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Abstract

Salmonella Infantis is one of the five serovars most frequently causing human salmonellosis in Europe, mainly associated with 
poultry. A clone harbouring a conjugative plasmid of emerging S. Infantis (pESI)- like megaplasmid, carrying multidrug resistant 
(MDR) and extended- spectrum beta- lactamases (ESBL) genes, has spread in the Italian broiler chicken industry also causing 
human illness. This work is aimed at elucidating the molecular epidemiology of S. Infantis and pESI- like in Europe using whole- 
genome sequencing and bioinformatics analysis, and to investigate the genetic relatedness of S. Infantis clones and pESI- like 
from animals, meat, feed and humans provided by institutions of nine European countries. Two genotyping approaches were 
used: chromosome or plasmid SNP- based analysis and the minimum spanning tree (MST) algorithm based on core- genome 
multilocus sequence typing (cgMLST). The European S. Infantis population appeared heterogeneous, with different genetic clus-
ters defined at core- genome level. However, pESI- like variants present in 64.1 % of the isolates were more genetically homoge-
neous and capable of infecting different clonal lineages in most of the countries. Two different pESI- like with ESBL genes (n=82) 
were observed: bla

CTX- M-1
- positive in European isolates and bla

CTX- M-65
- positive in American isolates (study outgroup). Both vari-

ants had toxin- antitoxin systems, resistance genes towards tetracyclines, trimethoprim, sulphonamides and aminoglycosides, 
heavy metals (merA) and disinfectants (qacEΔ). Worryingly, 66 % of the total isolates studied presented different gyrA chromo-
somal point mutations associated with (fluoro)quinolone resistance (MIC range 0.125–0.5 mg/L), while 18 % displayed trans-
ferable macrolide resistance mediated by mph, mef and erm(B) genes. Proper intervention strategies are needed to prevent 
further dissemination/transmission of MDR S. Infantis and pESI- like along the food chain in Europe.

DATA SummARy
Raw sequence data were submitted to the European 
Nucleotide Archive (http://www. ebi. ac. uk/ ena) under study 

accession numbers PRJEB23728 and PRJEB34620. Individual 
genome accession numbers are reported in Table S1 (available 
with the online version of this article).

http://mgen.microbiologyresearch.org/content/journal/mgen/
http://www.ebi.ac.uk/ena
https://creativecommons.org/licenses/by-nc/4.0/legalcode
http://www.ebi.ac.uk/ena
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InTRoDuCTIon
Salmonella enterica serovar Infantis (S. Infantis) was reported 
as the most frequent serovar in broilers flocks (45.6 %) and 
broiler meat (50.6 %) in Europe [1] and its prevalence is 
increasing in breeding hens in some European Member States 
[2]. In humans, S. Infantis has been classified as the fourth 
most prevalent serovar in non- typhoidal Salmonella (NTS) 
human infections in Europe [1].

In Italy, for instance, data obtained in 2014 and 2016 from 
cross- sectional studies in the broiler sector at slaughter, 
according to the harmonized AMR Monitoring sampling 
scheme (Commission Implementing Decision 2013/652/EU, 
http:// data. europa. eu/ eli/ dec_ impl/ 2013/ 652/ oj), revealed 
that S. Infantis accounted for 75 and 90 % of all isolates 
detected, respectively. Among flock, prevalences of 9.6 % 
(68/709) in 2014 and 8.7 % (70/807) in 2016 were reported [3]. 
Moreover, over the last decade, multi- drug resistant (MDR) S. 
Infantis has increasingly been reported from food- producing 
animals and humans [3]. For instance, among flock prevalence 
of Italian extended- spectrum cephalosporin (ESC)- resistance 
(R) S. Infantis isolates in broilers has worryingly increased 
from 0.4 % (3/709) in 2014 to 2.0 % (16/807) in 2016.

In Italy, we detected an emerging clone of extended spectrum 
beta- lactamases (ESBL)- producing S. Infantis harbouring an 
IncI/IncP chimeric megaplasmid of around 300 kbp, carrying 
virulence, fitness and MDR genes/traits and named p- ESI- like 
[4], since it was similar to that described in ESC- susceptible 
(S) S. Infantis in Israel (pESI) in 2014 [5].

Later on, pESI- like- positive S. Infantis isolates were also 
observed in the USA and Switzerland [6, 7].

