- . b
o o, oy,
Rt LT FETEAA AL RS
f §5s. 2% % “'b
“Ly ER R NS
& fj ! i \\f\\ %
[! !g il ’gﬁ A
IR LLTEL 1 L
sty 553335 ;
{,”a},:‘az}gg%%;éi%izggs;?;;‘féj!}@k
o 1;“1%*-?5 - FERT 2 {;’
S g, G,
R S e, Y7,
SN o et NI 3 o ":fa o
W & Wi ey, 4%
‘3"?% sb‘é'%@fﬁ DN
Rl 7 <S8 DN
/S \\*% %
2 2 O]
=~ - ‘~T‘1 .a!\,,w‘
ironment 015 s —_— Y en Ppoduct
ey 33 5% — QRS i,
erveonmart 2015 S - = ‘,‘é%“f" iconmell
e e B =28 T
o= EEI= =
EET L\ € Y /] =
"'.,3";’:5'- X JE 5 e
= g7 S
Z, % TS
f

Figure 3. ML trees showing genetic distances between (3a) ST14 and (3b) ST121 L. monocytogenes
isolates based on SNPs detected on the whole genomes. In both figures, the internal circles indicate
the originating country of each isolates indicated by colours as in the legend. Externally, the pairwise
SNPs distances in comparison to reference the genomes LSALM1 (3a) and LSALM51 (3b),
collection date, source of isolation. The scale bar refers to the branch length representing the number
of nucleotide substitutions per site.
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Dataset of putative gene markers of ecophysiology in L. monocytogenes

Overall 94 genes, described in 41 published papers, were included in the dataset
(Studyl Research2_Supplementary Table S1). All selected genes were identified as strongly
associated to specific phenotypes related to physiological adaptation of L. monocytogenes to
environmental stresses encountered in food processing plants. In particular the genes were associated
to: resistance to antimicrobials, quaternary ammonium compounds, heavy metals and bacteriocins,
adaptation to cold, high salt concentration, low pH, desiccation and biofilm formation
(Studyl_Research2_Supplementary_Table_S1). In particular, fourteen genes were included related
to resistance to different antimicrobial classes such as tetracycline, ampicillin, vancomycin,
streptomycin, chloramphenicol/ florfenicol, sulphonamides, erythromycin and fluoroquinolones (31,
49, 51-55). Seven genes associated to resistance to benzalkonium chloride were included (gacH,
gacA, gacC, bcrA, berB, berC and emrE). These genes are associated to the active efflux pump of the
QAC (22, 26, 48, 56, 57). Sixteen genes associated to resistance to cadmium and arsenic were also
included. In particular, three gene cassettes, cadA1C, cadA2C and cadA3C were associated to
resistance to 70 mg/l of cadmium chloride, whereas cadA4C was associated to resistance to 35 mg/|
(58, 59). Regarding resistance to arsenic, ars genes were associated to resistance to 500 mg/l of
sodium (meta) arsenite (60). Regarding bacteriocins resistance, 5 genes associated to the response of
L. monocytogenes to cell-envelope stress were included: virR, virS, mprF, liaR, anrB (61-64)
Resistance to bacteriocins such as nisin is associated to modification of the cell envelope composition.
As far as stress adaptation is considered, different mutant selection experiments demonstrated the
important role of the gene sigB (stressosome-regulated sigma factor B) in the modulation of
expression of several genes associated to the adaptation to different environmental stresses. In
particular the knockout of sigB was directly associated to adaptation to desiccation in L.
monocytogenes (65).

As far as blue-light is considered, the gene Imo0799, coding for a blue-light receptor, was strongly
associated to the adaptation of L. monocytogenes to this particular stress (66, 67).

L. monocytogenes can adapt to cold following different pathways. One pathway includes cold shock
proteins cspB and cspD (68). Another pathway includes the glycine/ betaine transporter system which
mediates the uptake of osmolytes such as glycine, betaine and carnitine, important for adaptation to
both cold and high salt concentration (69). Overall 13 genes related to adaptation of L. monocytogenes
to cold and/or high salt concentration were included in the dataset (68—71).

The Stress Survival Islet 1, corresponding to a cassette of five genes (Imo0444-Imo0448), was
associated to the survival and growth of L. monocytogenes under suboptimal conditions. In particular,
the knockout of the entire SSI-1 was associated to an impaired ability of this food-borne pathogen to
grow at low pH and high salt concentrations (30). Within this gene cassette, gadD1 (Imo0447) and
gadT1 (Imo0448) encode for a glutamate decarboxylase and an amino acid transporter both described
as specifically involved in the adaptation to low pH (72). Along the GAD System, ADI system might
be involved in response to low pH. The arc gene is involved in transformation of arginine into
ornithine with ammonia as by product, which increases the pH. The ADI system has been described
in response to mild acid pH (72). Overall, 16 genes associated to low pH adaptation were included in
the dataset (30, 72—74). The Stress Survival Islet 2 (SSI-2) was firstly described as a cassette of two
genes of Listeria innocua often present in place of SSI-1 in L. monocytogenes ST121 (24). SSI-2 was
more recently associated to alkaline and oxidative stress in L. monocytogenes (23).

Regarding adaptation to desiccation, seven genes related to the motility of L. monocytogenes, were
recently associated to this specific phenotype (75). In particular, these genes were found to be
downregulated in desiccation tolerant L. monocytogenes.

As far as the ability of biofilm is concerned, 8 genes associated to biofilm formation were included
in the dataset. Biofilm formation is essential for survival of L. monocytogenes and further contributes
to bacterial persistence in the processing environment (76).
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Screening of putative gene markers of ecophysiology and related phenotypic tests

Mass screening of 94 putative gene markers of ecophysiology was locally performed using abricate
pipeline (https://github.com/tseemann/abricate) on 202 and 71 L. monocytogenes ST121 and ST14
draft genomes respectively (Fig. 4). All contigs were positive for AR related genes ampC and tetA,
phenotypically associated to penicillin and tetracycline resistance respectively. However, phenotypic
tests performed on isolates from Italian rabbit meat plant did not confirm genetic results. Although
disk diffusion breakpoints are not available for Listeria, all isolates showed zone diameters equal or
higher than 30 mm to tetracycline and ampicillin, suggesting susceptibility (data not shown). Further
analysis should be performed in order to assess the reason behind these discordant results.

,__ Heatmap of ecophysiology associated genes
o o m

***********

L i

Figure 4. Heatmap of the 202 ST121 and 71 ST14 genomes function to the ecophysiology gene
dataset. Genomes are represented by single linkage clustering based dendrogram on the left while at
the bottom each gene of the dataset is reported under the corresponding column. The colours represent
the gene coverage percentage with a minimum nucleotide identity of 80%. Yellow represents the
lowest percentage (0) while red the highest one (100).

Regarding resistance to QAC, 25 of the ST14 (35.2 %) genomes and 184 (91.6 %) ST121 genomes
were positive for the bcrABC and gacH gene respectively. All ST14 genomes but 8 (88.7 %), and
none of the ST121 genomes were positive for the ars operon (arsenic resistance) and for the cadA4C
gene cassette (cadmium chloride resistance). Further analyses on the localization of these two gene
clusters within the genome, revealed that both the ars operon and the cadA4C gene cassette are
located in a genomic region already identified as Listeria genomic Island 2 (LGI-2) (59, 60) (data not
shown). In ST14 isolates included in the present study, LGI-2 was found in 24 out of 27 isolates and
it was inserted within the gtfA2 gene (data not shown). This gene codes for a sucrose phosphorylase
involved in O-glycosylation of proteins. Glycosylation of flagellins is essential for bacterial flagellar
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assembly, motility, virulence, and host specificity (77). The three isolates lacking LGI-2 (LSALM16,
LSALM17, LSALM18) belonged to the persistent clone and were collected in September and
November 2006 at the end of the sampling period. Further analyses should be performed in order to
confirm whether these three isolates are natural mutants which lost the accessory genome sequence
of SGI-2.

Twenty of cadA4C positive ST14 genomes additionally carried cadA2C gene cassette. The cadA1C
gene cassettes was found only in ST121 and in particular in 177 out of the 202 tested genomes (87.6
%). Phenotypic tests conducted on the 33 L. monocytogenes strains from the rabbit meat-plant,
confirmed that all gacH positive ST121 isolates were resistant to benzalkonium chloride and that all
cadA1C positive ST121 isolates were resistant to 70 mg/l of cadmium chloride, whereas all cadA4C
positive ST14 isolates were resistant to 35 mg/l of cadmium chloride.

As for environmental stress adaptation, no genomes were positive for the Stress Survival Islet 1 (SSI-
1) and all ST121 but no ST14 were positive for the Stress Survival Islet 2 (SSI-2). All tested genomes
carried a full-length version of genes associated to: cell-envelope stress response linked to
bacteriocins resistance, adaptation to cold and/or high salt concentration, low pH, blue-light and
desiccation.

