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Abstract

Background: Salmonella enterica subsp. enterica serovar Napoli (S. Napoli) is among the top serovars causing
human infections in Italy, although it is relatively uncommon in other European countries; it is mainly isolated from
humans and the environment, but neither the reservoir nor its route of infection are clearly defined. This serovar is
characterized by high genomic diversity, and molecular evidences revealed important similarities with typhoidal
serovars.

Results: 179 S. Napoli genomes as well as 239 genomes of typhoidal and non-typhoidal serovars were analyzed in
a comparative genomic study. Phylogenetic analysis and draft genome characterization in terms of Multi Locus
Sequence Typing (MLST), plasmid replicons, Salmonella Pathogenicity Islands (SPIs), antimicrobial resistance genes
(ARGs), phages, biocide and metal-tolerance genes confirm the high genetic variability of S. Napoli, also revealing a
within-serovar phylogenetic structure more complex than previously known. Our work also confirms genomic
similarity of S. Napoli to typhoidal serovars (S. Typhi and S. Paratyphi A), with S. Napoli samples clustering primarily
according to ST, each being characterized by specific genomic traits. Moreover, two major subclades of S. Napoli
can be clearly identified, with ST-474 being biphyletic. All STs span among isolation sources and years of isolation,
highlighting the challenge this serovar poses to define its epidemiology and evolution. Altogether, S. Napoli strains
carry less SPIs and less ARGs than other non-typhoidal serovars and seldom acquire plasmids. However, we here
report the second case of an extended-spectrum B-lactamases (ESBLs) producing S. Napoli strain and the first cases
of multidrug resistant (MDR) S. Napoli strains, all isolated from humans.

Conclusions: Our results provide evidence of genomic plasticity of S. Napoli, highlighting genomic similarity with
typhoidal serovars and genomic features typical of non-typhoidal serovars, supporting the possibility of survival in
different niches, both enteric and non-enteric. Presence of horizontally acquired ARGs and MDR profiles rises
concerns regarding possible selective pressure exerted by human environment on this pathogen.
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Background

According to data on zoonosis in the European coun-
tries [1], Salmonella spp. is among the top pathogens
causing infections in humans. Although more than 2600
different Salmonella serovars have been described to
date [2], few of them are responsible for the great major-
ity of human infections [1]. Salmonella serovars can be
referred to as non-typhoidal or typhoidal, the latter com-
monly comprising S. Typhi and S. Paratyphi, being
species-specific for humans and causing typhoidal fever.
Conversely, non-typhoidal serovars (NTS) are present in
different animal reservoirs and are responsible for self-
limiting gastrointestinal syndromes.

Salmonella enterica subsp. enterica serovar Napoli (S.
Napoli) is considered a NTS, although it presents low in-
fective dose and prolonged incubation period, together
with genetic elements that suggest a close relatedness
with typhoidal serovars [3]. Although S. Napoli is rela-
tively uncommon in Europe, it is among the top five ser-
ovars causing human infections in Italy, with a
substantial increase in the number of isolations since
2000 [4, 5]. Moreover, several outbreaks related to this
serovar outside of Italy have been linked to the con-
sumption of exported Italian food products (e.g. choc-
olate bars [6-8], rocket salad [9]). The Rapid Alert
System for Food and Feed (RASFF) reported twelve noti-
fications regarding S. Napoli to date, all but one involv-
ing fresh vegetable products exported from Italy to other
European countries (as of July 2019).

S. Napoli is generally isolated from humans [10-12],
animals (both wild [13—16] and domestic [17]) and the
environment [4, 9, 18]. In addition, data from the Enter-
Vet network [19] show that S. Napoli is rarely found in
farm animals and foodstuff of animal origin [5]. The
high frequency of isolation of such serovar from fresh
vegetables and during summer season led several au-
thors to speculate that surface water might be a plausible
route of contamination [3, 5, 9, 18, 20]. However, up to
date, there is no evidence about the definite S. Napoli
reservoir and its infection route. Moreover, this serovar
is characterized by high genomic diversity [9], thus hin-
dering the identification of specific features that could
clarify both adaptation to specific environmental/animal
reservoirs and its virulence potential.

These evidences led us to perform a comparative gen-
omic study to investigate the genomic potential of S. Na-
poli serovar supporting its ecological and epidemiological
success.

Results

Data description

The total dataset included 179 S. Napoli genomes, of
which: 142 newly sequenced, 36 retrieved from Entero-
base (www.enterobase.warwick.ac.uk) [21], and 1 from
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GenBank database (https://www.ncbi.nlm.nih.gov/gen-
bank/) [22]. All strains have been collected in Italy,
Germany, Denmark, United Kingdom, Ireland, Poland
and the United States, spanning years 2005-2017.

For comparative analysis purposes, we added: 239
Clade A sequences spanning Salmonella serovars Typhi,
Paratyphi A, Choleraesuis, Newport, Enteritidis, Dublin,
Heidelberg, Typhimurium and 1,4, [5],12:i:- and derived
from Huedo et al. [3]; 77 Clade B sequences spanning
serovars Schwarzengrund, Montevideo, Javiana, Panama,
Brandenburg, Miami, Poona, Gallinarum, Pomona, East-
borne, Nottingham, Bredney, Decatur and derived from
Didelot et al. [23] and Worley et al. [24]; 1 Clade C se-
quence belonging to serovar Weslaco and derived from
Worley et al. [24]. All the included reference genomes
were retrieved from NCBI RefSeq (https://www.ncbi.
nlm.nih.gov/refseq/) [25] and GenBank databases
(https://www.ncbi.nlm.nih.gov/genbank/) [22].

Additional file 1 reports the complete metadata: sero-
var, source of isolation, year of isolation, country of iso-
lation, sequence type (ST) for each of the S. Napoli
collected genomes (sheet 1) and Clade A sequences
(sheet 2). Additional file 2 reports the number of S. Na-
poli isolates per source of isolation, isolation year, and
country of isolation and ST, respectively.

Genome sequence similarity and genome annotation
The 178 S. Napoli assembly sizes were variable, within a
range of [4.41-4.93] Mb, with a GC% content varying
between 52.0 and 52.3% (Additional file 1, sheet 1).

The genomic sequence similarity within S. Napoli se-
quences, expressed as the OrthoANI genomic index, re-
sulted in values ranging between 99.50 to 99.99%. MLST
analysis divided S. Napoli isolates in seven STs. Supple-
mentary Fig. S1 (Additional file 3) reports the minimum
spanning tree built using the MLST profile of all S. Na-
poli samples, with circles indicating -as proportions- the
different sources of isolation. Genome annotation of S.
Napoli and Clade A genomes, irrespective of the serovar,
resulted in 4066 to 4741 predicted protein-coding se-
quences, with the overall pangenome including 21,153
genes. A number of 2325 genes were assigned to the
Clade A core genome, while 3500 genes were assigned
to the core genome of S. Napoli only.

Pangenome analysis and phylogeny

In order to confirm that S. Napoli is part of Clade A [3],
a SNPs based phylogeny was built including genomes
belonging to Clade A, B and C (Supplementary Fig. 2,
Additional file 4). To further investigate S. Napoli pos-
sible relationship with other recombinogenic serovars,
we performed a population analysis using STRUCTURE
[26], with a ¢gMLST scheme including 3065 alleles as
input. Samples generally clustered in accordance to the
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Fig. 1 Core genome alignement-based ML phylogeny of all Clade A genomes. Core genome alignment was used for phylogenetic
reconstruction using RAXML (version 7.2.8, [27]) with bootstrapping and Maximum Likelihood (ML) search under the GAMMA model of rate
heterogeneity. Tree visualization was obtained using FigTree v1.4.4 [28]. Subtrees were collapsed for ease of interpretation, while bootstrap values
are indicated as node labels. Subtrees clearly group isolates belonging to the same serovar. S. Napoli clusters with typhoidal serovars S. Typhi and
S. Paratyphi A, separately from all other non-typhoidal serovars

above-mentioned SNPs based phylogenetic analysis.
Supplementary Fig. 3 (Additional file 5) shows the Max-
imum Likelihood (ML) best tree built for Clades A, B
and C side by side with the population structure identi-
fied by STRUCTURE. In every analyzed population (K =
2 to 10), S. Napoli samples always grouped together in a
single population, with only few samples showing admix-
ture with other population sequences, thus highlighting
that S. Napoli is not recombinogenic. Once confirmed
that S. Napoli is part of Clade A, we performed all
downstream analysis focusing on Clade A serovars only.
Figure 1 represents the ML best tree built for Clade A
serovars, with subtrees collapsed for ease of interpret-
ation; the complete tree is reported in Supplementary
Fig. 4 (Additional file 6). S. Napoli subtree clustered with
S. Typhi and S. Paratyphi A genomes, forming a distinct
clade from the cluster containing all non-typhoidal sero-
vars. Figure 2 represents the ML best tree built for S.
Napoli samples only; the complete tree is reported in
Supplementary Fig. 5 (Additional file 7). Subtrees clearly
grouped genomes belonging to the same ST; interest-
ingly, two major clades were identified (Fig. 2), both

containing genomes belonging to ST-474. This ST, con-
sequently, appeared to be biphyletic. Both subclades in-
cluded also isolates belonging to different STs, other
than ST-474, which were non-overlapping between sub-
clades. Indeed, the two subclades grouped ST-1637 and
ST-1853 with ST-474, and ST-2019, ST-2008 and ST-
2095 with ST-474, respectively. A well-defined sub-
cluster was highlighted, grouping isolates belonging to
ST-1853 and related to a single outbreak occurred in
Italy in 2012 and associated to kennel dogs [17].

A Bayesian phylogenetic analysis was performed to es-
timate S. Napoli STs divergence time; a combination of
strict molecular clock model and coalescent log normal
population size prior was used, since it was significantly
better than the other tested models (BF = 276.5). A mean
genome-wide corrected evolutionary rate of 8.90 x 10™®
substitution/site/year (credibility interval: 4.87 x 10”5,
13.10 x 10~ ®) was estimated, indicating that divergence
of the two ST-474 clones could be set around 1990
(Supplementary Fig. 6, Additional file 8). Then, around
2000, one of these clones diverged into ST-2019/ST-
2095 clone (lower clone in Fig. 2, Supplementary Fig. 5
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Fig. 2 Core genome alignement-based ML phylogeny of S. Napoli genomes. Core genome alignment was used for phylogenetic reconstruction
using RAXML (version 7.2.8, [27]) with bootstrapping and Maximum Likelihood (ML) search under the GAMMA model of rate heterogeneity. Tree
visualization was obtained using FigTree v1.4.4 [28]. Subtrees were collapsed for ease of interpretation, while bootstrap values are indicated as
node labels. Subtrees clearly group isolates belonging to the same ST; interestingly, two major clades can be identified (highlighted in blue and
red, respectively), both containing isolates belonging to ST-474. This ST, consequently, appears to be biphyletic. Both subclades include also
isolates belonging to different STs, other than ST-474, which are non-overlapping between the two subclades. Indeed, the first subclade groups
ST-1637 and ST-1853 with ST-474; the second subclade groups ST-2019, ST-2008 and ST-2095 with ST-474

and Supplementary Fig. 6). From ST-2019, more re-
cently, the ST-2008 and ST-2101 emerged. From the
second clone of ST-474, ST-1637 and ST-1853 diverged
in the period 2003-2008 (upper clone in Fig. 2, Supple-
mentary Fig. 5 and Supplementary Fig. 6).