Specifically, pESI- like is characterized by the presence of an 
IncP replication origin, IncI genes as ardA, pilL, sogS, trbA 
and specific genetic markers as pESI backbone, the gene 
conferring increased bacterial tolerance to environmental 
mercury (mer operon), yersiniabactin and K88- like fimbria 
fim, as already described in Aviv et al. [5]. Furthermore, pESI- 
like- borne AMR genetic determinants encoding resistance 
to different antimicrobial classes, as ESBL (e.g. blaCTX- M), 
tetracyclines (e.g. tetA), trimethoprim (e.g. dfrA), sulphona-
mides (e.g. sul1) or aminoglycosides (e.g. aadA) have been 
previously reported [4]. Recent studies in Italy have also 
demonstrated the plasticity of the pESI- like positive S. Infantis 
clone, having the capacity to acquire additional transferable 
resistance against another highest priority critically important 
antimicrobial (HPCIA) such as colistin, mediated by mcr-1 
[8], carried by a different conjugative plasmid (IncX4).

Moreover, additional traits of resistance and enhanced fitness 
such as the yersiniabactin biosynthetic protein gene irp2, the 
Infantis plasmid- encoded fimbria gene ipf, toxin/antitoxin 
(T/AT) elements (e.g. ccdB/A; pemK/I), and the genes confer-
ring resistance to quaternary ammonium compounds (e.g. 
qacEΔ1), have been also previously associated to pESI- like 
[4, 5, 8]. The presence of such plasmids in bacteria harbouring 
these accessory genetic elements, has been previously 
described as an infection of the bacterial cell, also defining 

the host/pathogen relationship as symbiotic or parasitic 
depending on the advantages offered by the plasmid- borne 
genes [9].

Whole- genome sequencing (WGS) is an easy, thorough and 
efficient approach to share detailed genetic information about 
micro- organisms isolated from different countries, without 
the need of sharing biological samples. WGS analysis provides 
a large set of data from which all the relevant information 
about a bacterial isolate can be mined using bioinformatics 
pipelines instead of ‘classical’ typing methods, as predic-
tion of sequence types (STs) by multilocus sequence typing 
(MLST) and plasmid (p)STs by pMLST. Moreover, genotyping 
methods, as SNPs, core- genome MLST (cgMLST) and hierar-
chical clustering (HC) of cgMLST, have demonstrated a high- 
resolution capacity in cluster analysis to assess population 
structure or source attribution of outbreak- related isolates 
or even isolates with unknown epidemiological relationships 
[10, 11].

The aim of this work was to characterize S. Infantis and pESI- 
like plasmid from different European countries by using WGS 
and bioinformatics analysis, and to investigate the genetic 
relatedness of S. Infantis clones and plasmids by phylogenetic 
analysis across 12 European countries and across animal 
production sectors, human and food sources.

mETHoDS
Genome sequences of Salmonella Infantis
Raw reads from a total of 382 genomes of S. Infantis isolates 
were studied in depth. Raw reads were collected in the 
frame of the ENGAGE project, a collaboration between 
eight institutions across Europe with the objective to 
improve the cooperation between European institutions 
in food safety and public health protection using WGS 

Impact Statement

Insights into plasmids such as the pESI- like mega-
plasmid and other mobile genetic elements across and 
beyond Europe, and into predictors of their success in 
animal productions, are considered very helpful in the 
surveillance of zoonotic disease agents. The success 
of this ‘parasitic’ megaplasmid in different S. Infantis 
clones is likely to have been favoured by the fact that 
while providing determinants enhancing colonization, 
resistance, virulence and fitness, it displays post- 
segregational toxin- antitoxin based killing mechanisms 
that prevent its cure. These genetic elements often 
provide to zoonotic bacterial hosts additional traits of 
virulence, fitness and resistance to various antimicro-
bial drugs, including those classified as highest priority 
critically important to humans. The presence of pESI- 
like may be associated with the success of S. Infantis in 
the European poultry system.

http://data.europa.eu/eli/dec_impl/2013/652/oj
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Table 1. Number of isolates classified by country of origin and sample type