Regarding biofilm formation, the actA gene was truncated in all ST121 and in none of the ST14
genomes. Phenotypic tests confirmed the differential biofilm forming ability of ST121 in comparison
to ST14. In particular, tested ST121 isolates were classified as weak biofilm producers with ODC
(OD Control) median value of 0.15 and OD values ranging from 0.17 to 0.24 OD, whereas all ST14
isolates but three (LSALMS8, LSALM9, LSALM10) were categorized as moderate biofilm producers,
with OD values ranging from 0.30 to 0.52 OD at 570 nm. OD values of ST121 isolates were
statistically significant different in comparison to ST14 ones (P=0,00238).

Discussion

In the present study, the persistence of L. monocytogenes ST121 and ST14 repeatedly isolated within
one year of sampling in a rabbit meat processing plant was investigated by different comparative
genomic approaches.

Based on the WGS data, cgMLST typing, in silico detection of 82 virulence genes and in silico
MVLST typing were performed in parallel. Moreover, pairwise SNPs distances based phylogenetic
relationship and presence/ absence of 94 putative gene markers of L. monocytogenes physiological
adaptation to the food processing environment stresses were investigated in 33 newly sequenced in
comparison to 240 publicly available genomes of ST121 and ST14 strains. However, it must be noted
that, compared to standard molecular techniques, WGS based approach requires greater
bioinformatics skills, standardized protocols and validated pipelines, agreed cut off and parameter
values in order to obtain robust and comparable results.

Based on PFGE-Typing, persistence of L. monocytogenes in dairy, meat, fish and vegetable sectors
was extensively observed (4, 5, 28). However more recently, cgMLST and whole genome SNPs
analysis revealed analogous superior discriminatory power in comparison to conventional typing
techniques for L. monocytogenes investigations (78). This is particularly relevant in studies in which
highly similar or clonal strains have to be differentiated in order to distinguish true persistent from
sporadic strains (6). In this study, both cgMLST and SNPs based phylogenetic analysis revealed a
superior discriminatory power in comparison to the molecular typing methods (Apal-PFGE, 7-loci
MLST, MLVA, ribotyping) applied on the same isolates in a previous study (1). Indeed, the cgMLST
confirmed only in part results of molecular typing, suggesting that most but not all ST14 isolates,
collected over one year sampling in the same rabbit-meat processing plant, belonged to the same
persistent event. Two cgMLST clusters included only one isolate each, suggesting the detection of
these two isolates as a sporadic event in the rabbit-meat processing plant. Accordingly, SNPs calling

66



L. monocytogenes ecophysiology

revealed that the majority but not all of the ST14 isolates from the Italian rabbit meat plant sharing
the same PFGE-typing, belonged to the same clone. This clone gathering 23 out of 27 isolates, was
re-isolated more than six times within one year from rabbit carcasses, meat cuts, meat products and
the processing environment in the same rabbit meat processing plant. Although an agreement has not
been yet achieved on the definition of persistence, for the purposes of the present study, the ST14
clone was considered as persistent (6). This persistent clone included ST14 genomes sharing a
maximum of 25 SNPs differences, a SNPs cut off already proposed for definition of genetically
related strains belonging to a single L. monocytogenes persistent clone (48). The persistence of a L.
monocytogenes strain for long periods endorses a higher risk of food contamination and human
exposure to specific pathogen strains (79). The concern is even higher when the persistent clone
belongs to subtype ST14, which was described as including hypervirulent strains (11, 16, 18, 80).
Concerning ST121 isolates, SNPs analysis gathered genomes from Italian rabbit meat plant in two
clusters of 2 and 4 isolates each, confirming its higher discriminatory power in comparison to
molecular typing methods which identified all ST121 isolates as belonging to the same clone (1). The
analysed dataset suggests that one ST121 clone gathering four isolates, survived over five months in
the same rabbit meat processing plant. However, since these isolates were repeatedly collected in a
relative short time frame, this clone cannot be considered as persistent.

Persistent L. monocytogenes isolates collected in food processing plants represent a public health
concern, due to their potential transfer to humans via the food chain. In order to investigate the
virulence potential of sequenced ST14 and ST121 L. monocytogenes isolates, MVVLST and in silico
virulo-typing were performed. All newly sequenced ST14 were classified as VT107 whose
concatenated 7 virulence loci sequence differs to VT1 (Epidemic Clone I11) for only 4 nucleotides,
suggesting the high similarity of sequenced ST14 isolates to this epidemic clone (81). Interestingly,
three years after sampling of the rabbit-meat processing plant, a case of invasive Listeriosis in the
North of Italy associated to ST14 strain belonging to VT1 has been described (18). Eighty out of 82
virulence determinant genes were found in the analyses of 57 L. monocytogenes genomes. This
finding suggests that the presence/ absence of these 82 genes can hardly explain the high diversity
between ST14 and ST121 which have been shown to occur with a high and low frequency
respectively in clinical samples (10,16). The inlF gene belonging to the internalin family, which
includes genus Listeria exclusive genes associated to the adhesion and invasion of host cells (82) and
the gene Imo02026 (recently identified as internalin gene inlL), associated to biofilm formation and
adhesion to mucin (76), were not detected. Besides presence/ absence of virulence genes the
regulation of expression as well as the presence of truncated genes or the presence of mutations
leading to truncated versions of their translated proteins might have a crucial role in the virulence
potential of ST14 and ST121. Truncated virulence genes inlJ, actA and ami were found in ST14 and
ST121 genomes included in this analysis. The inlJ gene belongs to the internalin family (82, 83)
whereas the gene ami codes for an autolysin which contributes to the adhesion of L. monocytogenes
to eukaryotic cells by anchoring its cell wall (84). The actA gene, found truncated only in ST121
genomes, encodes the surface protein ActA, the factor responsible for actin-based motility and cell-
to-cell spread (85). Regarding point mutations, the pre-mature stop codon (PMSC) detected in all the
ST121 genomes included has been already described as PMSC of type 6, a mutation specifically
associated to attenuated virulence of L. monocytogenes (15). The attenuated virulence potential of
sequenced ST121 isolates is also supported by the detection of a truncated version of the gene actA,
which was described as indispensable for L. monocytogenes pathogenicity (85). An attenuated
virulence of ST121 might explain the low frequency of its corresponding clonal complex CC in
clinical samples (11).

In order to gain more insights on the genomic bases behind the differential frequency of ST121 and
ST14 in food processing plants, a comprehensive literature review was performed in order to identify
genes associated to physiological adaptation of L. monocytogenes to specific food-processing
environmental stresses. In the literature, different dataset of genes associated to particular phenotypes,
such as antimicrobial resistance and virulence of L. monocytogenes have been described (35, 36).
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However, to the best of author’s knowledges, no dataset on genes associated to ecophysiology of L.
monocytogenes is available.

In the present study, 94 genes associated to ecophysiology were accurately selected based on a
comprehensive literature review and gathered in a unique dataset available for the public
(Studyl_Research2_ Supplementary_Table_S2). Genes were included in the dataset only if their
association to the specific phenotype was confirmed by insertional mutagenesis or deletion mutant
experiments. In particular, the dataset includes genes associated to resistance to antimicrobials,
quaternary ammonium compounds (QAC), heavy metals and bacteriocins as well as associated to
adaptation to cold, high salt concentration, low pH, desiccation and biofilm formation. Mass
screening of these genes on 202 ST121 and 71 ST14 L. monocytogenes genomes outlined interesting
findings with particular reference to a significant enrichment of certain subtype-specific genes within
each ST-type (Fig. 4). In particular genes gacH, cadA1C, Stress Survival Islet -2 and a truncated
version of the actA gene were significantly enriched within the ST121 genomes (P < 0,000001),
whereas the ars operon and cadA4C gene cassettes included in the Listeria Genomic Islands 2, the
bcrABC locus and a full-length version of the actA gene were significantly enriched in ST14 genomes
(P < 0,000001). The presence of a QAC associated genetic determinant (either the gacH gene or the
bcrABC locus) was significantly enriched in ST121 genomes in comparison to ST14 (P < 0,000001).
These observations underline that ST121 and ST14 subtypes have different patterns of genes
associated to ecophysiology. Further studies should be performed to confirm whether other subtypes
with high and low frequency show the same pattern of genes as identified in ST121 and ST14
subtypes from this study. Comparing the two patterns it appears that ST121 showed high adaptation
to sanitizing procedures (resistance to QAC and adaptation to alkaline stress) (qacH; SSI-2) along
with adaptation to high cadmium concentration (cadA1C) (23, 26, 58).

Concerning biofilm-related genes, a truncated version of actA gene was detected in all ST121
genomes whereas all ST14 harboured a full-length version of the same gene. This virulence
associated gene is involved in the polymerization of actin, a multifunctional-protein important for the
motility of L. monocytogenes within the host cell both in the first steps of biofilm formation and in
cell-to-cell aggregation (85, 86). Since deletion mutants AactA have been associated to attenuated
virulence and inability to form biofilms (86), phenotypic test were performed in this study providing
evidence on the higher biofilm forming ability of ST14 in comparison to ST121. Thus, the presence
of a full-length actA gene and the low adaptation potential of ST14 to sanitizing procedures might
suggest the ability of ST14 to form biofilms in harbourage sites where sanitizing procedures are
difficult to be performed (i.e. cutting equipment which do not allow disassembly). From this
harbourage site, hypervirulent ST14 subtype might repeatedly contaminate meat cuts of different food
lots over month or years and finally be responsible of outbreaks scattered in time and geographical
areas (7).