Metadata analyses

ST-474 was found to be temporally the first ST identi-
fied in our collection; then ST-1637, ST-2095, ST-2019,
ST-2008 emerged. Moreover, ST-474 was always found
in each isolation year (Table 1).

Table 1 Number of S. Napoli genomes per ST and per year of isolation

YEAR
2005 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 NA
ST-TYPE 474 Vo o ovyo o o ov@o o vasy o o vo o ve o ve o o vy vy o ve o vany o v v©
1637 VO v v Y V6B - S - SO v - v ()
2095 VO A() - - V2 o - vB v@B V@3 - v (4)
2019 vy v o va o - - - vQasy v -
2008 VA - MO0 - Jan o o ve v
1853 e - - - _ _ _
2101 v (1) - -

Presence of genome(s) belonging to a specific ST per each year of isolation is indicated by the check mark symbol (V'); number of isolates is reported in brackets. The
dash symbol (=) represents missing genomes belonging to each ST after the first year of isolation
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Table 2 Number of S. Napoli genomes per ST and per source
of isolation

ST ANIMALS  FOOD  ENVIRONMENT HUMAN  Row total
474 13 3 12 34 62

1637 1 2 8 2 13

2095 4 3 2 27 36

2019 4 3 7 2 16

2008 0 5 8 10 23
Column total 22 16 37 75 150

Number of available genomes of each ST isolated from each source. All clonal
isolates, isolates from unknown or laboratory source were removed; ST-2101 had
to be excluded because it was represented by one genome only in our collection

Metadata correlation analysis revealed a statistically
significant association between ST and source of isola-
tion (Fisher’s Exact Test for Count Data with simulated
p-value based on 2000 replicates, two-sided: p-value =
0.0004998). The ST vs source association test on parti-
tions of the contingency table (Table 2) highlighted that
ST-2095 was significantly associated to human source,
while ST-2019 and ST-1637 were significantly associated
to the environmental source (Fisher’s Exact Test for
Count Data with simulated p-value based on 2000 repli-
cates, two-sided: p-value: 9.13e-05, p-value: 2.92e-05 re-
spectively, after Bonferroni correction for multiple
comparison). S. Napoli ST-474, however, was the most
commonly found ST in our collection, irrespectively of
the source of isolation.

In addition, combined analysis of phylogeny and meta-
data revealed that S. Napoli phylogenetic clusters were
not related to the country nor to the source of isolation.
Indeed, samples isolated from environmental, human
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and animal sources clustered together, thus suggesting
that there is no direct relationship between phylogenetic
clusters and source of isolation (Additional file 7, Sup-
plementary Fig. S5).

Salmonella Pathogenicity Islands detection

Clade A genomes showed a diverse SPIs profile (see
Supplementary Table 3, Additional file 9), including
C63PI, SPI-1, SPI-2, SPI-3, SPI-4, SPI-5, SPI-6, SPI-7,
SPI-8, SPI-9, SPI-10, SPI-11, SPI-12, SPI-13, SPI-14 and
SPI-18. SPIs detection frequencies for each serovar are
reported in Table 3. C63PI, SPI-1, SPI-2, SPI-9 were al-
ways found in all analyzed genomes.

S. Napoli genomes showed a median number of 6 SPIs
per sample, ranging (5-8), which resulted significantly
lower compared to all other serovars, that harbored a
median of 10 SPIs per sample, ranging (5-12) (Wilcoxon
rank sum test with Bonferroni correction, p-value <
2.2e-16). Only S. Paratyphi genomes showed a compar-
able number of SPIs to S. Napoli (median 7 per sample,
ranging (6-7)).

Almost all S. Napoli SPIs profiles were characterized
by the presence of SPI-5, SPI-13 and SPI-18 and by the
absence of SPI-3, SPI-6, SPI-7, SPI-8, SPI-10, SPI-11 and
SPI-14. S. Typhi and S. Paratyphi A genomes, which
were characterized by the presence of SPI-8 in place of
SPI-13, shared with S. Napoli the absence of SPI-14 and
the presence of SPI-5 and SPI-18. A complete SPI-18
was found in all S. Napoli genomes but two: 16-174481_
S8 and 16-174535_S1. In detail, 16-174481_S8 was miss-
ing both hlyE and taiA genes, the two genes included in
SPI-18, while 16-174535_S1 was missing /4lyE gene only.

Table 3 Number of genomes containing a hit in the SPI database for each serovar

SEROVAR S. 4, [5],12i-  S. Choleraesuis  S. Dublin  S. Enteritidis  S. Heidelberg S. Newport S. Napoli  S. Paratyphi A S. Typhi  S. Typhimurium
SPI-1/C63PI 1 3 2 81 27 22 179 7 40 56
SPI-2 1 3 2 81 27 22 179 7 40 56
SPI-3 1 3 2 81 27 22 0 6 39 51
SPI-4 1 3 2 80 25 21 61 7 33 52
SPI-5 1 3 2 81 27 21 179 7 40 56
SPI-6 0 0 0 0 0 0 0 0 37 0
SPI-7 0 0 0 0 0 0 0 0 29 0
SPI-8 0 0 0 0 0 0 0 7 40 0
SPI-9 1 3 2 81 27 22 179 7 40 56
SPI-10 0 0 0 0 0 0 0 0 24 0
SPI-11 0 2 0 2 0 1 0 0 0 0
SPI-12 1 3 2 79 26 22 4 0 40 54
SPI-13 1 3 2 81 27 22 177 0 0 56
SPI-14 1 3 2 81 27 22 0 0 0 56
SPI-18 0 0 0 0 0 0 179 7 40 0

For each of the investigated SPI sequences, the number of genomes showing a BLAST hit with > 80% identity, > 60% of query coverage and e-value < 0.01 for each
serovar is reported. Bold numbers represent cases in which all-available genomes for the serovar have a hit for the corresponding SPI
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S. Napoli shared with all non-typhoidal Salmonella SPIs
profiles the presence of SPI-13.

Within S. Napoli serovar, no unique SPIs profile was
identified, although some STs showed a prevalent SPIs
profile (e.g. ST-2008, ST-1637 and ST-2095). No link be-
tween SPIs profile and phylogenetic clustering, year of
isolation or source was identified within S. Napoli
genomes.

Acquired antimicrobial resistance genes identification
A significant and strong association was found between
serovar and number of genomes harboring acquired
ARGs (Pearson’s Chi-squared test, p-value <2.2e-16,
Cramer’s V =0.649) within Clade A. The serovar vs
ARGs presence contingency table was partitioned to
compare S. Napoli vs all other serovars, highlighting that
ARGs were detected in fewer S. Napoli isolates than in
serovar S. Typhi, S. Heidelberg, S. Newport and S.
Typhimurium (p-value = 3.553e-07, p-value = 2.2e-16, p-
value = 2.83e-13 and p-value = 8.524e-16, respectively).
However, 5 S. Napoli genomes showed at least one ac-
quired resistance gene (ARGs) (Supplementary Table 3,
Additional file 9), 4 of which being isolated from human.
Moreover, 2 out of 5 genomes displayed a multiresis-
tance profile. In detail, the two multiresistant genomes
were ST-474 isolates and harbored a gene of the aadA
family, conferring resistance to streptomycin (aminogly-
cosides), together with genes conferring resistance to p-
lactams (bla), tetracyclines (tet) and sulphonamides
(sul); the 3 genomes showing only one acquired ARG
harbored a gene of the bla family, conferring resistance
to B-lactams.

Plasmid replicons detection
Twenty-six S. Napoli genomes, isolated from environ-
ment (N=11), humans (N =11), food (N =1), livestock
(N=1), and unknown origin (N =2) showed at least one
plasmid replicon (Supplementary Table 3, Additional file
9). Plasmid replicons found in S. Napoli isolates
belonged to incompatibility groups H (IncHI2A), I
(IncIl), F (IncFIL, IncFIB), X (IncX), and to plasmid
types ColRNAI and Col440]l, with plasmid replicon
IncFII being the most commonly found. All the S. Na-
poli genomes carrying ARGs showed also Incl, IncF or
IncH plasmid replicons in the same genomic region,
thus suggesting that ARGs could have been acquired by
horizontal gene transfer. S. Napoli ST-1853 and ST-2101
did not show any hit in the plasmid replicon database.
Serovar and number of isolates with plasmid replicons
showed a strong significant association (Pearson’s Chi-
squared test, p-value <2.2e-16, Cramer’s V =0.56),
highlighting that plasmid replicons were detected in
fewer S. Napoli isolates then in serovars S. Enteritidis, S.
Heidelberg, S. Newport and S. Typhimurium (p-value =
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0.0018, p-value< 2.2e-16, p-value = 0.0011 and p-value<
2.2e-16, respectively).

Antibacterial biocide- and metal-tolerance genes
detection

Clade A genomes showed a diverse profile of antibacter-
ial biocide- and metal-tolerance genes (Supplementary
Table 3, Additional file 9 and Supplementary Table 4,
Additional file 10). The entire dataset was characterized
by 123 unique genes; of these 69 were shared by >90%
of genomes (“core BacMet” hereafter). Additional file 10
summarizes the identified genes in terms of gene name,
corresponding BacMet ID, gene product, gene family,
targeted biocide or metal compound, gene description,
and presence in the core BacMet. When used for hier-
archical clustering (Supplementary Fig. 7, Add-
itional file 11), BacMet profiles divided sequences into
two main subgroups: one including S. Napoli, Typhi and
Paratyphi A genomes; the other one grouping all the
non-typhoidal genomes. S. Napoli shared with S. Typhi
and S. Paratyphi A the absence of several operons: ges,
gol, mer, ogx, pco, sil and ter, conferring tolerance to
gold, mercury, quaternary ammonium compounds, cop-
per, silver and tellurium, respectively.