Sample type

Country of origin Animal Environment Feed Food Human Other Total

Denmark 24 12 1 16 53

Finland 1 1

Germany 9 10 4 16 39

Hungary 2 2 4

Ireland 2 5 2 2 11

Italy 80 13 22 50 165

Luxembourg 1 5 11 17

N.A. 3 3 8 14

Netherlands 5 11 16

Poland 2 9 7 18

Probably Imported from Ukraine 1 1

Romania 1 1

Travel history: America 1 1

Travel history: Ecuador 1 1

Travel history: Peru 1 1

Ukraine 5 5

UK 3 14 4 3 24

USA 2 4 4 10

Total 128 66 12 95 79 2 382

[12]. Partners from ENGAGE and National Reference 
Laboratories for Antimicrobial Resistance (NRL- ARs) 
from the European Union (EU) were invited to participate, 
providing the paired- ends raw reads of already sequenced 
S. Infantis genomes or by sending isolates to be sequenced 
by the Italian NRL- AR, Istituto Zooprofilattico Sperimen-
tale del Lazio e della Toscana (IZSLT) ‘M. Aleandri’. Nine 
different countries participated in the study providing the 
following number of isolates/genomes: Denmark (n=56), 
Finland (n=3), Germany (n=38), Ireland (n=19), Italy 
(n=166), Luxembourg (n=17), Netherlands (n=26), Poland 
(n=16), UK (n=31). The country of origin of the samples 
investigated did not always correspond with the country 
of sampling/isolation. In this regard, 14 samples had been 
imported from other EU or non- EU countries, in particular 
four isolates from Hungary, five from Ukraine, one from 
Romania, and three had a travel history (America, Ecuador 
and Peru) (Table S1, available in the online version of this 
article). In addition, ten S. Infantis genomes previously 
isolated and sequenced in USA were downloaded from ENA 
database [7] and included as an outgroup. Each of the 382 
studied isolates were detected from representative samples 
of different Epidemiological Units collected from 2001 to 
2017 in the frame of various sampling contexts and from 
animal (n=128), human (n=79), food (n=95), feed (n=12) 

and food/farm environmental (n=66) sources. Addition-
ally, two samples (n=1 meat/bone meal and n=1 compost 
samples) were classified as ‘other’. Detailed information can 
be found in Tables 1 and Table S1.

molecular characterization using WGS
For WGS, all S. Infantis isolates were sequenced using 
Illumina Technology. Raw sequence data were submitted 
to the European Nucleotide Archive (http://www. ebi. ac. 
uk/ ena) under study accession numbers PRJEB23728 and 
PRJEB34620. Individual genome accession numbers are 
reported in Table S1. All raw reads were analysed using a 
common pipeline.

Briefly, the quality of raw reads was evaluated using FastQC 
v0.11.5 (https://www. bioinformatics. babraham. ac. uk/ 
projects/ fastqc/) and trimmed with TrimmomaticPE v0.22 
[13] with the following parameters: Q30 as the minimum 
quality required for maintaining a base from the begin-
ning and from the end of the read and a window size of 
10 with Q20 as average quality. Processed reads were ‘de 
novo’ assembled using SPAdes v3.11.0 [14] with the default 
parameters. Quality of the obtained assemblies was assessed 
with quast v4.6.3 [15].

http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Fig. 1. Maximum- likelihood SNP- based phylogeny of 382 S. Infantis genomes using as reference S. Infantis SINFA (LN649235) and based 
on a total of 8444 informative SNPs. (a) Circular representation of the phylogeny, obtained using iTOL (http://itol.embl.de/) ignoring 
branch length. Dotted lines mark the subcluster containing isolates from human clinical cases, harbouring mostly bla

CTX- M-65
 (study 

outgroup). Colours of the isolate ID indicate the different country of origin. Colour squares indicate, from the innermost to the outermost: 
sample type, pESI determinants, ESBL/AmpC resistance genes, bla

TEM
 gene type 1A, 1B or 216 (blue square). Year of isolation and 

the presence of gyrA chromosomal point mutations are also indicated for each genome. (b) Circular representation of the phylogeny 
showing the branch lengths.

The assemblies obtained were analysed using on- line SISTR 
(https:// lfz. corefacility. ca/ sistr- app/) [16] in order to confirm 
the serotype ‘in silico’.