A full-length version of genes associated to: cell-envelope stress response linked to bacteriocins
resistance, adaptation to cold and/ or high salt concentration, low pH and desiccation was detected in
all L. monocytogenes genomes included in this study, therefore, these genes were not considered as
informative for differentiating ST121 and ST14 subtypes. Nevertheless, specific allele types can be
identified for those genes which are mostly located in the L. monocytogenes core genome. Genome
Wide Association Studies (GWAS) can be further performed to associate specific allele types to
specific phenotypes. Allele types with a strong association to the phenotype could be then included
in the dataset. The usefulness of GWAS was already demonstrated in a study on Campylobacter
jejuni, where authors discovered that, based on overrepresented genetic elements, different C. jejuni
subtypes show distinct genotypes associated with survival from farm to fork (87).
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Conclusions

Although not yet fully standardized, comparative genomics approaches can be successfully applied
for multiple investigations, such as enhanced subtyping and prediction of virulence. In the present
study, cgMLST and wgSNPs based phylogenies revealed comparable higher discriminatory power in
comparison to conventional molecular typing methods confirming that most but not all ST14 and all
ST121 isolates belong to two persistent strains. Nevertheless, a wider representative geographically
and temporally distributed set of ST14 and ST121 isolates fulfilling the persistent clone definition
criteria should be analysed to provide stronger evidence on the persistence phenotype of specific L.
monocytogenes ST-types in rabbit meat processing plants. Based on Multi Virulence Locus Sequence
typing (MVLST) and in silico virulence typing a higher virulence potential of ST14 in comparison to
ST121 newly sequenced isolates was predicted although additional in vitro investigations should be
performed to confirm the virulence of ST14 and ST121 isolates.

Besides relative low frequency of clinical ST121 strains, the resistance-related gene enrichment found
in ST121, supported by phenotypic confirmations, confirmed that this ST should be taken in account
when performing sanitizing procedures within food processing environments. Moreover, heavy
metals and disinfectants resistance ability might in part explain the high frequency of detection of
this subtype in food processing plants. On the other hand, attention should be given to biofilm
producer ST14 strains which might occasionally contaminate harbourage sites where sanitizing
procedure are difficult to be performed and potentially spread to different food lots scattered in
months or years. If confirmed, this route of contamination might be even of higher concern since the
driver of this repeated event might be a hypervirulent strain.
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Study II: Salmonella enterica ser Typhimurium variant 4,[5],12:i:- enhanced surveillance

Salmonella enterica ser. Typhimurium monophasic variant 4,[5],12:i:- has been associated with
foodborne epidemics worldwide and it appeared to be related to swine production in most of the
country of isolation. However, the monomorphic nature of this serovar has, so far, hindered
identification of the source due to expansion of clonal lineages in multiple hosts and food producing
systems. Therefore, efforts for identifying the transmission sources of this serovar are steadily
increasing public health concerns. Since geographically structured genetic signals can shape bacterial
populations, identification of biogeographical markers in S. 1,4,[5],12:i:- genomes can contribute to
improving traceability and source attribution investigations.

In this study, the phylogeographical structure and micro-evolution of 148 geographically and
temporally related Italian S. 1,4,[5],12:i:- circulating in human and swine have been investigated in
comparison to an extended contest of selected publicly available S. Typhimurium/ S. 1,4,[5],12:i:-
strains collected in Italy and worldwide. An innovative workflow based on recently developed
bioinformatics approaches was applied to untangle the phylogenetic structure and identify
biogeographical genetic markers on a large-scale dataset of genetically related S. Typhimurium/ S.
1,4,[5],12:i:- genomes. The lItalian isolates resulted as belonging to a large population of ~1,300
clonal S. Typhimurium/1,4,[5],12:i:- isolates collected worldwide in two decades showing up to 2.5%
of allele differences. Moreover, highly supported monophyletic groups resulting from phylogenetic
reconstruction suggested discrete geographical segregations which have had a strong impact on the
gene content of a large SopE-containing prophage associated to isolates of Italian origin, as revealed
by GWAS. These data suggest that geographical segregation of certain lineages may result in the
acquisition of specific accessory genetic markers useful to improve identification of the source in
ongoing epidemics.
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Introduction

Salmonella enterica serovar Typhimurium with the antigenic formula 4,[5],12:i:- is considered a
monophasic variant of S. Typhimurium (MVSTm) lacking the second phase flagellar antigen (1).
MVSTm has recently emerged in food-borne epidemics of multi-drug resistance (MDR) strains
responsible for several outbreaks in Europe (EU) (2) as well as in other continents (1). Since first
time this serovar was detected as far back in 1997 (3), it has been repeatedly associated to humans
and swine production, but also to environmental samples and other food-producing animals, such as
avian and cattle (2, 4-8). The increasing spread of MVSTm in EU, the growing number of food-borne
outbreak in recent years (6) and the difficulties in identifying the source due to the monomorphic
nature of this serovar continue to be a public health concerns. The existence of at least two distinct
clones (European and Spanish clone) emerged independently from ancestral S. Typhimurium strains
has been described (2, 5, 9-11). Additionally, different antimicrobial resistance (AR) patterns have
been associated to the two clones. The prevalence of simultaneous resistance to ampicillin,
streptomycin/ spectinomycin, sulphonamides and tetracycline (R-type ASSuT) has been described in
strains from EU clone (12), while in strains from the Spanish clone an additional resistance to
chloramphenicol, gentamycin and trimethoprim has been reported (13).

It has been argued that traditional typing methods are not well suited to unravel the evolution
dynamics of MVSTm population as well as the source attribution and epidemiology of this
monomorphic bacterial pathogen (14). Moreover, the misclassification of this serovar due to the
technically-demanding serotyping protocols and the evolution of multiple monophasic genotypes
make tackling the phylogenetic differentiation of MVSTm from serovar Typhimurium more
challenging (15, 16). On the other hand, as recently reviewed by Taboada and colleagues (17)
currently developed large-scale genomic approaches based on core genome multi-locus sequence
typing (cgMLST) and single nucleotide polymorphisms (SNPs) phylogenies showed a surprising
potential for molecular subtyping of genetically closely related strains, at a range of different
resolution levels and for multiple purposes. Recent studies have showed that combining core genome
analysis with accessory genes pool analysis, such as pan-genome wide association studies (pan-
GWAS), has improved understanding on evolutionary and phylogeographic patterns of several food-
borne bacterial pathogens (18-21).

Geographical structure of bacterial population is well documented for several pathogens such as
Mycobacterium tuberculosis (22) and Helicobacter pylori (23). However, for foodborne pathogens
the local phylogeographical signals can be deteriorated by the rapid movement of lineages across the
globe due to international trade of food and animals, and human travelling. Nevertheless, the
adaptation of certain lineages to specific hosts or food production systems which are more relevant
on a local geographical scale, can result in the expansion of successful epidemic clones harbouring
unique gene clusters that constitute specific biomarkers to improve source attribution in strains
circulating in different countries. Therefore, in this study the phylogeographical structure of a set of
148 geographically and temporally related MVVSTm isolates collected in Italy between 2012 to 2014
from human and swine was investigated in an extended contest of selected publicly available S.
Typhimurium/ MVSTm strains from several countries.

Combining phylogenetic analysis and genome-wide association study we identified strong evidence
of the phylogeographical structure of the Italian MV STm isolates, identifying a specific SopE¢-like
phage as geographical biomarker for most these isolates.
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Materials and methods

Bacterial strains and genome sequencing

A total of 148 Salmonella enterica serovar Typhimurium variant 4,[5],12:i:- (MVSTm) have been
collected from different Italian regions between 2012 and 2014 during a surveillance study. For the
aim of this study, the database has been named STY. Pig faecal samples (11), pork carcass isolates
(23) and pork meat at retail isolates (27) were obtained from the Italian National Reference
Laboratory for Salmonella (NRL Salmonella, Istituto Zooprofilattico Sperimentale delle Venezie,
Legnaro, Italy) while isolates from human with gastroenteritis (82) were obtained from the National
Institute of Health (Instituto Superiore della Sanita, Roma). Genomic DNA of the 148 STY isolates
was extracted and purified using the HWD DNA minikit (QIAGEN) according to the manufacturer’s
instruction. Index-tagged paired-end Illumina™ sequencing libraries were prepared using
NexteraXT™ library preparation kit and whole genome sequencing was performed on Illumina
Miseq™ platform generating tagged 250 bp paired-end reads.