Moreover, S. Napoli genomes showed a median num-
ber of hits in the BacMet database significantly lower if
compared to non-typhoidal genomes. In detail, S. Napoli
genomes carried less antibacterial biocide- and metal-
tolerance genes than S. Choleraesuis, Enteritidis, Heidel-
berg, Newport and Typhimurium genomes (Wilcoxon
rank sum test with Bonferroni correction, p-value =
0.001348, p-value < 2.2e-16, p-value < 2.2e-16, p-value =
9.217e-13 and p-value < 2.2e-16, respectively).

Pangenome functional annotation

The pangenome was functionally annotated and a COG
(Clusters of Orthologous Groups) category was assigned
to 8847 genes out of 21153 constituting the pan genome
(41.82%).

S. Napoli accessory genome was largely composed by
genes, whose products can be assigned to the X (Mobi-
lome: prophages, transposons), G (Carbohydrate trans-
port and metabolism) and L (Replication, recombination
and repair) COG categories (Fig. 3). Interestingly, when
comparing the accessory/core occurrence ratio, the X
(Mobilome: prophages, transposons) and V (defense
mechanisms) categories were more frequently annotated
in the accessory genome. These results suggest that the
accessory genome comprised both mobile elements,
often involved in virulence/pathogenicity, and genes in-
volved in core metabolic functions and defense mecha-
nisms. No relevant difference in COGs occurrence
distribution was highlighted when comparing S. Napoli
genomes to the entire Clade A dataset (Fig. 3).
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Fig. 3 COG category distribution within S. Napoli genomes vs all Clade A genomes. Distribution of COG categories in S. Napoli (left panel): core
genes (yellow) and accessory genes (gray). Distribution of COG categories in the entire Salmonella dataset (right panel): core genes (orange) and
accessory genes (blue). Results are reported after genes with no COG category assigned were removed. x-axis represents the percentage of genes
belonging to each category. Among the categorized genes, the S. Napoli core genome dataset shows several categories having a similar
occurrence, with none of them dominating over the others. Conversely, the S. Napoli accessory genome is largely composed by genes, whose
products could be assigned to the X (Mobilome: prophages, transposons), G (Carbohydrate transport and metabolism) and L (Replication,
recombination and repair) COG categories. These results suggest that the accessory genome comprises both mobile elements, often involved in
virulence/pathogenicity, and genes involved in core metabolic functions and defense mechanisms. No relevant difference in COGs occurrence
distribution can be highlighted when comparing the S. Napoli dataset and the entire datatset: similar patterns can be found both in core- and
accessory- genome COG frequency distribution

Similarly, both core and accessory genomes were an-
notated according to the Gene Ontology categories. At
least a GO (Gene Ontology) term was assigned to 9935
genes out of 21153 constituting the pan genome
(46.96%). In Additional file 12, the top 10 enriched terms
for each GO category are reported, for S. Napoli vs the
whole Clade A dataset. Interestingly, among Biological
Processes (BP) S. Napoli genomes were characterized by
terms suggesting mechanisms of interaction with hosts
and virulence-related processes; conversely, the Clade A
dataset showed enrichment in more general terms in-
volved in DNA metabolism and processing involving
mobile genetic elements.

Accessory genome could also be divided into several
groups: 2590 genes were found within S. Napoli ge-
nomes only, 526 genes were found within typhoidal iso-
lates only (S. Typhi and S. Paratyphi A), and 3181 genes

were found within non-typhoidal Clade A isolates (Add-
itional file 13). Accessory genes found within S. Napoli
genomes and typhoidal genomes were characterized by a
high number of phagic/prophagic proteins as well as
transposons and integrases, while accessory genes found
within non-typhoidal isolates only were characterized by
a diverse set of metabolic functions. Genes shared
among all S. Napoli STs belonged to basic and vital
COGQ categories, such as G (Carbohydrate transport and
metabolism), E (Amino acid transport and metabolism)
and K (Transcription).

Among all ST-unique genes, i.e. genes not shared be-
tween different STs, several belonged to G (Carbohy-
drate transport and metabolism) and E (Amino acid
transport and metabolism) COG categories. ST-1637
and ST-2019 were characterized by genes belonging to
COG category N (Cell motility), mainly fimbrial
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proteins, outer membrane usher proteins and chemo-
taxis proteins. ST-2095 and ST-474 were characterized
by genes belonging to COG category X (Mobilome: pro-
phages, transposons). ST-1637 only was characterized by
genes belonging to COG category T (Signal transduction
mechanisms), including sensor proteins and chemotaxis
proteins. ST-1853 only was characterized by genes be-
longing to COG category V (Defense mechanisms), in-
cluding restriction-modification system proteins.

Pseudogene identification

Both the total amount of detected pseudogenes and their
percentage with respect to the total annotated CDSs are
reported in Supplementary Fig. 8 (Additional file 14).
Kruskal-Wallis rank sum test confirmed a significant dif-
ference in total pseudogene number distribution among
different serovars (p-value <2.2e-16). The number of
pseudogenes detected in S. Napoli was significantly
lower if compared to serovars known to be host-
restricted as S. Gallinarum (adjusted p-value =
5.143517e-04), S. Typhi (adjusted p-value =2.281705e-
19), and S. Paratyphi A (adjusted p-value =4.411131e-
04). Indeed, the number of pseudogenes detected in S.
Napoli genomes was comparable to that reported for
other serovars known to have a broad host range, such
as S. Enteritidis and S. Typhimurium.

Intact prophage detection
A total of 42 lysogenic prophage sequences were de-
tected in our dataset (Additional file 15). Globally, S. Na-
poli isolates reported a significantly lower number of
prophages than other serotypes (Wilcoxon rank sum
test, p-value <2.2e-16). In Supplementary Fig. 9 (Add-
itional file 16) prophage sequences detected in more
than one sample (n = 35) were reported in a heatmap.
P88 prophage was found in 45 S. Napoli genomes, thus
resulting the most frequently detected prophage in this
serovar. Although it was not detected in all S. Napoli ge-
nomes, it was found in genomes belonging to all STs ex-
cluding ST-2095. Moreover, this prophage was found
only in a few other genomes belonging to S. Typhi, S.
Paratyphi A and S. Enteritidis serovars. Gifsy-1 and
Gifsy-2 were absent in S. Napoli genomes but, as ex-
pected, they were found in almost all S. Newport and
Typhimurium genomes, and in all S. Heidelberg, Dublin
and Enteritidis genomes. No multiple copies of intact
prophage sequence were detected in the entire dataset.

Discussion

Here, we compared 179 S. Napoli genomes with 239 ty-
phoidal and non-typhoidal sequences belonging to sero-
vars S. Typhi, Paratyphi A, Choleraesuis, Newport,
Enteritidis, Dublin, Heidelberg, Typhimurium and 1,4,
[5],12:I, thus enabling us to present the largest
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comparative genomic study for S. Napoli. Huedo et al.
[3], analyzing a limited number of genomes over a sub-
set of core genes, placed S. Napoli in the same subclade
as S. Typhi and S. Paratyphi A serovars. Here, the high
number of S. Napoli genomes collected allowed us to get
insight into the phylogeny and genomic asset of this
highly diverse [29] serovar. As expected, phylogenetic
analysis was consistent with previously published data
[24, 30, 31], confirming that: (i) S. Napoli is part of the
Clade A; (ii) it clusters with typhoidal Salmonella sero-
vars [31]; (iii) it appears to be a monophyletic sub-clade.
In accordance to that, S. Napoli isolates do not show re-
combination with other serovars.

Both the genomic and the phylogenetic analyses
highlighted high intra-serovar variability within S. Napoli
isolates. This high genomic diversity is coherent with the
difficult identification of a specific niche for this serovar
[4, 5, 9], as it was previously reported in literature for
other promiscuous serovars [32, 33].

S. Napoli phylogeny highlighted that sequences mainly
cluster by ST. Interestingly, both ML and Bayesian ana-
lysis support the hypothesis that ST-474 is biphyletic
and that it could be the common ST ancestor for all the
other STs identified [24, 34].

Metadata integration allowed us to point out a statisti-
cally significant association between ST and source, indi-
cating that ST-2095 was more frequently isolated from
human samples, while ST-1637 and ST-2019 were more
frequently isolated from the environment. Previous stud-
ies suggested that the environment, and specifically sur-
face waters, could play an important role in the diffusion
of S. Napoli [4, 5, 9, 18].

Interestingly, ST-1637 and ST-2019, found to be asso-
ciated to environmental sources, were the only STs
showing a high number of genes coding for cell motility
proteins, as well as sensor proteins. These features might
be favoring the ability of these STs to sense the sur-
rounding environment and eventually activated motility
mechanisms in response to different stimuli. Moreover,
ST-1853 was characterized by showing an unshared set
of defense mechanism proteins, including restriction-
modification system proteins, which are known to be
employed by bacteria in natural genetic transformation
by recombination [35]. Noteworthingly, ST-474 and ST-
2095, which were the most frequently isolated STs as
well as two of the STs that appeared earlier within our
collection, were characterized by displaying the mobi-
lome as major COG category and a high number of
unique genes annotated as prophagic genes or transpo-
sons, thus suggesting that both carried a set of features
favoring genome plasticity.

According to our data, S. Napoli serovar is character-
ized by the frequent identification of P88 phage, which is
reported to be phylogenetically divergent from other P2-
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like prophages [36]. Moreover S. Napoli genomes are
characterized by the absence of many prophage se-
quences that are commonly identified in S. enterica such
as Gifsy-1 and Gifsy-2 [37]. Previous studies have sug-
gested that prophage sequences are a great sources of
genomic variability in S. enterica, since they provide
sources of virulence determinants and can be acquired
by horizontal gene transfer [38]. However, no definitive
prophage signature could be assigned to S. Napoli sero-
var, although we cannot exclude prophage underestima-
tion due to fragmentation of de novo assembly.

Concerning SPIs, they appeared highly heterogeneous
and not related to ST, source or year of isolation. SPI-
18, firstly described in S. Typhi [39], was identified in
every S. Napoli genome in our collection. This patho-
genicity island includes two ORFs, corresponding to hlyE
gene encoding for a pore-forming hemolysin, and taiA
gene, which encodes for a S. Typhi-associated invasin
[40]. hlyE gene has been found also in the human spe-
cific typhoidal serovars S. Paratyphi A [41] and, despite
having a pore-forming activity, the protein does not dis-
play hemolytic activity on blood agar plates, but it is able
to lyse epithelial cells [42]. Moreover, Fuentes and col-
leagues [39] demonstrated the contribution of hlyE gene
to the ability of S. Typhi to enter human epithelial cells
in vitro. Interestingly, SPI-18 has been detected also in
other different serovars, namely S. Brandenburg [43], S.
Montevideo [44], S. Panama and S. Schwarzengrund
[45]. The presence of SPI-18 in S. Napoli genomes sup-
ports its affinity to typhoidal serovars, as already sug-
gested by Huedo et al. [3].