SnP-based phylogenetic analysis
A SNP tree was built with CSI Phylogeny 1.4 (https:// cge. 
cbs. dtu. dk/ services/ CSIPhylogeny/) [17] using as reference 
S. Infantis SINFA (LN649235), according to the quality 
parameters previously reported [8]. Raw reads from all the 
382 S. Infantis involved in the study were aligned against 
the reference genome S. Infantis SINFA (LN649235), using 
BWA v. 0.7.2 [18]. The depth at each mapped position was 
calculated using genomeCoverageBed (BEDTools v. 2.16.2) 
[19]. SNPs were called using ‘mpileup’ (SAMTools v. 0.1.18) 
[20]. SNPs were filtered out if the depth at the SNP position 
was not at least 10× or at least 10 % of the average depth for 
the particular genome mapping and if the mapping quality 
was below 25 or the SNP quality was below 30, calculated by 
BWA and SAMTools, respectively. The pruning distance was 
set at 10 bp. Then, all genome mappings were compared and 
all positions where SNPs were called in at least one mapping 
were validated in all mappings and ignored if fails validation. 
The validation includes both depth and Z- score for the SNP 
filtering. Maximum- likelihood tree was created using Fast-
Tree [21], based on a total of 8444 informative SNPs (Fig. 1) 
and edited with iTOL (http:// itol. embl. de/) [22]. Clusters 
separation was performed based on the topology and the 
branch length of the tree.

Two more trees were built as previously described, only 
including the raw reads of pESI- like positive isolates 
(n=245), using as reference S. Infantis SINFA (LN649235) 
and the Italian pESI- like plasmid reference [4], based on 
1375 and 1326 informative SNPs, respectively. Both trees 
were compared using the ‘cophylo’ function of R [23].

The Italian pESI- like plasmid reference sequence was 
obtained as follows: the raw reads from the sequence of 
the transconjugant [4] were mapped against the reference 
genome of E. coli K12, used as recipient in the conjugation 
experiment. The unmapped reads were assembled ‘de novo’ 
using Spades v3.11.0. The final assembly was considered as 
the plasmid sequence.

cgmLSTs and mST
cgMLSTs were determined using the Enterobase (http:// enter-
obase. warwick. ac. uk/) web based on the 3002 alleles scheme 
[24] and the HC classification of Enterobase.

For each genome the following different parameters, were 
considered:

•	 All the 3002 alleles were different among the strains. This 
threshold is usually applied for a limited number of iso-
lates, as for those outbreak- related.

•	 HC20 (the clusters included all strains with links no more 
than 20 alleles apart, representing 0.66 % of the alleles) and 

http://itol.embl.de/
https://lfz.corefacility.ca/sistr-app/
https://cge.cbs.dtu.dk/services/CSIPhylogeny/
https://cge.cbs.dtu.dk/services/CSIPhylogeny/
http://itol.embl.de/
http://enterobase.warwick.ac.uk/
http://enterobase.warwick.ac.uk/
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Fig. 2. Representation as MSTs of the cgMLST (a) and the SNP tree (b), coloured according to the country of origin. Representation as 
MSTs of the cgMLST(a1,b1) and the SNP tree (a2,b2), coloured according respectively to the sample type (a1,a2) and the presence of 
pESI- like (b1,b2).

HC50 (the clusters included all strains with links no more 
than 50 alleles apart, representing 1.66 % of the alleles).

The MST of the allelic profiles obtained from EnteroBase 
was built using a global optimal eBURST method based on 
Kruskal’s algorithm. The analysis and the visualization was 
performed by using a stand- alone version of GrapeTree [25]. 
GrapeTree was also used for a topology comparison between 
the obtained SNP tree and the core- genome MST (Fig. 2a, b).

megaplasmid molecular typing and 
characterization
The presence of the pESI- like plasmid was determined using 
blast v2.2.31 [26] by detecting the presence of specific 
pESI markers, including the IncP origin of replication and 
the specific genes of IncI plasmid, pESI backbone, K88, Fim, 
fitness and virulence genes [4, 8]. The presence of the genes 
was determined only for those obtained with an identity 
and coverage value >99 % with the reference sequence.

Plasmid incompatibility groups and pMLST [8, 27] were 
assigned using the Center for Genomic Epidemiology (CGE) 
tools (https:// cge. cbs. dtu. dk/ services/ pMLST/) by using the 
default parameters.