De novo assembly and in silico MLST

The paired-end raw reads were assembled using the INNUca pipeline
(https://github.com/INNUENDOCON/INNUca), which consists of several modules and QA/ QC
steps. In brief, INNUCca starts by calculating if the sample raw data fulfil the expected coverage (min
15x). After subjecting reads to quality analysis using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and cleaning with Trimmomatic (24),
INNUCca proceeds to de novo draft genome assembly with SPAdes (25) 3.11 and checking assembly
depth of coverage (min 30x). Finally, Pilon (26) improves the draft genome by correcting bases,
fixing misassembles, and filling gaps, prior species confirmation and seven genes MLST Sequence
Type (ST) is assigned with mlst software (https://github.com/tseemann/milst).

Salmonella reference genomic dataset

A reference dataset of 4,312 public available draft or complete genome assemblies and available
metadata of Salmonella enterica have been downloaded from public repositories (i.e. EnteroBase -
https://enterobase.warwick.ac.uk/, National Center for Biotechnology Information NCBI -
https://www.ncbi.nlm.nih.gov/ and The European Bioinformatics Institute EMBL-EBI -
https://www.ebi.ac.uk/; accessed April 2017). The large collection includes 1,465 Salmonella
enterica ser. Enteritidis, 1,425 ser. Typhimurium, 985 MVSTm, and 437 Salmonella enterica
genomes of others frequently isolated serovars in Europe (6). All available assemblies for MVSTm
have been chosen based on public metadata. For each of the other serovars, genomes have been
selected to maintain the same proportions of genetic diversity (based on rMLST) as existing in
EnteroBase at the date of collection (April 2017) and reflecting EFSA monitoring zoonosis activities
report data on incidence percentages of different Salmonella enterica serovars (6).

Whole genome MLST (wgMLST) schema creation, validation and allele calling

Population structure analysis of Salmonella genomes have been performed using wgMLST
methodology (27). Schema curation, validation and allele calling have been carried out using the
chewBBACA (28) suite (https://github.com/B-UMMI/chewBBACA). Briefly, the wgMLST schema
V2 from EnteroBase, including 21,064 loci, have been downloaded and curated using chewBBACA
AutoAlleleCDSCuration for removing all alleles that are not coding sequences (CDS). The quality of
the remain 21,032 loci have been assessed using chewBBACA Schema Evaluation (28) and loci with
single alleles, those with high length variability (i.e. if more than 1 allele is outside the mode +/- 0.05
size) and those present in less than 0.5% of the Salmonella genomes in EnteroBase at the date of the
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analysis (~81,000 genomes April 2017) have been removed. A total of 9,127 loci have been used as
schema for calling alleles in the 4,460 Salmonella genomes using chewBBACA Allele Calling engine.
The wgMLST schema have been further curated, excluding all those loci detected as “Repeated Loci”
and loci annotated as “non-informative paralogous hit (NIPH/ NIPHEM)” or “Allele Larger/ Smaller
than length mode (ALM/ ASM)” by the chewBBACA in more than 1% of the dataset. The final
wgMLST schema included a total of 8,558 loci. The core genome MLST profile (cgMLST - defined
as the loci presence in at least the 99% of the samples) has been extracted using chewBBACA
ExtractCgMLST and goeBURST algorithm (29) implemented in Phyloviz 2.0 (30). cgMLST was
used to calculate the globally optimal genomes clusters. Concordance between partitions obtained at
different goeBURST cut-off and serotyping have been evaluated using Adjusted Wallace Coefficient
(AWC) (31).

Genome annotation, pangenome analyses and genome-wide association studies (GWAS)

Pangenome analysis was performed on a set of samples based on the goeBURST clustering.
Salmonella genomes were annotated with Prokka (32) (https://github.com/tseemann/prokka) and the
produced GFF3 files were used to generate the pan-genome matrix with Roary (33)
(https://github.com/sanger-pathogens/Roary) using default parameters. Maximum likelihood tree
based on the binary matrix of presence and absence of accessory genes was constructed using 1Qtree
(34) (https://github.com/Cibiv/IQ-TREE). The resulting tree was visualized on iTOL (35)
(https://itol.embl.de) along with metadata information to individuate clusters of closely related
isolates sharing core and accessory genes. A GWAS was performed based on Roary (33) results using
Scoary v 1.6.16 (36) (https://github.com/AdmiralenOla/Scoary). Patterns of genes were reported as
significantly associated to geographical origin (e.g. Italy) if they attained Benjiamini-Hochberg-
corrected P-value less than 0.05 and were present in at least the 20% of the selected isolates (e.g.
Italian) and absent in at least the 70% of the rest of the dataset (e.g. non-Italian isolates). The synteny
of the associated loci were visually assessed using Artemis (37) annotation tool on a selection of STY
isolates and further manually annotated. If the associated genes were annotated as hypothetical
protein the gene was manually curated by searching homologs sequencing in non-redundant (nr)
NCBI protein sequences collection using blast+ v 2.7.1 (38) (https://blast.ncbi.nlm.nih.gov/).

In silico antimicrobial resistance, plasmid and phage typing

Antibiotic resistance and plasmid prediction was performed with abricate pipeline
(https://github.com/tseemann/abricate) using ResFinder (39) and PlasmidFinder (40) as reference
database, respectively. The typical AR profile of S. 4,[5],12:i:- “EU clone” was defined as the
simultaneous presence of blarem-1, StrA (and its synonymous aph(3 “)-1b), strB (and its synonymous
aph(6)-1d), sull/sul2/ aad12 and tet(B) genes (R-type ASSuT) (12). In addition, when cmlAl, aac(3)-
IV and dfrAl2 genes were detected in that isolates harbouring ASSuT related genes they were
predicted as distinct R-type ASSUTCGTp, a specific pattern associated to S. 4,[5],12:i:- from the
“Spanish clone” (13).

The presence of pSLT-genes encoding virulence factor in a 94-kb plasmid (AE006471) from S.
Typhimurium LT2 was investigated using blastn implemented in blast+ (38) V 2.7.1. The PHAge
Search Tool (PHAST) (41) was used to identify the positions of putative phage elements. For PHAST
analysis, genomes have been annotated using RAST annotation server (42). Hence, the annotated
GBK file was uploaded to the public PHAST web server (http://phast.wishartlab.com/) (41).

Single-nucleotide polymorphism (SNP) analysis

To establish the phylogenetic relationship between closely related strains based on the goeBURST
clusteringg SNP  analysis have  been  performed using  Snippy v 25
(https://github.com/tseemann/snippy) pipeline using the assembled genomes as input files. As
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reference, the best assembled draft genome (based on N50 values and coverage) harbouring the larger
set of geographical associated genes have been selected within the same goeBURST cluster. A core
alignment of all the conserved nucleotide variant sites present in all genomes was used to build a
maximum-likelihood tree using 1Q-tree (34) with 1,000 bootstrap replicates to support the nodes.
hierBAPS (43) was used for clustering the samples based on the core SNP alignment and iTOL
(https://itol.embl.de) to display phylogenetic trees.

Data availability

Genome assemblies are accessible at the European Nucleotide Archive (https://www.ebi.ac.uk/ena)
under the project accession number: PRJIEB23875.

List of the genome EnteroBase accession number are available in Supplementary Information.
Schema and allele profile of the genomes wused in this study are available in
https://github.com/INNUENDOCON/chewBBACA _schemas.

Results

Quiality of de novo assembly

All the draft genome sequences from 148 Italian STY MVSTm isolates originating from human and
swine  passed the QA/QC  measures as  defined in INNUca  pipeline
(https://github.com/INNUENDOCON/INNUca). In silico MLST classified 142 (96%) samples as
Sequence Type (ST)34, 3 (2%) as ST19, 1 (0.7%) as ST11 and 1 (0.7%) as ST1995. For one isolate
MLST ST was not found.

Supplementary materials are accessible in a dedicated GitHub repository under the following link:
https://github.com/fedex88/PhD_Thesis. Spreadsheets have been uploaded in PhD Thesis under file
names “Study2_Supplementary_Table_S1” and "Studyl _Supplementary _Table _S2°.