Conversely, the presence of SPI-13 suggests some per-
sisting affinity of S. Napoli to non-typhoidal serovars;
this SPI, indeed, is present in different S. enterica sero-
vars, including S. Enteritidis, Typhimurium, Cholerasuis
and Gallinarum, but it is absent in S. Typhi and S. Para-
typhi A, which instead carry SPI-8 in the same genomic
location [46—48]. Espinoza et al. [49] showed that SPI-13
is required for internalization of S. Enteritidis in murine
macrophages, but not human macrophages due to a
lower amount of itaconate produced by human macro-
phages in response to bacterial infections.

Since the presence of different SPIs ensures the accu-
mulation of different virulence mechanisms [50], the evi-
dence of co-existence of SPI-18 and SPI-13 in S. Napoli
genomes strengthens our speculation that this serovar
could have developed a peculiar genomic asset, that al-
lows it to invade a wider range of hosts and environ-
ments. This was confirmed by metadata analyses and
pseudogene content that was found comparable to S.
Enteritidis and S. Typhimurium, which are known to
have a wide host range [37].

Concerning the presence of biocide- and metal-
tolerance genes, S. Napoli, S. Typhi and S. Paratyphi A
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are characterized by a complex deletion pattern, includ-
ing the mer, oqx, pco, sil and ter operons. Although
many different gene sets may concur to antibacterial
biocide- and metal-tolerance [51, 52], such pattern re-
veals that S. Napoli may be less adapted to survive in
biocide- or metal- enriched environments, such as farm-
ing environment. Such observation is coherent with our
sampling frequencies as well as previous studies that
rarely found S. Napoli in domestic or farmed animals
[18, 29, 53]. Moreover, although a prevalent biocide-
and metal-tolerance gene profile exists among the inves-
tigated genomes, S. Napoli showed a diverse set of pro-
files, highlighting once again that this serovars displays
high intra-serovar genomic variability for non-core
functions.

Due to the importance of horizontal gene transfer in
the spread of drug resistance and virulence factors [54,
55], we also investigated acquired ARGs and plasmid
replicons in our S. Napoli genomes. Over 179 sequences,
only five isolates showed ARGs, conferring resistance to
B-lactams, tetracyclines, sulphonamides and aminoglyco-
sides, thus confirming a general level of pansusceptibility
within S. Napoli serovar [9]. Interestingly, two out of five
isolates showed multidrug resistance (MDR) profiles. Re-
cently, resistance to aminoglycosides due to the presence
of aadA25 gene [10], and resistance to third-generation
cephalosporins due to the presence of blacrx.a.1 [11,
12] and blactx.m.15 genes (Petrin et al. 2019, submitted)
were reported. To the best of our knowledge, this is the
first time that S. Napoli resistant isolates not belonging
to ST-474 (i.e. ST-2008 and ST-2095) are identified.
Additionally, for the first time as well, in the present
work MDR profiles in serovar Napoli are described. In
addition to that, four out of five resistant isolates in our
collection are of human origin, and with ARGs location
of conceivably plasmidic origin, given the contextual
presence of plasmid replicons. Altogether, these evi-
dences led us to speculate that only few S. Napoli clones,
circulating in human hosts, might be subjected to select-
ive pressure leading to horizontal acquisition of ARGs.

As for plasmid replicons, only 26 samples showed at
least one replicon, therefore we speculate that S. Napoli
serovar hardly acquires genes by means of horizontal
gene transfer (unless the existence of a selective pressure
favors it) or that maintaining plasmids is not convenient
for the fitness of S. Napoli. Indeed, blactx_pm.15 determi-
nants have extensively been associated with F-type plas-
mids [56], and with IncIl plasmids [57], where they are
nowadays recognized among the major vehicle for dis-
semination of extended-spectrum [-lactamases (ESBLs).
Multidrug resistance is associated also with IncHI2 plas-
mids, also found in our samples, in which sulphona-
mides, tetracyclines, aminoglycosides and streptomycin
resistance genes are also commonly encoded [58].
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Interestingly, IncHI2 plasmids show optimal transfer by
conjugation at temperatures between 22° and 30 °C, thus
suggesting possible spread of resistance in the environ-
ment [59-61].

Possibly, the high diversity found in S. Napoli serovar
supports its high adaptability to different selective pres-
sure conditions: from wild environments, where sensing
and mobility are enforced but isolates are still pansus-
ceptible, to human environment, where the acquisition
of plasmids and antimicrobial resistances may be advan-
tageous. Although not conclusive on investigating S. Na-
poli genomic diversity, these evidences should testify the
need of attention for this serovar from healthcare pro-
viders, also outside Italian borders.

We cannot exclude, however, that our results might be
hindered by our data collection protocol. Our dataset
suffers indeed from a collection bias due to voluntary
submission of data. This bias, which may have impacted
the proper estimation of the frequency of isolation of S.
Napoli from different sources and countries, has to be
ascribed to the absence of an EU target control plan for
S. Napoli, evenly spanning both vyears/sources of
isolation.

Conclusion

The availability of large whole genome sequences data-
sets greatly contributes to improve the knowledge on
the genomic content of pathogens of interest for public
health. In the specific case of S. Napoli, our study aimed
at shedding light on the genomic asset of this successful
serovar. This study performed comparative genomic
analysis of an unprecedently met number of S. Napoli
genomes, and investigated its possible relationship with
both typhoidal and non-typhoidal Salmonella serovars
by phylogenetic and pangenome analyses. Results defini-
tively clarified that this iNTS shares genome similarity
with typhoidal serovars, although preserving several
mechanisms common to non-typhoidal serovars. These
features, together with the evidence of its high genomic
plasticity, support its ability to colonize different niches,
from humans, to animals and the environment.

Methods

Sample collection and whole genome sequencing

As part of the ENGAGE consortium (http://www.en-
gage-europe.eu/), a total number of 140 Italian S. Napoli
isolates were collected and sequenced. The Italian Refer-
ence Laboratory for Salmonellosis at Istituto Zooprofi-
lattico Sperimentale delle Venezie (IZSVe) provided 32
isolates and acted as a hub for the Italian S. Napoli iso-
lates, with 40 strains contributed from Istituto Superiore
di Sanita (ISS) and 68 contributed from Istituto Zoopro-
filattico Sperimentale del Mezzogiorno. Moreover, 16 S.
Napoli sequences from other European countries, all
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spanning years 2005-2017, were obtained: the German
Federal Institute for Risk Assessment (BfR) provided 11
sequenced genomes, and Technical University of
Denmark (DTU) provided 5 sequenced genomes (Add-
itional file 1, Sheetl).

Italian strains were recovered from stock culture con-
served at - 80°C and serotyped according to White-
Kaufmann-Le Minor scheme [2] with the traditional
slide agglutination method for serotype confirmation.

Pure colonies of S. Napoli isolates were cultured on
TA (tryptose agar) plates and incubated at 37 °C for 24
h. Genomic DNA (gDNA) was extracted using a com-
mercial column-based protocol (QIAamp DNA Mini,
QIAGEN, Valencia, CA), and purified gDNA was quan-
tified with a Qubit 3.0 Fluorometer (Life Technologies).
Libraries for whole genome sequencing were prepared
using a Nextera XT DNA sample preparation kit (Illu-
mina). High-throughput sequencing was performed with
MiSeq Reagent kit v3, resulting in 251-bp-long paired-
ends reads. Sample quality was assessed via FastQC
v0.11.2 [62] and sample reads were trimmed for both
quality and length using Trimmomatic 0.32 [63] with
the following options: removal of Nextera adapters se-
quences; cut bases off the start of the read, if below a
quality score of 20; cut bases off the end of the read, if
below a quality score of 20; sliding window trimming,
clipping the read once the average quality within the
window (4 bp) falls below 20; finally, drop the read if it
is shorter than 100 bp. Subsequently, reads were de novo
assembled using Spades 3.10.1 [64] and the quality of as-
sembly was assessed using QUAST 3.1 [65].

After in-silico serotyping, 14 S. Napoli genomes were
excluded because serotype was not confirmed (data not
shown). Table 1 reports the final number of genomes
available for subsequent analyses.

Sequences retrieval

GenBank [22] and RefSeq [25] were accessed to retrieve:
239 Clade A sequences spanning Salmonella serovars
Typhi, Paratyphi A, Choleraesuis, Newport, Enteritidis,
Dublin, Heidelberg, Typhimurium and 1,4, [5],12:i:- and
derived from Huedo et al. [3]; 77 Clade B sequences
spanning serovars Schwarzengrund, Montevideo, Javi-
ana, Panama, Brandenburg, Miami, Poona, Gallinarum,
Pomona, Eastborne, Nottingham, Bredney, Decatur and
derived from Didelot et al. [23] and Worley et al. [24]; 1
Clade C sequence belonging to serovar Weslaco and de-
rived from Worley et al. [24]. For each reference genome
both chromosome and plasmids scaffolds (when avail-
able) were retrieved separately.

All S. Napoli sequence data available on Enterobase
[21] (accessed on 26/02/2018) were recovered (N=47).
Eleven of them were excluded because they were corre-
sponding to internally sequenced genomes.
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Strain typing

In-silico serotyping was performed using three different
tools: MOST 1.0 [66] and SeqSero 1.0 [67] on raw data,
and SISTR 1.0.2 [68] on assembled data. Results were
compared, and only samples being in-silico serotyped as
S. Napoli by at least two out of three tools were sub-
jected to downstream analyses. Then, each genome was
subjected to in-silico sequence typing using the MLST
scheme for Salmonella enterica and the MLST database
(downloaded on 05/03/2018) [69] for BLAST search
(version 2.7.1, [70]).

Genome annotation, pangenome analysis and phylogeny
In order to elucidate whether or not S. Napoli confirms
to be part of Clade A, we performed a core SNPs phylo-
genetic analysis including a number of 78 genomes from
serovars in Clade B (S. Schwarzengrund (n=3), S.
Montevideo (N=21), S. Javiana (N=2), S. Panama (N=1),
S. Brandenburg (N=3), S. Miami (N=6), S. Poona (N=1),
S. Gallinarum (N=4), S. Pomona (N=1), S. Eastborne (N=
6), S. Nottingham (N=25), S. Bredney (N=2), S. Decatur
(N=2)) and Clade C (S. Weslaco (N=1)). A concatenation
of SNPs was obtained using kSNP3 3.0 [71], with a k-
mer length of 21 as suggested by Worley et al. [24]. The
phylogenetic tree was derived using FastTree [72], with
default parameters for nucleotide input (GTR-GAMMA
model of nucleotide substitution).