Antimicrobial resistance phenotypes and 
genotypes
The genomes confirmed as S. Infantis were molecular char-
acterized using different bioinformatics tools to assign STs 
by MLST analysis (https:// cge. cbs. dtu. dk/ services/ MLST/) 
[28], and to determine the genetic basis of AMR (https:// 
cge. cbs. dtu. dk/ services/ ResFinder/) [29] using the default 
parameters.

The results of the genomic analysis on antimicrobial resist-
ance determinants were further compared with pheno-
typic data of antimicrobial resistance. For this purpose, 
a minimum panel of antimicrobial drugs was selected 
based on test and result data provided by the partners 
and common to all the isolates included in the collection 
(Table S1). The minimum panel included ampicillin (AMP), 
cefotaxime (FOT), gentamicin (GEN), ciprofloxacin (CIP) 
(nalidixic acid; NAL), tetracycline (TET), trimethoprim 
(TMP), sulfamethoxazole (SMX) and chloramphenicol 
(CHL). MIC data collected were interpreted according to 
epidemiological cut- off values included in the Annex A of 
the EU Decision 2013/652/EU (http:// eur- lex. europa. eu/ 
legal- content/ EN/ TXT/ HTML/? uri= CELEX: 32013D0652& 

https://cge.cbs.dtu.dk/services/pMLST/
https://cge.cbs.dtu.dk/services/MLST/
https://cge.cbs.dtu.dk/services/ResFinder/
https://cge.cbs.dtu.dk/services/ResFinder/
http://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32013D0652&from=IT
http://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32013D0652&from=IT
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from= IT). A minority of quantitative data were provided 
as disk diffusion (DD) inhibition diameters (Table S1), 
and were interpreted according to epidemiological cut- off 
values or, when these have not been made available (CIP, 
NAL and SMX), according to the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) Clinical 
Breakpoints.

RESuLTS
Phylogenetic trees
Chromosome SnP-based phylogenetic tree
In the phylogenetic tree built with the genomic sequences 
of the 382 isolates studied, the minimum and maximum 
SNPs differences between isolates were seven and 1098, 
respectively. Nine main clusters (I–IX) including isolates 
mostly pESI- like positive, were identified when considering 
a branch length <0.05. Clusters I, II and III consisted, 
respectively, of seven, 34 and nine pESI- like positive 
isolates harbouring blaCTX- M-1 that were collected from 
different sources, mainly from Italy. Cluster IV contained 58 
pESI- like positive isolates collected from different sources 
obtained from five countries (Netherlands, Denmark, 
Luxembourg, Germany and Italy) and most of them (40/58, 
68.9 %) characterized by the presence of the blaTEM-1 gene 
(Fig. 1).

Clusters VII, VIII and IX contained S. Infantis isolated from 
different sources from 11 countries. Within the cluster VII, 
there was a subcluster (branch length <0.02) containing 
isolates from human clinical cases, harbouring blaCTX- M-65, 
including those isolated from the USA or with travel history 
to America (Fig. 1a).

Plasmid SnP-based phylogenetic tree
In the phylogenetic tree built using the genomes of 245 isolates 
presenting pESI- like plasmid (~300 kb), and the plasmid 
sequence as reference (~286 kb), SNP variation ranged from 0 
to 827 different SNPs detected between the sequences. In this 
SNPs plasmid- based tree, just two small well- differentiated 
clusters were identified (cluster Ap and cluster Bp) containing 
20 and 4 isolates, respectively, that differ from the other 
plasmid sequences by 106 up to 827 SNPs. The larger cluster 
(cluster Ap) contained the ten isolates collected from different 
sources in the USA [7] and ten isolates of human origin 
collected from the Netherlands (n=5, two with a known travel 
history to South America), Italy (n=3, one with a known travel 
history to America) and Luxembourg (n=2). Interestingly, 
all but one isolates of cluster Ap were ESBL producers (CTX- 
M-65 type) and the majority of them (12/20) also harboured 
the fosA3 gene, associated to fosfomycin resistance.

The sequences of the plasmids, not included in clusters Ap and 
Bp, differed from each other by 1 to 178 SNPs. Cluster Ap was 
the only one whose group correlates with the chromosome 
reference- based phylogenetic tree (Fig. 3, blue dotted line).