Population structure Salmonella genomes

Population structure analysis has been performed using core genome gene-by-gene approach using
the chewBBACA (28) suite (https://github.com/B-UMMI/chewBBACA), to untangle the geospatial
evolution of the 148 Italian STY MVSTm isolates in the context of a representative set (4,312) of
publicly available Salmonella enterica genomes including the most common serovars. A total of
3,255 out of the 8,558 loci in the wgMLST schema have been detected in > 99% of the samples and
used for the cgMLST study. No concordance has been found between serotyping and any goeBURST
clusters based on the 3,255 loci cgMLST schema (Adjusted Wallace Coefficient (AWC) < 0.6).
However, considering serovar 1,4,[5],12:i;- as Typhimurium, concordance between cgMLST
clustering and serotyping have been found at ~30% (965) of allele differences (bidirectional AWC >
0.97), including 35 groups. At 965 cut-off, 141 out of 148 STY MVSTm isolates belong to a single
group along with 2,595 genomes including the majority of S. Typhimurium and other MVVSTm public
available strains. Besides, a large part of the STY MVSTm isolates (136 out of 148; ~92%) cluster in
a single goeBURST group at ~2.5% (75) of allele differences (goeBURST"® 1) along with a mixed
population of 241 S. Typhimurium and 912 MVSTm publicly available genomes
(Study2_Supplementary_Table_S1 in GitHub repository https://github.com/fedex88/PhD_Thesis).
The MVSTm strains were isolated between 2001 and 2017 from human (52%), swine (14%) and
other sources (22%) (124 environment, 50 avian and 24 cattle). For 111 isolates no source of isolation
was available. Almost the 94% of these strains were collected in Western Europe (433) and North
America (427) while the remaining isolates were from, Northern Europe (35), Southern Europe (10),
Asia (4) and Eastern Europe (1). Public available MVVSTm belong to ST34 (870), ST19 (25) and
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ST2379 (12), ST2956 (1), ST3168 (1) and ST3224 (1). Most S. Typhimurium genomes (227) were
classified as ST34 of which more than half (115) were human isolates mainly from North America
and Western Europe. For “goeBURST™ 1”7, the Minimum Spanning Tree (MST) based on a new
cgMLST schema, including a total of 3,591 loci, has been calculated using Phyloviz 2.0 (30) and the
country of origin of the strains have been visualized on the tree (Fig. 1). Figure 1 showed a partial
enrichment of geographical linked strains in certain parts of the MST (e.g. Italian cluster, yellow
circle).
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Figure 1: Minimum Spanning Tree of 1,326 genomes based on a 3,591 loci cgMLST schema
calculated using Phyloviz 2.0 (30). The country of origin of the strains have been visualized on the
tree by colours (Italian cluster, yellow circle).

Pangenome analysis

Pangenome analysis has been performed using Roary (33) on a total of 1,326 genomes comprising
all 1,289 genomes belonging to “goeBURST" 1 (including the 136 STY MVSTm isolates) and an
outgroup composed by a set of 38 S. Typhimurium/MVSTm strains, including 27 Italian MVSTm,
19 of which isolated during a large outbreak in south Italy (44). The pangenome consist in a matrix
of 13,135 group of orthologues of which 9,085 are accessory (present in < 99% of genomes): 8,588
present in less than 15% of strains, 333 present in more than 15% but less than 95% of strains, and
164 genes present in more than 95% of strains but less than 99%. A maximum-likelihood tree was
inferred based on binary data of presence/absence of accessory gene using IQtree (34) (Fig. 2). Two
mayjor clusters have been identified: (a) including 1,264 strains mainly of ST34, and (b) containing
62 strains mainly of ST19.

Within the large ST34 cluster, S. Typhimurium/MVSTm strains are aggregated in clades
irrespectively of the year as well as of the source of isolation. However, even if isolates originating
from different countries are gathered together across big clades, several small clusters including
isolates of the same geographical area could be visually identified across the tree. In particular, the
clade named herein STY -clade (Fig. 2) gathered roughly the 46% of the Italian STY MVSTm strains
representing more than 71% of the isolates included in the clade. The clade is populated by 98 isolates,
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70 (71%) of which were Italian, 24 Western European and 4 North American, collected between 2007
and 2017 and obtained from human, swine, and cattle. These data suggest that as result of
geographical segregation, certain lineages might have acquired specific accessory genetic markers,
as a result of geographical segregation.

Pangenome tree
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Figure 2. Maximum likelihood inferred based on binary data of presence/ absence of accessory gene
of 1,326 S. Typhimurium/ MVSTm strains included in the study. Isolates from Asia, North America,
Northern Europe Western Europe, Southern Europe and Eastern Europe are indicated by colour as
reported in the legend in the first circle. The second circle indicate ST-type by colour as reported in
the legend. Externally, clusters of genes statistically associated with Italian strains are labelled as
from pangenome analysis and divided by colours in plasmid-related contiguous loci (green);
prophage related contiguous loci (yellow); and associated loci spread across the genome (light blue).
The black hits are indicating sopE gene presence while missing data are in white. The yellow coloured
branch is indicating STY -clade.

In silico characterization of the isolates

A comprehensive list of the plasmids detected in the 1,326 genomes is available in Github repository
under file name Study2_Supplementary_Table_S2 (https://github.com/fedex88/PhD_Thesis). The
presence of plasmids has been detected in most of the genomes (1214; 91.5%) based on the positive
match against PlasmidFinder database (40). The most frequently reported plasmid was IncQ1l
(959:72.3%) followed by ColRNAI (506; 38,2%), Col156 (244; 18,4%). In total, the simultaneous
presence of these three plasmids was observed in 77 ST34 strains of which ~48% (37) clusters within
the above described STY-clade. Overall, less than 6% of isolates were positive for further plasmid
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including several incompatibility groups Inc. Although none of the tested strains harboured the
complete 94kb virulent pSLT plasmid, remains of the plasmid have been detected exclusively in the
ST19 clade which includes 21 MVSTm isolates possessing from 4 to 32 of the pSLT CDSs, including
the virulent markers spvB and spvC (45). All the MV STm outbreak isolates characterized by Cito and
colleagues (44) and 2 out 6 STY MVSTm isolates clustered within ST19 clade does not possess the
pSLT plasmid. In contrast, the other 4 STY MVSTm within ST19 clade isolates possess from 4 to 30
pSLT CDSs.

Almost all genomes (1,279; 96.4%) are positive for at least one antimicrobial resistance associated
gene (ARG) and most of them (1,011; 76.2%) possess three or more ARGS, while a limited number
(3.6%) did not have any positive match in  Resfinder database  (39)
(Study2_Supplementary Table S3 in the GitHub repository at
https://github.com/fedex88/PhD_Thesis). The most prevalent ARGs were related to resistance to
tetracycline (89,7%), sulphonamides (76,6%), ampicillin (74%), streptomycin (75,6%). More
specifically, the simultaneous presence of genes for resistance to ampicillin (blatem-18), streptomycin
(strA, strB, or aph(3 “)-1b, aph(6)-1d), sulphonamide (sull, sul2 or aad12) and tetracycline (tet(A) or
tet(B)) predicting the ASSuT resistotype (R-type) and characterizing the so called European clone
have been found in 67% of the positive isolates which were originated from human and swine sources
and collected between 2004 and 2017. Particularly, a total of 105 over 167 isolates of Italian origin
(~83% of the genomes within the STY-clade) exhibit R-type ASSuT. Only 18 over 1,326 genomes
were classified as R-type ASSUTCGTp due to the simultaneous presence of genes for resistance to
gentamycin (aac(3)-1Va), trimethoprim-sulfamethoxazole (dfrA12), and chloramphenicol (cmlAl).
These isolates, predicted to harbour the R-type typical of MVVSTm described as part of the Spanish
clone, were collected from human source and interspersed among clusters including isolates from
different sources and with R-type ASSuT.

Colistin resistance related genes mcr-1, mcr-3, mcr-4 or mer-5 were revealed in only 10 of the ST34
genomes mainly classified as MVVSTm (8/10), collected in Italy, UK and Thailand from swine (5/10)
and human. No of the genomes belonging to the STY -clade are positive for colistin resistance genes.

Genome-wide association study identified geographical segregated genetic markers in
Italian MVSTm

To investigate which genetic traits have been associated with the successful local expansion of
specific MVSTm genotype in Italy we used Scoary (36). Each gene cluster in the accessory genome
was scored according to its apparent correlation to a predefined trait defined as Italian population and
Benjiamini-Hochberg (BH) P-value was calculated. Of the 9,085 accessory gene clusters, Scoary
reported a total of 49 loci with a BH value under 0.05, and present in more than 20% of Italian and
less than 30% of non-Italian isolates (Table 1). Loci form clusters are located in separate fragments
of the genomes most of which exhibited homology to various genetic regions including phages,
prophages and plasmid-associated genes originating from different bacterial species (Salmonella
enterica, E. coli and Shigella). Thus, gene clusters have been divided in three groups: group 1 includes
7 contiguous loci belonging to a putative plasmid; group 2 includes 33 contiguous loci belonging to
a large 42.9 kb prophage region; and group 3 includes the remaining 9 genes which are spread across
the genome. The 49 Italian-associated loci are overrepresented in the STY-clade genomes (Fig. 2).
Particularly, only a single Italian isolate harbouring both group 1 and group 2 loci, and five UK
isolates possessing a significant amount of group 2 loci are located outside the STY-clade. Finally,
although clearly dominant in STY-clade, group 3 loci have been found quite frequently across the
tree.
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Table 1: Accessory genes associated with Italian strains rated by Benjiamini Hochberg (BH) P-value.