For further comparison, all Clade A genomes (both
the downloaded reference genomes and the assembled
ones) were automatically annotated using Prokka (ver-
sion 1.11, [73]) and subjected to core and accessory gen-
ome extraction using Roary (version 3.6.2, [74]). Core
genome alignment was used for phylogenetic recon-
struction using RAxML (version 7.2.8, [27]) with boot-
strapping and Maximum Likelihood (ML) search under
the GAMMA model of rate heterogeneity. Tree
visualization and annotation were obtained using Fig-
Tree (version 1.4.4 [28]). Both core alignment and
phylogenetic reconstruction were separately performed
within S. Napoli genomes only and within the Clade A
genomes collection.

For deeper investigating of S. Napoli population, a
core-, nonhomoplastic- SNP matrix was generated using
kSNP3 3.0 [71] with a k-mer length of 21 [24]. The
core-SNPs matrix was used to calculate the evolutionary
rate of S. Napoli STs testing two molecular clocks (strict
and relaxed log normal) and two demographic models
(constant population size and log normal expansion)
using BEAST v1.8 [75] under 50 million generations
(sampling every 5000), with posterior probability as stat-
istical support for each clade. Tracer 1.7 software [76]
was used to assess convergence of the MCMC (Markov
Chain Monte Carlo) chains on the basis of the effective
sampling size (ESS=>200) after a 10% burn-in. Bayes
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factor (BF) test was used for best fitting model selection
[75]. Only values of 2InBF >5 were considered signifi-
cant [75]. The trees were summarised in a maximum
clade credibility (MCC) target tree using the Tree Anno-
tator program after a 10% burn-in. Clock rate and time
of the most recent common ancestor (MRCA) estimates
were scaled to genome-wide units of substitution per site
per yvear considering the genome size of the only
complete S. Napoli genome (NZ_CP030838, 4,679,033
nucleotides).

Population recombination analysis

A core-genome MLST (cgMLST) matrix, obtained using
chewBBACA [77] with default parameters and trained
with Salmonella enterica gene prediction model file, was
used as input for STRUCTURE 2.3.3 [26]. The cgMLST
was built for all the genomes included in Clade A, B and
C. The tool run for 50,000 replicates (burn-in: 10000
replicates), assuming a population size ranging from 2 to
10.

Genome sequences similarity

Overall genome relatedness index, measured as the
Orthologous Average Nucleotide Identity (OrthoANI)
was determined by using the OrthoANTI tool [78].

Metadata analyses

Metadata (Source of isolation, Collection Year, Country
of Isolation, Serovar and Sequence Type) were analyzed
for correlation/independence using the corr.test function
in R (as implemented in the psych package [79]). More-
over, all metadata were analyzed for association using
Fisher’s exact test or Pearson’s Chi-squared test (accord-
ing to the expected frequencies of the contingency table
cells) as implemented in the fisher.test or chisq.test func-
tion in R (from the stats package [80]), respectively. As-
sociation test results were supported by Cramer’s V
association value as implemented in the assocstat func-
tion in R (from the ved package [81]). Results were con-
sidered statistically significant when p-value< 0.05, using
Bonferroni correction for multiple testing when needed.
Moreover, metadata were used to examine phylogeny re-
sults and check for possible associations between sample
clustering and any metadata.

Plasmids replicons, Salmonella Pathogenicity Islands and
acquired antimicrobial resistance genes search

Contigs were searched for plasmid replicons using blastn
(version 2.7.1, [70]) against PlasmidFinder 1.3 database
(downloaded on 05/03/2018) [82]; for Salmonella Patho-
genicity Islands (SPIs) against SPIFinder 1.0 database
(https://cge.cbs.dtu.dk/services/SPIFinder/, downloaded
on 05/03/2018); for acquired antimicrobial resistance
genes (ARGs) against ResFinder 3.0 database
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(downloaded on 05/03/2018) [83]. Finally, contigs were
searched for antibacterial biocide- and metal- tolerance
genes using blastx (version 2.7.1, [70]) against BacMet
database (downloaded on 12/03/2018) [84]. E-value
thresholds were adjusted for each search depending on
database size and were set as follows: 0.001 for plasmid
replicons search, 0.01 for SPIs search, 0.01 for ARGs
search, le-4 for BacMet search, respectively. All hits
were required to have a 60% minimum coverage of the
reference sequence found in the database, while the
minimum required percentage of identity was 90% for
plasmid replicons search, 80% for SPIs search, 80% for
ARGs search, and 90% for the BacMet search. SPI-18,
which was not included in the SPIFinder database at the
time of download, was manually retrieved from S. Typhi
str. CT18 reference genome (NCBI accession number
NC_003198.1, nucleotide positions 1,455,055-1,456,801)
[40], as it was previously described as characterizing S.
Napoli as well as typhoidal serovars [3]. All results were
filtered so that when multiple hits occurred in the same
contig and position, only the hit with maximum bitscore
was retained.

BacMet hits were used to create a profile according to
the presence/absence of the genes included in the data-
base. Such presence/absence profiles where grouped by
hierarchical clustering based on Jaccard distance [85]
and Ward agglomeration method [86, 87]. Moreover,
core BacMet profiles were identified as genes present in
at least 90% of the investigated samples.

Pangenome functional annotation

Gene presence/absence within the entire sample set was
exported; firstly singletons (i.e. genes found in one sam-
ple only) were removed, then data were divided into core
genome (ie. genes found in 99 to 100% of samples) and
accessory genome (i.e. all genes not belonging to the
core genome).

Core- and accessory genome genes were characterized
in terms of COG (Clusters of Orthologous Groups of
Proteins) [88]. The functional annotation of the trans-
lated gene sequences was performed with the NCBI
Batch CD-Search tool [89] to identify conserved do-
mains by using a mirrored COG database with the de-
fault settings (e-value equal to 0.01, a maximum number
of hits of 500, and composition-corrected scoring turned
on). COGs were then sorted by categories in descending
order, to identify the COGs more frequently annotated
in the core genome. For all those genes that were anno-
tated with more than one COG, each of the different re-
ported COGs was considered for the frequency
computation.

Similarly, both core and accessory genome were anno-
tated for the GO (Gene Ontology) [90] terms in the
three categories (BP — Biological Process, CC — Cellular
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Component and MF — Molecular Function) by blasting
them against Uniprot Bacteria [91] and assigning the
ontology only if the best match showed both coverage
and similarity higher than 80%.

Accessory genome was also explored to extract genes
found within S. Napoli isolates, genes found within ty-
phoidal isolates (S. Typhi and S. Paratyphi A) and genes
found within non-typhoidal Clade A isolates (S. Choler-
aesuis, Newport, Enteritidis, Dublin, Heidelberg, Typhi-
murium and 1,4, [5],12::-). Each of these groups of
genes were characterized in terms of most frequent
COGs. Within S. Napoli isolates, accessory genome was
also explored to extract genes found within each se-
quence type (ST), and each of these groups of genes
were characterized in terms of most frequent COG.

Pseudogenes identification

Pseudogenes were detected using DFAST v1.2.4 [92]
with default parameters. This software has a specific
routine for pseudogenes detection, returning frame-
shifted CDSs or CDSs containing internal stop codons.
Dunn test of multiple comparisons was used following a
significant Kruskal-Wallis test, with a Benjamini-
Hochberg adjustment to control the FDR, to assess the
significant difference among pairs of serovars [93].

Intact prophages search

Prophages sequences were detected in both assemblies
and downloaded sequences using PHASTER [94],
throughout the API (Application Programming Inter-
face). Json files returned from the server were then
parsed by an in-house python script to convert them in
tabular format; only “intact” prophages were considered
for downstream analysis.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512864-020-6588-y.

Additional file 1: Tabular data. Metadata of included genomes.
Additional file 1 reports the sample name, organism name, source of
isolation, isolation year, country of isolation, sequence type (ST) for each
of the included genomes. Origin details whether the genome was
derived from the ENGAGE consortium, from Enterobase/GenBank/RefSeq
database. Summary metrics (total sequences, GC%, total length, number
of contigs, N50, number of CDS) are also reported. Supplementary

Table 1 (“S_Napoli genomes” sheet) details info for S. Napoli collected
isolates, Supplementary Table 2 (“Other serovar genomes” sheet) details
info for the downloaded reference genomes belonging to Clade A.

Additional file 2: Tabular data. Pivot table of sample metadata. Number
of S. Napoli isolates per source of isolation, isolation year, country of
isolation and ST, respectively.

Additional file 3: Figure. S1. MLST minimum-spanning tree of all S. Na-
poli genomes. Core genome MLST profiles of all S. Napoli isolates was
used to build a minimum spanning tree with pie charts describing
sources of isolation found for each ST. S. Napoli shows a high variability
of sources contributing to each ST, with the exception of ST-1853, related
to a single outbreak occurred in ltaly in 2012 and associated to kennel
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dogs [17], and ST-2101 that comprises one sample only. Hs: Homo sapi-
ens, EN: Environment, FO: Food, CA: Companion Animal, LI: Livestock, PO:
poultry, WA: Wild Animal, LA: laboratory.

Additional file 4: Figure S2. Core genome alignment-based ML phyl-
ogeny of Salmonella serovars belonging to Clade A, B, and C. Core gen-
ome alignment was used for phylogenetic reconstruction kSNP3 3.0 [71],
with a k-mer lenght of 21. The phylogenetic tree was derived using Fas-
tTree [72], with default parameters for nucleotide input (GTR-GAMMA
model of nucleotide substitution). Subtrees were collapsed for ease of in-
terpretation. S. Napoli clusters within Clade A, in the typhoidal subclade.

Additional file 5: Figure S3. Population recombination analysis of
serovars belonging to Clade A, B, and C. Core-genome MLST (cgMLST)
matrix, including 3065 alleles, trained with Salmonella enterica gene pre-
diction model file, was used as input for STRUCTURE 2.3.3 [26]. A model-
based Bayesian clustering method was used to cluster samples into
groups. Samples generally clustered in accordance to the phylogenetic
analysis (Fig. S2). Interestingly, in every analyzed population (K=2 to 10),
S. Napoli isolates always group together in a single population, thus
highlighting that S. Napoli isolates do not show recombination with
other serovars.