From the comparison of both plasmid and chromosome- 
reference- based pESI- like positive trees, a different path in the 

chromosome (different tree clustering and SNP differences) 
and plasmid evolution, was observed (Fig. 3).

mLST and cgmLST analysis
Overall, the majority of the S. Infantis isolates (356/382) 
belonged to ST32. The other STs represented were two 
different single locus variant (SLV) of ST32, ST2283 (17/382) 
and ST1032 (5/382), differing in the sucA (alpha ketoglu-
tarate dehydrogenase) or the dnaN (DNA polymerase III 
beta subunit) alleles, respectively; ST479 (1/382) and ST580 
(1/382). Two genomes from the USA, retrieved from ENA, 
had low quality to be assigned to a ST filtered out due to 
the internal quality parameters implemented by Enterobase 
(Table S1).

The results of cgMLST obtained considering all the 3002 
different alleles, indicated, as expected, a large variability of 
cgSTs with almost a different cgST assigned for each isolate, 
while cgSTs 93 308, 102 164 and 140 061 were assigned to three 
isolates each (Table S1). Three isolates were not assigned to 
any cgST (Table S1) according to Enterobase. Interestingly, 
the cgST-93308 was assigned to three Italian S. Infantis 
(IDs: 12037823/11, 13 044 434–3 and 14 075 324) isolated in 
different years (2012, 2013, 2014) from three different sources: 
a chicken holding environment, a human clinical sample 
and a caecal content of a broiler chicken, respectively. The 
cgST-102164 was assigned to three Danish isolates (IDs: 
F15-1092-1, F14-1239-1, F14-1262-4), all isolated in 2014 
from environmental samples of different broiler chicken 
farms. Similarly, cgST-140061 was assigned to three isolates 
from Ireland (S16-002738, S16-003238, S16-003532), all 
collected from water treatment facilities in 2016 (Table S1).

Moreover, when the HC20 parameter was used, 63 different 
groups were identified, with the HC20-7828 group being the 
most populated, containing 150/382 isolates (38.3 %). When 
applying the HC50 parameters, only six different groups were 
identified with the most populated being the HC50-36, which 
included 323/382 isolates (84.5 %) (Table S1).

mSTs
The MST built based on the allelic profiles (cgMLST) of a 
total of 377 isolates, indicated a distinction between isolates 
with and without the megaplasmid, with a few exceptions 
(Fig. 2b). No clear clustering based on sample type (Fig. 2b) 
or geographical location (Fig. 2a) was observed.

The topology of the SNP- based MST was comparable to the 
topology of the cgMLST- based MST (Fig. 2a, b).

molecular typing and characterization of pESI-like 
plasmid
Overall, 245 of 382 S. Infantis analysed harboured a pESI- like 
plasmid. Among these, 232 isolates collected from samples 
of ten European countries of origin (Denmark, Germany, 
Hungary, Italy, Luxembourg, the Netherlands, Poland, 
Romania, the UK and Ukraine). In particular, 220/245 isolates 
contained four pESI plasmid markers: pESI backbone, oriV 
from IncP (AM261769), K88 and fim genes (Fig. 1, Table S1). 

http://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32013D0652&from=IT
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Fig. 3. Comparison of chromosome and plasmid- reference- based trees built with S. Infantis pESI- like positive isolates. Blotted lines of 
the same colour link the same isolate IDs included in the two trees. Two small well- differentiated clusters were identified as clusters A

p
 

and B
p
. Cluster A

p
 was the only one whose group correlates with the chromosome reference- based phylogenetic tree (blue dotted line). 

The other three groups were chosen, as an example, to evince the genetic relatedness of isolates belonging to different clusters in the 
two trees.
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Fig. 4. Graphical representation of the antimicrobial resistance genotypes (accessory resistance genes) of the 382 S. Infantis isolates 
clustered according to the chromosome SNP- based phylogeny, (linear representation). Coloured squares indicate the presence of 
resistance genes for the following antimicrobial classes: green squares: trimethoprim; black squares: tetracyclines; light blue squares: 
sulphonamides; orange squares: phenicols; pink squares: macrolides; yellow squares: polymyxins; red squares: ESBL/AmpC genes; 
blue squares: aminoglycosides.

Regarding the alleles of the IncI1 pMLST profiles, 91.8 % of 
the genomes containing the pESI backbone sequence (n=213) 
presented the same profile (ardA2, pilL3, sogS9, trbA21 and 
rep absent, designated as profile A) (Table S1). Moreover, 
25/245 isolates originating from different countries were also 
considered pESI- like positive since they tested positive for 
oriV from incP, K88 and Fim but tested negative for the pESI 
backbone gene (Table S1). As for the pMLST profiles, most 
of the pESI backbone- negative isolates (n=18) contained a 
different combination of alleles (ardA11, pilL3, sogS14, trbA8 
and rep absent; designated profile B), while only 3/25 isolates, 
presented the IncI1 pMLST profile A (Table S1).