Roary  geneProkka annotation BH  P-ltalian
name value isolates*
group_3215  Hypothetical protein 1,94E-48 70
group_5738  Hypothetical protein 2,97E-47 70
group_7354  Hypothetical protein 3,54E-47 69
group_7352  Hypothetical protein 3,54E-47 69
group_5725  Hypothetical protein 4,43E-47 70
group_2349  Hypothetical protein 4,43E-47 70
group_5737  Hypothetical protein 4,43E-47 70
group_2253  Hypothetical protein 4,43E-47 70
group_7353  Hypothetical protein 8,17E-47 69
group_7359  Hypothetical protein 3,28E-46 69
group_3054  Hypothetical protein 4,28E-46 72
group_4040  Hypothetical protein 1,98E-45 71
rusA_2 Crossover junction3,80E-45 70
endodeoxyribonuclease
group_7356  Hypothetical protein 5,10E-45 63
group_4041  Hypothetical protein 9,35E-45 70
group_3216  Hypothetical protein 9,35E-45 70
group_3214  Hypothetical protein 9,35E-45 70
group_3213  Hypothetical protein 9,35E-45 70
group_1275  Hypothetical protein 9,35E-45 70
group_4491  Hypothetical protein 9,35E-45 70
group_4493  Hypothetical protein 9,35E-45 70
group_7358  Hypothetical protein 9,35E-45 70
group_7351  Hypothetical protein 9,35E-45 70
group_932 Hypothetical protein 9,35E-45 70
kilR Killing protein KilR 9,35E-45 70
group_3075  Hypothetical protein 2,45E-44 134
group_3217  Hypothetical protein 2,37E-43 69
group_2348  Hypothetical protein 1,65E-42 63
group_686 Hypothetical protein 3,66E-42 71
group_2346  Hypothetical protein 4,12E-42 67
group_7349  Hypothetical protein 5,77E-42 68
group_7350  Hypothetical protein 1,87E-41 68
group_7348  Hypothetical protein 3,53E-40 66
group_3117  Hypothetical protein 9,90E-39 51
group_1265  Hypothetical protein 4,26E-35 70
group_7650  Hypothetical protein 4,42E-35 52
group_6567  Hypothetical protein 1,48E-33 60

Non-italian
isolates**
15

17

16

16
18
18
18
18
17

18
23
23
22
12
23
23

23
23
23
23
23
23

23
23

23
233
24
16

30
23
25
26
25

45
12
28

Gene details***

Phage BRO family/N-terminal domain protein

Phage lambda NC_001416: cell lysis
protein/endopeptidase

Phege Clostr CDMH1 NC_024144: putative
signalling/NTPase protein

Phage hypotetical protein

Phage Erwini phiEt88_NC_015295: DNA N-6-adenine-
methyltransferase
Phage Entero Sfl NC_027339: Ren protein

Phage Entero lambda NC_001416: Bor protein precursor
Phage Entero c_1 NC_019706: lysozyme

Phage Gifsy_1 NC_010392: bacteriophage antiterminator
protein Q
Phage Entero 933W NC_000924: hypothetical protein

Phage Shigel Sfll NC_021857: hypothetical protein
Phage hypotetical protein

Phage Entero mEp237 NC_019704: Holliday junction
resolvase RusA
Outer membrane protein assembly factor BamE

Phage Entero BP 4795_NC_004813: hypothetical protein
Phage Entero Sfl NC_027339: replication protein P; -;
phage

Phage hypotetical protein

Phage hypotetical protein

Phage Salmon SEN34 NC_028699: replication protein O
Phage Rha protein

Phage Stx2 11 NC_004914: hypothetical protein

Phage Entero 933W NC_000924: host-nuclease inhibitor
protein Gam
Phage Salmon ST64T NC_004348: holin protein

Phage Entero phi80 NC_021190: CIlI decision making
protein
Phage Entero HK225 NC_019717: Kil protein

Hypotetical protein
Phage Entero 933W NC_000924: Bet protein

Predicted NTPase, NACHT family domain [Signal
transduction mechanisms]/Ecoli
Putative plasmid associated gene

Phage hypotetical protein
Putative plasmid associated gene
Putative plasmid associated gene
Putative plasmid associated gene
Genomic DNA

Putative plasmid associated gene
Genomic DNA

Genommic DNA
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Roary  geneProkka annotation BH  P-ltalian Non-italian Gene details***

name value isolates™ isolates**

group_3072  Hypothetical protein 1,47E-32 111 194 Genomic DNA

group_7355  Hypothetical protein 2,21E-26 42 12 Genomic DNA

prtR Putative HTH-type transcriptional 1,55E-25 41 12 O antigen synthesis gene
regulator

group_7816  Hypothetical protein 3,86E-24 40 13 Phage hypotetical protein

group_7817  Putative HTH-type transcriptional 2,65E-23 39 13 Phage Salmon ST160 NC_014900: C2 phage
regulator

rop Regulatory protein rop 6,27E-20 79 140 Putative plasmid associated gene

mbeC Mobilization protein MbeC 2,84E-10 45 78 Putative plasmid associated gene

group_48 Hypothetical protein 6,61E-04 44 141 Genomic DNA

xerC_1 Tyrosine recombinase XerC 7,22E-04 80 334 Phage Shigel Sfll_NC_021857: integrase

group_7044  Hypothetical protein 1,00E-03 79 333 Genomic DNA

group_4380  Hypothetical protein 1,48E-03 79 337 Phage protein fIxA

SOpE Guanine  nucleotide  exchange4,38E-02 73 345 Phage G-nucleotide exchange factor SopE
factor SopE

*Number of Italian strain positive for the gene
** Number of non-Italian strain positive for the gene
***Gene details based on PHAST and on BLASTh against NCBI database

Characterization of the prophage region

A total of 10 prophages regions have been annotated by PHAST (41) in the genome of the strain
STY 194, selected herein as reference genome for STY-clade. Of those 10 regions, 6 were intact, 3
were incomplete and one questionable. Among the intact regions, the one from nucleotide position
1,153,230t0 1,196,161 (42.9Kb in total) includes 62 loci of which 33 have previously been classified
by Scoary (36) as strongly associated with Italian MVVSTm (group 2, see above). The phage has been
integrated downstream the tRNA-thrW gene homolog of S. Typhimurium LT2 (Fig. 3). A similar
phage has been detected also in the UK strain SAL_JA6411AA (Fig. 3), belonging to the STY-clade
but missing the group 2 loci. The phage in SAL_JA6411AA shows identical 3’ -end but a divergent
5’-end sequence compared with STY194. The divergent part includes the 33 Italian associated loci of
group 2 in STY194, substituted in SAL_JA6411AA by 22 different genes. In STY194, the 5’-half of
the phage comprises genes involved in transcription and regulation, in integration-recombination and
cell division, prophage repression, cellular lysis and serum resistance. The conserved 3’-end of the
pro-phage, which accounts for the 45.2% of the entire prophage genome, shows high similarity to the
Shigella flexneri prophage Sfll and mainly encodes proteins involved in capsid formation and DNA
packaging (head, tail, and terminase). Most of the 24 loci of this region were found in more than 75%
of all genomes. The final portion of this phage genetic region shows homology to Salmonella phage
SP_004 tail fiber assembly protein followed by sopE, a G-nucleotide exchange factor protein from
SopE¢. Genes encoding for these two proteins were shared by roughly the 35% of analysed genomes
and sopE has been found to be negatively associated with North American origin (Fisher’s exact test;
P<0.0001).

84



Salmonella 4,[5],12:i:- enhanced surveillance

MVSTm prophage region alignment

é
S

S. Typhimurium LT2

STY194 strain

SAL_JAB411AA
strain

proA - glutamate-5-semialdehyde dehydrogenase
thrw - tRNA-Thr
STMO0325 - transposase

Figure 3: Alignment of 42.9Kb prophage region of STY 194 strain (in the middle) including 62 loci
of which 33 (yellow) are that classified by Scoary(36) as strongly associated with Italian MVSTm
(group 2 in the text). At the top, S. Typhimurium LT2 showing the insertion of the prophage between
the tRNA-thrW locus downstream of proA and the transposase STM0325. At the bottom, similar
prophage region of UK strain SAL_JA6411AA with divergent loci coloured in grey. The full match
of shared loci (orange and magenta arrows) is showed in blue.

Phylogenomic reconstruction of the MVSTm strains

To better understand the genetic relationship of isolates characterized by different accessory genes
profiles but gathered into the same goeBURST group we performed a single nucleotide
polymorphisms (SNPs) calling

on all isolates included in goeBURST group 1 along with a selected outgroup of four Italian isolates.
Therefore, 1,293 genome assemblies were mapped against the STY -clade reference genome using
Snippy v 3.2. Pairwise SNPs differences ranged between 0 to 1,793 with a median of 334 and a
median percentage of bases aligned to the reference of the 98,43%. The maximum likelihood
phylogeny and population structure were inferred based on 11,278 core SNPs. Two populations were
identified corresponding to two major clades in the ML tree (Fig. 4). Clade | is characterized by long
branches and includes 25 MVVSTm and one S. Typhimurium isolates of ST19 mainly isolated in North
American (~65%). More than half of the genomes exclusively included in clade | harboured from 10
to 32 pSLT-related genes. On the contrary, clade Il is characterized by very short branches and
includes 1,267 MVSTm (1,025) and S. Typhimurium (242) isolates mainly belonging to ST34
(97,9%) and ASSuT genotype (66,3%), and collected in Europe (60%) and North America (38%)
(Fig. 5). At 0.013 (nucleotide substitutions per site) distance from the root, clade Il was divided in 61
subclades (containing at least two genomes) and 56 singletons. The subclades 10, 41 and 61,
composed by 91, 195 and 474 genomes, respectively, account for ~60% of the genomes in clade 11
and are significantly associated to the origin of the isolates.
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Figure 4. Maximum
likelihood inferred based on
11,278 core genome SNPs.
The tree shows the S.
Typhimurium/ MVSTm
population  forming two
major clades. The long
branch indicates clade |
including ST19  strains
(blue) mainly from North
America. On the contrary,
clade Il mainly includes
ST34  (external circle).
Countries of origin are
indicated in the internal
circle by colours as reported
in the legend.