Additional file 6: Figure S4. Core genome alignement-based ML phyl-
ogeny of all genomes belonging to Clade A. core genome alignment was
used for phylogenetic reconstruction using RAXML (version 7.2.8, [27])
with bootstrapping and Maximum Likelihood (ML) search under the
GAMMA model of rate heterogeneity. Tree visualization was obtained
using FigTree v1.4.4 [28]. S. Napoli clusters with typhoidal serovars S.
Typhi and S. Paratyphi A, separately from all other non-typhoidal serovars.

Additional file 7 Figure S5. Core genome alignement-based ML phyl-
ogeny of S. Napoli genomes. Core genome alignment was used for
phylogenetic reconstruction using RAXML (version 7.2.8, [271) with boot-
strapping and Maximum Likelihood (ML) search under the GAMMA
model of rate heterogeneity. Tree visualization was obtained using Fig-
Tree v1.4.4 [28]. Within S. Napoli serovar, samples cluster primarily by ST,
and divide into two major subclades. No significant correlation could be
found between phylogenetic clustering and source of isolation. Here
source of isolation is shown as a colour scale.

Additional file 8 Figure S6. Bayesian phylogenetic analysis. S. Napoli
STs divergence investigation was performed using BEAST [75]. The
combination of strict molecular clock model and coalescent log normal
population size prior was used. A mean genome-wide corrected evolu-
tionary rate of 8.90 x 10-8 sub/site/year (credibility interval: 4.87 x 10-8,
13.10 X 10-8) was estimated starting from a 19,496 SNPs matrix built with
kNP3 3.0 [71] and indicates that two ST-474 clones might have diverged
around 1990. The branches of the maximum clade credibility (MCC) tree
are color-coded for comparability with Fig. 2. The scale at the bottom of
the tree correspond to calendar years.

Additional file 9: Tabular data. Genomic characterization summary
table. Supplementary Table 3, Additional file 8 summarizes all information
derived from the genomic characterization of the genomes, including: ST,
subclade (A or B, for S. Napoli genomes only), plasmid replicons,
antimicrobial resistance genes (AMR), SPI profiles and BacMet profiles.
Additionally, it also reports basic metadata as collection year, country of
isolation, source of isolation and serotype to ease data investigation.

Additional file 10 Tabular data. BacMet hits description. Additional file 9
summarizes the BacMet genes identified in the investigated genomes in
terms of: gene name, corresponding BacMet ID, gene product, gene
family, targeted biocide or metal compound, gene description, presence
in the core BacMet (i.e. shared by 290% of samples), presence in the core
of S. Napoli, S. Typhi and S. Paratyphi A subgroup, presence in the core
of the non-typhoidal Salmonella subgroup, presence in at least two sam-
ples of S. Napoli, S. Typhi and S. Paratyphi A subgroup, presence in at
least two samples of the non-typhoidal Salmonella subgroup.

Additional file 11: Figure S7. BacMet hierarchical tree. BacMet genes
presence/absence profiles in the investigated genomes where grouped
by hierarchical clustering based on Jaccard distance [85] and Ward
agglomeration method [86, 87]. BacMet profiles divide isolates into two
main subgroups: one, including 24 different BacMet profiles and
grouping together S. Napoli, S. Typhi and S. Paratyphi A genomes; the

other one, including 53 different BacMet profiles and grouping together
all the non-typhoidal genomes. The two main subgroups differ mainly by
the absence of gesAB and golTS in the S. Napoli, S. Typhi and S. Paratyphi
A genomes.

Additional file 12: Tabular data. Top GO hits. Additional file 11 reports
the top 10 enriched GO terms, detailed for each of the three GO
categories, for both S. Napoli genomes only vs the whole dataset.

Additional file 13: Tabular data. COG characterization of unshared/
shared genes between typhoidal/non typhoidal genomes and Napoli
genomes. Additional file 12 contains the genes found in S. Napoli
genomes only, in typhoidal serovar genomes only, in non-typhoidal sero-
vars genome only as well as genes shared by S. Napoli genomes and ty-
phoidal serovar genomes or genes shared by S. Napoli genomes and
non-typhoidal serovar genomes. Each gene is characterized by the gene
name, the description of its annotation, the number of genomes it was
found in, the COG ID number, the COG category, its name and descrip-
tion, as well as the protein ID identified by Prokka, the gene length in aa,
the Uniprot Best match and the associated GO terms. Genes annotated
as "Hypotetical protein” are filtered from the default view.

Additional file 14: Fig.ure S8. Boxplot of detected pseudogenes
distribution. Pseudogene content of S. Napoli genome was compared to
two well known host-generalist serovars (S. Enteritidis and S. Typhimur-
ium) and three host-restricted serovars (S. Typhi, S. Paratyphi A and S. Gal-
linarum). Both total number of identified pseudogenes (Panel A) and
percentage of pseudogenes over total amount of annotated genes (Panel
B) are reported. Kruskal Wallis rank sum test confirmed that a significant
difference could be found in pseudogene number distribution among
different serovars (p-value < 2.2e-16). The number of pseudogenes de-
tected in S. Napoli is lower if compared to serovars known to be host-
restricted as S. Gallinarum (adjusted p-value = 5.143517e-04), S. Typhi (ad-
justed p-value = 2.281705e-19), and S. Paratyphi A (adjusted p-value =
4411131e-04).

Additional file 15 Tabular data. Prophage hit description. Number of
intact/incomplete/questionable prophages and their name, for each
sample. In addition, serotype, ST and subclade (for S. Napoli genomes
only) metadata are reported to ease data investigation.

Additional file 16: Figure S9. Heatmap of intact prophage presence/
absence in all Clade A investigated genomes. Prophage presence (green)
and absence (black) in the investigated genomes is represented in a
heatmap. The y axis reports the names of the identified intact prophage
sequences; the x axis reports Salmonella genomes, grouped by serovar
for ease of interpretation. Globally, S. Napoli isolates reported a
significantly lower number of prophages than other serotypes (Wilcoxon
rank sum test, p-value < 2.2e-16). P88 prophage was found in 45 S. Napoli
genomes, thus resulting the most frequently prophage detected in this
serovar.

Abbreviations

ARG: Antimicrobial resistance gene; BfR: German Federal Institute for Risk
Assessment; BP: Biological processes; CC: Cellular Component; CDS: Coding
sequence; COG: Clusters of Orthologous Groups; DTU: Technical University of
Denmark; ENGAGE: Establishing Next Generation Sequencing Ability for
Genomic Analysis in Europe; ESBL: Extended-spectrum p-lactamases;

GC%: GC-content (or guanine-cytosine content); GO: Gene Ontology;

ID: Identifier; iNTS: Invasive non-typhoidal serovars; ISS: Istituto Superiore di
Sanita; 1ZSVe: Istituto Zooprofilattico Sperimentale delle Venezie; Mb: Mega
base pairs = 1,000,000 bp; MDR: Multidrug resistance; MF: Molecular Function;
ML: Maximum Likelihood; MLST: Multi Locus Sequence Typing; MRCA: Most
Recent Common Ancestor; N50: Sequence length of the shortest contig at
50% of the total genome length; NTS: Non-typhoidal serovars;

QAC: Quaternary ammonium compounds; RASFF: Rapid Alert System for
Food and Feed; SPIs: Salmonella Pathogenicity Islands; ST: Sequence Type

Acknowledgements

The authors would like to thank Professor Rene S. Hendriksen (DTU) and Dr.
Burkhard Malorny (BfR) for their contribution to identify European S. Napoli
isolates and for providing both sequencing data and metadata.



Mastrorilli et al. BMC Genomics (2020) 21:202

Availability of data and materials.

The datasets generated and analyzed during the current study are available
in the ENA repository, (http://www.ebi.ac.uk/ena) under study primary
accession number PRJEB23407 (ERP105161). In addition, all S. Napoli
sequence data available on Enterobase (accessed on 26/02/2018) [21] were
recovered. To investigate the similarity between S. Napoli and typhoidal
serovars, all complete genomes of S. Typhi and S. Paratyphi A available on
RefSeq at 20/07/2018 were downloaded [25]. Lastly, all S. Napoli, S. Typhi, S.
Paratyphi A, S. Choleraesuis, S. Newport, S. Enteritidis, S. Dublin, S. Heidelberg,
S. Typhimurium and S. 1,4, [5],12:i-- reference genomes available on GenBank
[22] and RefSeq [25] were retrieved (accessed on 04/10/2018). The selected
serovars were derived from Huedo et al. [3], as to represent genetic diversity
found within the Salmonella Clade A [30].

Consent for publication.
Not applicable.

Ethics approval and consent to participate.
Not applicable.

Disclaimer

The conclusions, findings and opinions expressed in this scientific paper
reflect only the view of the authors and not the official position of the
European Food Safety Authority.

Authors’ contributions

EM analyzed and interpreted genomic data, and have drafted and revised
the work. SP contributed to analyze and interpret genomic data and
substantively revised the work. MO contributed to analyze and interpret
genomic data. CL, LB, AR have made substantial contributions to the
conception and design of the work. AL, SP, DC and IL have made substantial
contributions to data acquisition. All authors have read and approved the
submitted version of the work.

Funding

This work was supported by the project ‘Establishing Next Generation
Sequencing Ability for Genomic analysis in Europe’ (ENGAGE) funded by the
European Food Safety Authority (EFSA, GP/EFSA/AFSCO/2015/01/CT1) and by
the Italian Ministry of Health (Grant N. RC 1ZSVe 13/17). The funding bodies
played no role in the design of the study and collection, analysis, and
interpretation of data and in writing the manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details

'Istituto Zooprofilattico Sperimentale delle Venezie, Microbial Ecology Unit,
Legnaro, Italy. “Present address: European Molecular Biology Laboratory,
Structural and Computational Biology Unit, Heidelberg, Germany. lstituto
Zooprofilattico Sperimentale del Mezzogiorno, Portici, Italy. “Istituto Superiore
di Sanita, Rome, ltaly. ®Istituto Zooprofilattico Sperimentale delle Venezie,
Food Safety Department, Legnaro, ltaly.

Received: 9 August 2019 Accepted: 18 February 2020
Published online: 04 March 2020

References

1. EFSA (European Food Safety Authority), 2019. Scientific report on the
European Union One Health 2018 Zoonoses Report. EFSA J. 2019;17(12):
5926-276. https://doi.org/10. 2903/j.efsa.2019.5926.

2. Grimont P, Weill F-X. Antigenic formulae of the Salmonella servovars. Paris:
WHO Collab Cent Ref Res Salmonella; 2008.