Fitness determinants
The genes coding for the toxin/antitoxin (T/AT) system 
PemI/K were present in all the isolates harbouring pESI- like, 
whereas those coding for the T/AT system CcdA/B were 
present in all but one pESI- like- positive S. Infantis (Table 
S1). In most of the isolates, these four genes were found in 
the same contig (Fig. S1).

Regarding the T/AT system HicA/B, it was present in 43/245 S. 
Infantis harbouring pESI- like, carried by the IncX4 plasmid 
and associated to the presence of the blaTEM-1 gene.

Moreover, 236/245 isolates (96,3 %) harbouring the mega-
plasmid, contained the merA [mercury (II) reductase] gene 
(Table S1), usually located in the same contig of the pESI 
backbone and the origin of replication (Fig. S1). Overall, 
198/245 isolates also contained the qacEΔ gene, a defective 
and possibly attenuated form [30] of the qacE (quaternary 
ammonium compounds and disinfectant resistance gene) as 
previously detected in isolates from Italy [4].

AmR phenotypes and genotypes
According to Resfinder 3.0 results, the study of accessory 
resistance genes investigated in the 382 S. Infantis, revealed 
the presence of a specific AMR genes pattern in pESI- like- 
positive isolates, compared with pESI- like- negative ones 
(Fig. 4).

The minimum common panel of the antimicrobial resist-
ance phenotypes (AMP, FOT, GEN, CIP, (NAL), TET, TMP, 
SMX and CHL), provided by the different partners (n=353) 
or previously published [4, 7, 8], are reported in Table S1. 
Overall, the concomitant phenotypical resistance to tetra-
cycline, sulfamethoxazole and trimethoprim in MDR pESI- 
like- positive isolates (n=177) was mediated by the pESI- like 
borne tet(A), sul1 and dfrA14 genes, respectively. These above 
mentioned three genes were all located in a contig belonging 
to the megaplasmid [4].

Extended- spectrum cephalosporin resistant (ESC- R) isolates 
(n=82 resistant to cefotaxime) harboured blaCTX- M-1 (n=61), 
blaCTX- M-65 (n=19), blaCMY-2(n=1) and blaSHV-12 (n=1) genes.

In addition, 68 isolates (17.8 %) harboured at least one gene 
encoding macrolide resistance (mph, mef, erm(B) (Table S1). 
In particular, 2 Danish isolates (F15_1093_1 and F15-1093-4) 
presented the erm(B) gene (98 % identity) in combination 
with mph. For these two isolates, also susceptibility tests to 
the macrolide antimicrobial azithromycin were available, and 
they proved to be resistant, with a MIC value>=64 mg/L .

Four different known chromosomal point mutations in the 
gyrA gene associated with phenotypical (fluoro)quinolones 
resistance were found in 251 S. Infantis of 382 isolates 
analysed: 167 isolates presented the D87G, 28 the D87Y, 55 
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the S83Y and one the S83F point mutations. 131 isolates did 
not present any known mutation in the gyrA gene, nor pheno-
typical (fluoro)quinolone resistance. Six isolates presented 
plasmid mediated (fluoro)quinolone resistance qnrB genes 
(five qnrB19 and one qnrB81 genes), all of them being posi-
tive also for chromosomal point mutations. One (fluoro)
quinolone resistant isolate (ID: 51564/33) tested negative for 
any known mutation in the gyrA gene but presented a point 
mutation in the parC gene (T57S), also involved in (fluoro)
quinolone resistance. All these results were in agreement with 
the phenotypical resistance patterns provided (Table S1).

DISCuSSIon
S. Infantis is the serovar most frequently isolated in broiler 
flocks and the fourth most frequent in breeding flocks and 
laying hens in the European Union [31]. In the present study, 
we carried out an in- depth molecular characterization of S. 
Infantis and pESI- like circulating in 12 European countries 
(with five of them considered as major producers of poultry 
meat) and from different sources, including 79 clinical isolates 
from human sources collected in three European countries 
(with isolates from three human cases with travel- history to 
America).