Figure 5. Maximum
likelihood tree inferred based
on 11,278 core SNPs on
1,293 isolates. Figure 3
shows the tree pruned on
clade 11 with coloured
branches for subclade 10
(yellow), 41 (blue) and 61
(magenta). The internal
circles indicate the
originating geographical area
of each isolates indicated by
colours as in the legend.
Externally, clusters of genes
statistically associated with
Italian strains divided by
colours in plasmid-related
contiguous loci  (green);
prophage related contiguous
loci (yellow); and associated
loci spread across the
genome (light blue). The
black hits are indicating sopE
gene presence.
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Subclade 10 is significantly associated with Italian origin (Fisher’s exact test; P<0.0001) and includes
~50% of the STY-Italian isolates available in the dataset and 5 additional Italian MVVSTm isolates
that were collected prior to 2012. In subclade 10, pairwise distance was from 0 to a max of 368 (Fig.
6). In comparison to the accessory genome clustering, subclade 10 contains 85/91 isolates belonging
to STY-clade and all but 5 possess the SopE-containing phage. The distribution of the Italian
associated loci on the core SNP tree, as shown in Figure 5, indicate a clear association with subclade
10, particularly for the group 1 and 2 loci. Subclade 41 is significant associated with Western Europe
origin (UK and Ireland; Fisher’s exact test; P<0.0001) while subclade 61 is significant associated with
North American origin (Fisher’s exact test; P<0.0001), comprising 88% of the North American
isolates included in the study.

Pairwise cgSNPs distance matrix

Figure 6. Pairwise SNPs distance matrix of the core genome SNPs alignment of the 91 strains from
subclade 10. The pairwise distance ranges from 0 to a max of 368. SNPs distance was calculated with
snps-dists (https://github.com/tseemann/snp-dists) and visualized on http://www.heatmapper.ca
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Discussion

The importance of S. 4,[5],12:i:- (MVSTm) arose when it climbed up the charts of Salmonella serovar
responsible of foodborne outbreaks worldwide. In particular, in Europe the joint report on zoonosis
monitoring by EFSA/ ECDC described S. 1,4,[5],12:i:- as the third serovar among Salmonella already
in 2013 (6). Swine appears to be the main reservoir of this peculiar S. enterica serovar. However, the
monomorphic nature of MVSTm has been an obstacle for identifying the relative importance of other
animal species as sources of human infections (46).

Several studies have been conducted in recent years to elucidate the phylogenetic relationship,
transmission dynamics as well as the virulence and resistance key determinants of epidemics MVSTm
(11, 12, 44, 47-52). Genomic analyses have suggested the emerging of multiple independent clones
in the United States and Europe (4). Specifically, three distinct epidemics have driven the micro-
evolution of MVVSTm across the globe resulting in the expansion of different clones which tend to be
dominant in specific geographical locations (47). Recent data on Salmonella serovar Cerro suggested
that several genomic markers associated to geographically segregated phylogroups may contribute to
the ability of Salmonella to rapidly diverge and adapt to a specific niche (53). Therefore, geographical
segregation can play an important role in the micro-evolution of emerging clones, leaving enough
genetic signal in the population which can contribute to improve source attribution of clinical
MVSTm infections. In the present study, we tested this hypothesis by focusing on identifying
biogeographical markers in MVSTm genomes of a geographical and temporal related set of isolates
obtained in Italy between 2012 and 2014. To mine phylogenetic related isolates from different part
of the world, we applied an inexperienced genomic approach by comparing the 148 Italian isolates
with a large set (> 4,000) of representative public available genomes of several S. enterica serovars
using the gene-by-gene methodology. Thus, we identified ~1,300 S. Typhimurium and MVSTm from
a broad geographical area collected in almost 20 years from several sources showing up to 2.5% allele
diversity with most of the Italian isolates. Integrating phylodynamics with genome-wide association
analysis, we have shown that within this peculiar population of very similar S. Typhimurium/
MVSTm isolates, the expansion of genotypes in a specific geographical region is facilitated by the
acquisition of unique accessory genetic markers. Phylogenetic reconstruction revealed that isolates
from the same geographical origin form several highly supported monophyletic groups, providing
discrete evidence of the phylogeographical structure of this population. Isolates from human and from
swine related sources clustered in these groups indicating that humans are exposed to the same
genotypes circulating among pigs. The presence of most of the Italian isolates within a single
monophyletic clade characterized by specific repertoire of plasmid- and phage-related loci support
the hypothesis that this genotype endured a substantial evolution under geographical segregation.
Particularly, geographical isolation appeared to have a strong impact on the gene content of a large
prophage detected in most of the isolates. Within this prophage, genome-wide comparison identified
30 genes to be strongly associated with Italian origin. Among associated prophage elements, we found
SOpE gene, a virulence factor recently described in European strains (47), enriched in genomes from
subclades 10 and subclades 41, significant associated with Italian and UK origin respectively. This is
consistent with findings by Petrovska and colleagues suggesting an increase of sopE gene frequency
since 2007 in monophasic epidemic isolates from UK and Italy (47); increase confirmed by the
overrepresentation of sopE gene in the European MVSTm collected after 2010 (350/727; ~48%)
analysed in this study. Although our data show a negative association of this gene with isolates from
North America, a recent study by Elnekave and colleagues (48) reported the presence of sopE gene
in US isolates from swine samples collected during 2014-2016. The fact that MVSTm isolates
harbouring sopE gene have being collected in Europe for several years before might raise the question
of whether sopE positive isolates in US are most likely originating from European strains circulating
in swine production chain. Further studies are needed at present to elucidate with higher resolution
the genetic relationship of sopE positive isolates on a more representative set of US and European
swine-related MVSTm strains.
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Noteworthy, whereas prophage virulence gene sopE was mostly located in strains from Italian and
Western Europe phylogroups in ST34 clade 11, spvC and spvB and other virulence markers of pSLT
plasmid with reported contribution to pathogenicity of S. Typhimurium (45, 54) were located in
strains from clade | belonging to ST19. The presence of these virulence genes exclusively in ST19
strains provided evidence that these strains most likely originated from S. Typhimurium ancestors
distinct from that of the European clone. This is consistent with results of Garcia studies where the
presence of spvC gene and virulence-plasmids genes is reported only in MVSTm ST-19 strains.
Although spvC positive ST19 MVSTm strains have been described as similar to the hepta-resistant
Spanish clone, antimicrobial resistance (AR) genes were found in only 4 out of 15 of the virulence-
harbouring isolates of our dataset. In the current study, we showed that the most common AR profile
for the majority of Salmonella Typhimurium/ MVSTm strains isolated from humans, animals,
environment and animal foodstuffs included in ST34 clade Il predict ASSuT genotype. The wide
diffusion of multiple genotypes of R-type ASSUuT MVSTm in European countries as well as in North
America and Asia constitute a growing risk that can be associated to increased hospitalization,
development of a bloodstream infection, or treatment inefficacy in patients (55). However, the local
expansion of specific clones can also result in the loss of AR genes, as we observed in the UK-
associated subclone 41. The loss of ASSUT or ACGSSuTTp genotypes emerged towards the terminal
branches of the subclade 41 tree populated exclusively by isolates harbouring a single tetracycline
resistance gene. Since these mono-resistant genotypes have been isolated in a successive timeframe
than multi-resistant genotypes within subclade 41, we presume that the dynamic genome plasticity of
S. Typhimurium/ MVSTm serovars may lead to the formation and successful expansion of clones
suffering the loss of particular adaptive traits.