3. Huedo P, Gori M, Zolin A, Amato E, Ciceri G, Bossi A, et al. Salmonella
enterica serotype Napoli is the first cause of invasive nontyphoidal
salmonellosis in Lombardy, Italy (2010-2014), and belongs to Typhi
subclade. Foodborne Pathog Dis. 2017;14(3):148-51.

4. Graziani C, Luzzi |, Owczarek S, Dionisi AM, Busani L. Salmonella enterica
serovar Napoli infection in Italy from 2000 to 2013: spatial and spatio-
temporal analysis of cases distribution and the effect of human and animal
density on the risk of infection. PLoS One. 2015;10(11):e0142419.

20.

22.

23.

24.

25.

26.

27.

Page 14 of 16

Sabbatucci M, Dionisi AM, Pezzotti P, Lucarelli C, Barco L, Mancin M, et al.
Molecular and epidemiologic analysis of reemergent Salmonella enterica
serovar Napoli, Italy, 2011-2015. Emerg Infect Dis. 2018,24(3):562.
Greenwood MH, Hooper WL. Chocolate bars contaminated with Salmonella
Napoli: an infectivity study. Br Med J (Clin Res Ed). 1983;286(6375):13%4.

Gill ON, Bartlett CLR, Sockett PN, Vaile MSB, Rowe B, Gilbert RJ, et al.
Qutbreak of Salmonella Napoli infection caused by contaminated chocolate
bars. Lancet. 1983;321(8324):574-7.

Gizzarelli S, Salmaso S, Toti L, Zanoni D. Microbiologic investigation of
chocolate contaminated with Salmonella Napoli. Nuovi Ann Ig Microbiol.
1983;34(5):347.

Graziani C, Busani L, Dionisi AM, Caprioli A, Ivarsson S, Hedenstrom |, et al.
Virulotyping of Salmonella enterica serovar Napoli strains isolated in Italy from
human and nonhuman sources. Foodborne Pathog Dis. 2011;8(9):997-1003.
Huedo P, Gori M, Amato E, Bianchi R, Valerio E, Magnoli L, et al. A
multischool outbreak due to Salmonella enterica serovar Napoli associated
with elevated rates of hospitalizations and bacteremia, Milan, Italy, 2014.
Foodborne Pathog Dis. 2016;13(8):417-22.

Principe L, Viaggi V, Clément M, Meroni E, Pini B, Endimiani A, et al.
Emergence of CTX-M-1-producing Salmonella enterica serovar Napoli: a
novel" enzyme-pathogen association” in the ltalian ESBL endemic context. J
Glob Antimicrob Resist. 2018;15:101-2.

Clément M, Ramette A, Bernasconi OJ, Principe L, Luzzaro F, Endimiani A.
Whole-genome sequence of the first extended-Spectrum B-lactamase-
producing Strain of Salmonella enterica subsp. enterica Serovar Napoli.
Microbiol Resour Announc. 2018;7(10):e00973-18.

Zottola T, Montagnaro S, Magnapera C, Sasso S, De Martino L, Bragagnolo
A, et al. Prevalence and antimicrobial susceptibility of Salmonella in
European wild boar (Sus scrofa); Latium region-Italy. Comp Immunol
Microbiol Infect Dis. 2013;36(2):161-8.

Carmeni A, Giammanco G, Giacalone F. Others. Isolation of Salmonella from
the intestinal contents of Lacerta muralis. Ig Mod. 1968,61(1/2):29-34.
Gargiulo A, Fioretti A, Russo TP, Varriale L, Rampa L, Paone S, et al.
Occurrence of enteropathogenic bacteria in birds of prey in ltaly. Lett Appl
Microbiol. 2018;66(3):202-6.

Mancini L, Marcheggiani S, D'’Angelo A, Puccinelli C, Chiudioni F, Rossi F,

et al. First isolation of Salmonella enterica serovar Napoli from wild birds in
Italy. Ann Ist Super Sanita. 2014;50:96-8.

Dotto G, Menandro ML, Mondin A, Martini M, Pasotto D. First detection of
Salmonella enterica serovar Napoli in kennel dogs in Italy. Vet Rec. 2017;180(22):544.
Gori M, Ebranati E, Scaltriti E, Huedo P, Ciceri G, Tanzi E, et al. High-
resolution diffusion pattern of human infections by Salmonella enterica
serovar Napoli in northern ltaly explained through phylogeography. PLoS
One. 2018;13(8):20202573.

Mancin M, Barco L, Losasso C, Belluco S, Cibin V, Mazzucato M, et al.
Salmonella serovar distribution from non-human sources in Italy; Results
from the IT-Enter-Vet network: Vet Rec; 2018. British Medical Journal
Publishing Group.

QOggioni C, Fontana G, Pavan A, Gramegna M, Ferretti V, Piatti A, et al.
Investigation of potential risk factors for Salmonella enterica subsp enterica
serotype Napoli: a nested case-control study in Lombardia region. Ann di Ig
Med Prev e di comunita. 2010;22(4):327-35.

Alikhan N-F, Zhou Z, Sergeant MJ, Achtman M. A genomic overview of the
population structure of Salmonella. PLoS Genet. 2018;14(4):e1007261.
Sayers EW, Cavanaugh M, Clark K, Ostell J, Pruitt KD, Karsch-Mizrachi I.
GenBank. Nucleic Acids Res. 2019;47(D1):D94-D99.

Didelot X, Bowden R, Street T, Golubchik T, Spencer C, McVean G, et al.
Recombination and Population Structure in Salmonella enterica. Casadesus J,
editor. PLoS Genet. 2011;7(7):21002191.

Worley J, Meng J, Allard MW, Brown EW, Timme RE. Salmonella enterica
phylogeny based on whole-genome sequencing reveals two new clades and
novel patterns of horizontally acquired genetic elements. MBio. 2018,9(6).
O'Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, et al. Reference
sequence (RefSeq) database at NCBI: Current status, taxonomic expansion, and
functional annotation. Nucleic Acids Res. 2016:44(D1):D733-D745.
Porras-Hurtado L, Ruiz Y, Santos C, Phillips C, Carracedo A, Lareu MV. An
overview of STRUCTURE: applications, parameter settings, and supporting
software. Front Genet. 2013,4:98.

Stamatakis A. RAXML-VI-HPC: maximum likelihood-based phylogenetic
analyses with thousands of taxa and mixed models. Bioinformatics. 2006;
22(21):2688-90.


http://www.ebi.ac.uk/ena
https://doi.org/10.%202903/j.efsa.2019.5926

Mastrorilli et al. BMC Genomics

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2020) 21:202

Rambaut A, Drummond AJ. FigTree version 14. 0. 2012. Available at: http://
tree.bio.ed.ac.uk/software/figtree/.

Fisher IST, Jourdan-Da Silva N, Hachler H, Weill F-X, Schmid H, Danan C,

et al. Human infections due to Salmonella Napoli: a multicountry, Emerging
Enigma Recognized by the Enter-net International Surveillance Network.
Foodborne Pathog Dis. 2009,6(5):613-9.

den Bakker HC, Moreno Switt Al, Govoni G, Cummings CA, Ranieri ML,
Degoricija L, et al. Genome sequencing reveals diversification of virulence
factor content and possible host adaptation in distinct subpopulations of
Salmonella enterica. BMC Genomics. 2011;12(1):425.

Timme RE, Pettengill JB, Allard MW, Strain E, Barrangou R, Wehnes C, et al.
Phylogenetic diversity of the enteric pathogen Salmonella enterica subsp.
enterica inferred from genome-wide reference-free SNP characters. Genome
Biol Evol. 2013;5(11):2109-23.

Langridge GC, Fookes M, Connor TR, Feltwell T, Feasey N, Parsons BN, et al.
Patterns of genome evolution that have accompanied host adaptation in
Salmonella. Proc Natl Acad Sci. 2015;112(3):863-8.

Thomson NR, Clayton DJ, Windhorst D, Vernikos G, Davidson S, Churcher C,
et al. Comparative genome analysis of Salmonella Enteritidis PT4 and
Salmonella Gallinarum 287/91 provides insights into evolutionary and host
adaptation pathways. Genome Res. 2008;18(10):1624-37.

Sangal V, Harbottle H, Mazzoni CJ, Helmuth R, Guerra B, Didelot X, et al.
Evolution and population structure of Salmonella enterica serovar Newport.
J Bacteriol. 2010;192(24):6465-76.

Vasu K, Nagaraja V. Diverse Functions of Restriction-Modification Systems in
Addition to Cellular Defense. Microbiol Mol Biol Rev. 2013;77(1):53-72.
Chen M, Zhang L, Xin S, Yao H, Lu C, Zhang W. Inducible prophage mutant
of Escherichia coli can lyse new host and the key sites of receptor
recognition identification. Front Microbiol. 2017,8:147.

Figueroa-Bossi N, Bossi L. Inducible prophages contribute to Salmonella
virulence in mice. Mol Microbiol. 1999;33(1):167-76.

Figueroa-Bossi N, Uzzau S, Maloriol D, Bossi L. Variable assortment of
prophages provides a transferable repertoire of pathogenic determinants in
Salmonella. Mol Microbiol. 2001;39(2):260-72.

Fuentes JA, Villagra N, Castillo-Ruiz M, Mora GC. The Salmonella Typhi hlyE
gene plays a role in invasion of cultured epithelial cells and its functional
transfer to S. Typhimurium promotes deep organ infection in mice. Res
Microbiol. 2008;159(4):279-87.

Faucher SP, Forest C, Beland M, Daigle F. A novel PhoP-regulated locus
encoding the cytolysin ClyA and the secreted invasin TaiA of Salmonella
enterica serovar Typhi is involved in virulence. Microbiol. 2009;155(2):477-
88.

Oscarsson J, Westermark M, Lofdahl S, Olsen B, Palmgren H, Mizunoe Y,

et al. Characterization of a pore-forming cytotoxin expressed by Salmonella
enterica serovars Typhi and Paratyphi a. Infect Immun. 2002;70(10):5759-69.
Soderblom T, Oxhamre C, Wai SN, Uhlén P, Aperia A, Uhlin BE, et al. Effects
of the Escherichia coli toxin cytolysin a on mucosal immunostimulation via
epithelial Ca2+ signalling and toll-like receptor 4. Cell Microbiol. 2005;7(6):
779-88.

Bjorkman P, Nilsson A, Riesbeck K. A pilot with pain in his leg: thigh abscess
caused by Salmonella enterica serotype Brandenburg. J Clin Microbiol. 2002;
40(9):3530-1.

Kim J-Y, Park Y-J, Lee S-O, Song W, Jeong SH, Yoo YA, et al. Bacteremia due
to Salmonella enterica serotype Montevideo producing plasmid-mediated
AmpC B-lactamase (DHA-1). Ann Clin Lab Sci. 2004;34(2):214-7.