Petrovska and colleagues (47) have investigated the micro-evolution of MVVSTm clones responsible
for recent UK epidemic ways (from 2005 to 2012). The authors discovered that monophasic epidemic
clones circulating in UK and Italy are characterized by the acquisition of multiple novel genes,
including a sopE-containing prophage mTmV, and formed a single clade with remarkable genetic
variation from North American and Spanish epidemics clones. They identified three distinct
subclades one of which (i.e. subclade C) being preferentially associated with Italian livestock
production. In our study, four of the Italian isolates collected up to 2010 included in the study of
Petrovska and colleagues (47) belong to the Italian associated subclade 10 as shown in Figure 3,
together with ~57% of the Italian STY isolates analysed in this study and collected from 2012 to
2014. Particularly, the subclade 10 represent a significant expansion of the sopE positive
monophyletic group within subclade C as described by Petrovska and colleagues (47). Similarly, the
UK associated subclade 41, as shown in Figure 3 herein, represent the recent expansion (>90% of the
samples within subclade 41 were collected in UK or Ireland after 2014) of sopE positive
monophyletic group within subclade A as described by Petrovska and colleagues (47). The ongoing
clonal expansion of these sopE positive MVVSTm subpopulations shows that the acquisition of this
gene has conferred a clear competitive advantage in the ongoing European MVSTm epidemics. As
previously suggested (47), the acquisition of sopE has happened in multiple independent events. This
theory is confirmed by the gene contents of the sopE-containing prophage. Indeed, in the UK
associated subclade 41, sopE is located at the 3’-end of a prophage mTmV as previous described (47),
while in the Italian subclade 10 the prophage containing sopE shared only half of the mTmV genes.
This novel prophage mTmV2 contains the majority of the Italian associated biogeographical markers,
characterizing subclade 10, and, therefore, it can be used to enhance strains traceability in ongoing
epidemics.
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Conclusions

Until internationally validated WGS-derived nomenclatures and transferable protocols will be
available for Salmonella enterica typing and phenotype prediction (e.g. AR, virulence) the immediate
operationalisation of WGS-based surveillance in Europe remains a challenge. Nevertheless, the
genomic analysis applied in this study on a large dataset of newly sequenced genomes in comparison
to publicly available genomes have proved to be well suited to untangle the phylogeographical
structure and micro-evolution of MVSTm serovar. Thanks to the growing number of publicly
available genomes and metadata, further investigations on additional geographically and temporally
distributed monophasic and non-monophasic variants of S. Typhimurium genomes would increase
the power of the analyses for the search of additional geographically segregated markers, and
elucidate how these markers are distributed among this populations. The gain and loss of mobile
genetic elements may “unlock the secrets” for the optimization of infection-control strategies and
effective containment of this emergent pathogen as was already discussed in a recent study on the
transmission dynamics of Enterococcus faecium (56).
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Discussion and conclusions

Listeria monocytogenes and Salmonella enterica serovar Typhimurium variant 4,[5],12:i:- are
foodborne pathogens with relevant rate of associated foodborne illness cases reported in Europe.
Species-specific genetic bacterial determinants and matrix-specific ecological factors (e.g. physical
factors, microbial competition, predation, etc.) can contribute to the persistence of these foodborne
pathogens (FBPs) in the food chain. (7). To extend our understanding on microbial evolution,
ecology, population dynamic, and persistence of FBPs, multiple investigative approaches based on a
combination of genomic analyses may be performed bearing up an enhanced surveillance.
Currently, there is not yet a fully standardize genomic methodology. However, albeit bioinformatics
expertise and software, standardised and validated protocols and common nomenclatures are
required, whole genome Sequencing (WGS) data based analyses can be successfully used for multiple
investigations at once and revealed an unparalleled potential as a one-serve-all approach. In the study
presented in this thesis, comparative genomics have been essential in investigating (i) the persistence,
virulence potential and physiological adaptation of Listeria monocytogenes in food processing plants
and (i) the micro-evolution and phylogeography of Salmonella enterica serovar 4,[5],12:i:-.

A major aim of the present thesis was to get insights on persistence of L. monocytogenes isolates
belonging to ST14 and ST121 collected over one year from an Italian rabbit production plant. For
this purpose, 34 L. monocytogenes isolates belonging to three genotypes ST14, ST121, ST224 were
whole genome sequenced. cgMLST analysis on all sequenced genomes showed a significantly
superior discriminatory power in comparison to molecular methods (e.g. ribotyping), allowing the
detection of two singletons belonging to ST14 that were not observed by other molecular methods.
The Multi Virulence-Locus Sequence Typing (MVLST) and the investigation of a representative
database of virulence determinant genes was performed on ST121 and ST14 sequenced genome in
comparison to a set of publicly available genomes. All ST14 isolates were assigned to a Virulence-
type VT107 very close to VT1 strains, identified as part of an epidemic clone responsible of outbreaks
in US. Virulence genes screening showed the presence of a full-length inlA version in all ST14
isolates and of a mutated version including a premature stop codon (PMSC) associated to attenuated
virulence in all ST121 isolates. In silico analyses were useful to predict the potential virulence of L.
monocytogenes isolates. MVLST results, as well as analysis of virulence genes, suggest a higher
virulence potential of ST14 sequenced isolates in comparison to ST121, besides additional in vitro
confirmations should be performed to confirm the virulence of ST14 and ST121 isolates.

So far, the persistence and ecophysiology of specific subtypes of L. monocytogenes (e.g.
hypervirulent ST14) able to adapt and colonise harbourage sites in food-processing environment is
still under investigation. In this study, even though the number of isolates was limited, wgSNPs based
phylogeny inferred on the 33 ST121 and ST14 sequenced isolates collected in the Italian rabbit-meat
plant was able to predict that a persistent ST14 clone was circulating in the plant along with not
persistent strains. However, it would be favourable to extend this research, in order to include a wider
representative diversity of persistent and not persistent ST14. The novel dataset of accurately selected
genes designed to investigate physiological adaptation to food-processing environment of L.
monocytogenes showed a significant enrichment in ST121 genomes concerning genetic features
related to adaptation to sanitizing procedures. Whereas within ST14, a genetic enrichment was
observed concerning genes that confer an enhanced ability to form biofilm (actA gene full-length
version) along with heavy metals resistance genetic features (e.g. ars operon and cadA4C gene),
previously related to persistent L. monocytogenes strains. These results suggest that ST14 strains-
specific genetic repertoire may represent a selective advantage for this genotype to colonize
harbourage sites where sanitizing procedures are difficult to occur. In conclusion, this study
highlights that the incidence and persistence of ST14 L. monocytogenes strains within food-
processing plant should be taken into greater consideration, given its hypervirulent potential.

98



Discussion and conclusions

At present, the emerging incidence of Salmonella Typhimurium variant 4,[5],12:i:- foodborne
epidemics in last years and the efforts for identifying the transmission sources due to monomorphic
nature of this serovar are steadily increasing public health concerns. Therefore, another major aim of
this thesis was to untangle the evolutionary history of monophasic variant Salmonella Typhimurium
(MVSTm) strains circulating in human and swine in comparison to an extended contest of selected
publicly available S. Typhimurium/ MVSTm strains collected worldwide, using an innovative
genome-wide investigative approach. Population structure analysis revealed that Italian isolates
belong to a large population of ~1,300 clonal S. Typhimurium/ MVSTm isolates (maximum of 2.5%
of allele differences), collected from a wide-range of countries in last two decades, and showing
genetic similarity to antimicrobial resistance profiles previously associated to strains from European
clone. Moreover, cgSNPs based phylogenetic reconstruction revealed that isolates from the same
geographical origin form several highly supported monophyletic groups, suggesting discrete
geographical segregation while GWAS provided statistical associations with Italian origin for a
number of genetic markers (e.g. plasmid- and prophage-related genes). These results highlight that
geographical isolation has had a strong impact on the accessory gene content mainly concerning a
large SopE-containing prophage detected in most of the isolates. In conclusion, these data suggest
that the expansion of successful epidemic clones harbouring unique gene clusters, that constitute
specific biomarkers, is driven by the adaptation of certain lineages to specific hosts or food production
systems, with regard to a local geographical scale. Furthermore, in order to improve identification of
the source in course of large epidemics, studies focusing on optimal dataset of genomes,
representative of all the source of isolation of MVVSTm in the food chain, should be performed even
taking account of biogeographical genetic markers.

The recent trends for molecular typing of several foodborne pathogens including L. monocytogenes
and S. enterica are now focused on the shift from traditional molecular typing to multiple WGS-data
based comparative genomics typing approaches. In the light of the proposal to phase out the use of
several official molecular methodologies (e.g. PFGE, serotyping, ribotyping), it was a great and
challenging chance to interface with bioinformatics pipelines and other Linux-based tools, cloud-
based and publicly available computing for foodborne pathogens sequence data analysis. A lot of
work is in progress worldwide between laboratories engaged in standardization, harmonization and
validation of protocols and curated nomenclatures facilitating the routine application and full
comparability of WGS not only for surveillance and outbreak investigation purposes, but also for
answering further research questions (e.g. source attribution, virulence and resistance
characterization, transmission dynamics, population structure, etc.). Despite future perspectives point
to give up traditional typing methodologies, phenotypic tests still have to be carried out in order to
confirm the genome based feature prediction and to assess concordance between in silico typing and
phenotype.

Further work remains to be done in terms of metadata curation and real-time sharing in publicly
available database in order to reduce the frequent bias for collection date and/ or geographical origin
of public genomes with the perspective of defining epidemiological break points for enhanced for
surveillance and outbreak investigations at national and international level. A cost-effectiveness
approach should be adopted in WGS applications for minimizing sequencing costs while maintaining
high quality data to be interpreted in context with laboratory results.
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