Chiu CH, Lin TY, Ou JT. Predictors for extraintestinal infection of non-
typhoidal Salmonella in patients without AIDS. Int J Clin Pract. 1999;53(3):
161-4.

Desai PT, Porwollik S, Long F, Cheng P, Wollam A, Clifton SW, et al.
Evolutionary genomics of Salmonella enterica subspecies. MBio. 2013;4(2):
e00579-12.

Haneda T, Ishii Y, Danbara H, Okada N. Genome-wide identification of novel
genomic islands that contribute to Salmonella virulence in mouse systemic
infection. FEMS Microbiol Lett. 2009;297(2):241-9.

Shah DH, Lee M, Park J, Lee J, Eo S, Kwon J, et al. Identification of
Salmonella gallinarum virulence genes in a chicken infection model using
PCR-based signature-tagged mutagenesis. Microbiol. 2005;151(12):3957-68.
Espinoza RA, Silva-Valenzuela CA, Amaya FA, Urrutia M, Contreras |,
Santiviago CA. Differential roles for pathogenicity islands SPI-13 and SPI-8 in
the interaction of Salmonella Enteritidis and Salmonella Typhi with murine
and human macrophages. Biol Res. 2017;50(1):5.

50.

52.

53.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

Page 15 of 16

Saroj SD, Shashidhar R, Karani M, Bandekar JR. Distribution of Salmonella
pathogenicity island (SPI)-8 and SPI-10 among different serotypes of
Salmonella. J Med Microbiol. 2008;57(4):424-7.

Chen C-M, Misra TK, Silver S, Rosen BP. Nucleotide sequence of the
structural genes for an anion pump. The plasmid-encoded arsenical
resistance operon. J Biol Chem. 1986;261(32):15030-8.

Surin BP, Rosenberg H, Cox GB. Phosphate-specific transport system of
Escherichia coli: nucleotide sequence and gene-polypeptide relationships. J
Bacteriol. 1985;161(1):189-98.

Bonardi S, Bolzoni L, Zanoni RG, Morganti M, Corradi M, Gilioli S, et al.
Limited exchange of Salmonella among domestic pigs and wild boars in
Italy. Ecohealth. 2019:1-9.

Carattoli A, Villa L, Fortini D, Garcfa-Fernadndez A. Contemporary Incl1
plasmids involved in the transmission and spread of antimicrobial resistance
in Enterobacteriaceae. Elsevier. Plasmid. 2018.

Rotger R, Casadesus J. The virulence plasmids of Salmonella. Int Microbiol.
1999;2:177-84.

Mathers AJ, Peirano G, Pitout JDD. Escherichia coli ST131: the quintessential
example of an international multiresistant high-risk clone. In: Advances in
applied microbiology: Elsevier; 2015. p. 109-54.

Carattoli A. Plasmids in gram negatives: molecular typing of resistance
plasmids. Int J Med Microbiol. 2011;301(8):654-8.

Rozwandowicz M, Brouwer MSM, Fischer J, Wagenaar JA, Gonzalez-Zorn B,
Guerra B, et al. Plasmids carrying antimicrobial resistance genes in
Enterobacteriaceae. J Antimicrob Chemother. 2018;73(5):1121-37.

Gilmour MW, Thomson NR, Sanders M, Parkhill J, Taylor DE. The complete
nucleotide sequence of the resistance plasmid R478: defining the backbone
components of incompatibility group H conjugative plasmids through
comparative genomics. Plasmid. 2004;52(3):182-202.

Chen C-Y, Nace GW, Solow B, Fratamico P. Complete nucleotide sequences
of 84.5-and 3.2-kb plasmids in the multi-antibiotic resistant Salmonella
enterica serovar Typhimurium U302 strain G8430. Plasmid. 2007,57(1):29-43.
Fernandez AG, Cloeckaert A, Bertini A, Praud K, Doublet B, Weill F-X, et al.
Comparative analysis of IncHI2 plasmids carrying blaCTX-M-2 or blaCTX-M-9
from Escherichia coli and Salmonella enterica strains isolated from poultry
and humans. Antimicrob Agents Chemother. 2007;51(11):4177-80.
Andrews S. FastQC: a quality control tool for high throughput sequence
data. Available online 2010.

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics. 2014;30(15):2114-20.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al.
SPAdes: a new genome assembly algorithm and its applications to single-
cell sequencing. J Comput Biol. 2012;19(5):455-77.

Gurevich A, Saveliev V, Vyahhi N, Tesler G. QUAST: quality assessment tool
for genome assemblies. Bioinformatics. 2013;29(8):1072-5.

Tewolde R, Dallman T, Schaefer U, Sheppard CL, Ashton P, Pichon B, et al.
MOST: a modified MLST typing tool based on short read sequencing. PeerJ.
2016;4:22308.

Zhang S, Yin Y, Jones MB, Zhang Z, Deatherage Kaiser BL, Dinsmore BA,

et al. Salmonella serotype determination utilizing high-throughput genome
sequencing data. J Clin Microbiol. 2015;53(5):1685-92.

Yoshida CE, Kruczkiewicz P, Laing CR, Lingohr EJ, Gannon VPJ, Nash JHE,

et al. The salmonella in silico typing resource (SISTR): an open web-
accessible tool for rapidly typing and subtyping draft salmonella genome
assemblies. PLoS One. 2016;11(1).

Jolley KA, Bray JE, Maiden MCJ. Open-access bacterial population genomics:
BIGSdb software, the PubMLST.org website and their applications.
Wellcome Open Res. 2018;3:124.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J Mol Biol. 1990,215(3):403-10.

Gardner SN, Slezak T, Hall BG. kSNP3.0: SNP detection and phylogenetic
analysis of genomes without genome alignment or reference genome:
Table 1. Bioinformatics. 2015;31(17):2877-8.

Price MN, Dehal PS, Arkin AP. FastTree: Computing Large Minimum
Evolution Trees with Profiles instead of a Distance Matrix. Mol Biol Evol.
2009;26(7):1641-50.

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics.
2014;30(14):2068-9.

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, MTG H, et al. Roary:
Rapid large-scale prokaryote pan genome analysis. Bioinformatics. 2015;
31(22):3691-3.


http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://PubMLST.org

Mastrorilli et al. BMC Genomics

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

(2020) 21:202

Bouckaert R, Vaughan TG, Barido-Sottani J, Duchéne S, Fourment M,
Gavryushkina A, et al. BEAST 2.5: An advanced software platform for
Bayesian evolutionary analysis. PLoS Comput Biol. 2019;15(4).

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior
Summarization in Bayesian Phylogenetics Using Tracer 1.7. Susko E, editor.
Syst Biol. 2018,67(5):901-4.

Silva M, Machado MP, Silva DN, Rossi M, Moran-Gilad J, Santos S, et al.
chewBBACA: A complete suite for gene-by-gene schema creation and strain
identification. Microb Genomics. 2018:4(3).

Lee |, Kim YO, Park S-C, Chun J. OrthoANI: an improved algorithm and
software for calculating average nucleotide identity. Int J Syst Evol
Microbiol. 2016;66(2):1100-3.

Revelle W. Psych: procedures for personality and psychological research.
Evanston: Northwestern University; 2018.

Team RC. R: a language and environment for statistical computing; 2015; 2018.
Meyer D, Zeileis A, Hornik K. ved: Visualizing categorical data. R package
version; 2008. p. 1-0.

Carattoli A, Zankari E, Garcia-Fernandez A, Larsen MV, Lund O, Villa L, et al.
PlasmidFinder and pMLST: in silico detection and typing of plasmids.
Antimicrob Agents Chemother. 2014; AAC-02412.

Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O,

et al. Identification of acquired antimicrobial resistance genes. J Antimicrob
Chemother. 2012,67(11):2640-4.

Pal C, Bengtsson-Palme J, Rensing C, Kristiansson E, Larsson DGJ. BacMet:
antibacterial biocide and metal resistance genes database. Nucleic Acids
Res. 2013;42(D1):D737-43.

Jaccard P. Etude comparative de la distribution florale dans une portion des
Alpes et des Jura. Bull Soc Vaudoise Sci Nat. 1901;37:547-79.

Ward JH Jr. Hierarchical grouping to optimize an objective function. J Am
Stat Assoc. 1963;58(301):236-44.

Murtagh F, Legendre P. Ward's hierarchical agglomerative clustering method:
which algorithms implement Ward's criterion? J Classif. 2014;31(3):274-95.
Tatusov RL, Galperin MY, Natale DA, Koonin EV. The COG database: a tool
for genome-scale analysis of protein functions and evolution. Nucleic Acids
Res. 2000;28(1):33-6.

Marchler-Bauer A, Bryant SH. CD-Search: protein domain annotations on the
fly. Nucleic Acids Res. 2004;32(suppl_2):W327-31.

Consortium GO. The gene ontology resource: 20 years and still GOing
strong. Nucleic Acids Res. 2018;47(D1):D330-8.

Consortium U. UniProt: a worldwide hub of protein knowledge. Nucleic
Acids Res. 201847(D1):D506-15.

Tanizawa Y, Fujisawa T, Nakamura Y. DFAST: a flexible prokaryotic genome
annotation pipeline for faster genome publication. Hancock J, editor.
Bioinformatics. 2018;34(6):1037-9.

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. Vol. 57, Source: Journal of the
Royal Statistical Society. Series B (Methodological). 1995.

Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y, et al. PHASTER: a better,
faster version of the PHAST phage search tool. Nucleic Acids Res. 2016;44.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Data description
	Genome sequence similarity and genome annotation
	Pangenome analysis and phylogeny
	Metadata analyses
	Salmonella Pathogenicity Islands detection
	Acquired antimicrobial resistance genes identification
	Plasmid replicons detection
	Antibacterial biocide- and metal-tolerance genes detection
	Pangenome functional annotation
	Pseudogene identification
	Intact prophage detection

	Discussion
	Conclusion
	Methods
	Sample collection and whole genome sequencing
	Sequences retrieval
	Strain typing
	Genome annotation, pangenome analysis and phylogeny
	Population recombination analysis
	Genome sequences similarity
	Metadata analyses
	Plasmids replicons, Salmonella Pathogenicity Islands and acquired antimicrobial resistance genes search
	Pangenome functional annotation
	Pseudogenes identification
	Intact prophages search

	Supplementary information
	Abbreviations
	Acknowledgements
	Availability of data and materials.
	Consent for publication.
	Ethics approval and consent to participate.
	Disclaimer
	Authors’ contributions
	Funding
	Competing interests
	Author details
	References
	Publisher’s Note