Additionally, recent publications indicated that, besides Italy 
[4], an increasing prevalence of MDR S. Infantis has been 
reported in European countries such as Switzerland, Slovenia, 
or outside Europe, e.g. in Egypt, Iran and Ecuador [6, 32–35]. 
Moreover, a S. Infantis strain carrying a megaplasmid named 
pSI54/04 and sharing some common features with pESI, 
such as resistance and virulence determinants [5], has been 
recently described in Hungary [36].

As previously demonstrated [4, 8], in Italy there is a stable 
population of S. Infantis carrying the pESI- like megaplasmid. 
It has been proven that this plasmid frequently harbours 
AMR genes against at least three antimicrobial classes 
(sulphonamides, tetracyclines and trimethoprim), with vari-
able presence of the aminoglycoside resistance gene aadA1, 
along with resistances to heavy metals and several toxin/
anti- toxin systems fostering its vertical transmission [4, 5]. 
The minimum pESI- borne sul1, dfrA, qacEΔ gene pattern 
indicates the presence of class I integron [37, 38].

Besides the presence of pESI- like- borne tet(A), sul1 and 
dfrA14 genes, a wide diversity of resistance genes has 
been observed in the studied S. Infantis population. For 
example, it is worth to mention the presence of acquired 
macrolide resistance genes in 17.8 % of the isolates tested, 
including not only mph and mef genes, but also the erm(B) 
gene. This latter one in combination with mph, was found 
in two Danish isolates displaying azithromycin resistance, 
with MICs>=64 mg/L . These findings reveal the need of 
continuous monitoring of acquired macrolide resistance in 
major zoonotic pathogens, in order to take action towards 
its spread in animal productions and along the food chain. 
As for ESBL genes, two variants of pESI- like megaplasmids 
have been described in the present study, one associated with 

European isolates carrying blaCTX- M-1 and the other associated 
with American isolates, an outgroup carrying mostly blaCTX-

 M-65. However, both variants share the resistance genes for at 
least four antimicrobial classes (trimethoprim, tetracyclines, 
sulphonamides, aminoglycosides) the toxin- antitoxin systems 
and the genes enhancing Salmonella fitness. Differently from 
what has been previously observed in the pig industry in 
Germany [39], carbapenemase- encoding genes were not 
found in the dataset of this study, suggesting a very limited 
occurrence of this AMR feature so far, even considering that 
the use of third- and fourth- generation cephalosporins can 
co- select for carbapenem resistance. Noteworthy, although 
third- and fourth- generation cephalosporins have been never 
licensed for poultry in Europe, it is well known they have 
been routinely used ‘off- label’ in poultry breeding hatcheries 
until 2012 [40].

Similarly to what has been previously reported [41, 42], we 
have observed that at the core- genome level (chromosome), 
the studied European S. Infantis population is composed by 
different clones showing no clear correlation of clustering 
with source or geographical location of the isolates, with 
few exceptions (clusters I–III), probably due to the domi-
nance of the Italian isolates within our dataset (Figs 1, 2a b). 
Conversely, the pESI- like plasmids from the European popu-
lations are more genetically homogeneous. Yet, as we already 
discussed in previous studies [4, 8], we suggest that once 
the megaplasmid is acquired by S. Infantis, it would likely 
quickly spread in the local S. Infantis population because 
of the presence of the specific plasmid- borne genes, which 
enhance the colonization, virulence and fitness behaviour 
of the strain. An example is the locus harbouring the genes 
coding for multiple type II toxin/antitoxin modules PemI/K 
and CcdA/B, detected in all but one pESI- like- positive isolates 
herein described. These genetic elements play a central role 
in bacterial adaptability in response to stress conditions and 
in the maintenance of plasmids or genomic islands [43], also 
promoting the ecological success of certain clones, such as 
the pESI- like- positive- ESBL- producing S. Infantis clone [4]. 
In particular, the CcdA- CcdB complex has been reported to 
contribute to the maintenance of plasmids or genomic islands 
by activation of post- segregational killing mechanisms of the 
cell [43].

According to the chromosomal SNPs phylogenetic tree 
(Fig. 1), pESI- like plasmid could potentially colonize all the 
different European populations of S. Infantis studied, regard-
less the source of isolation. As can be observed in Fig. 1, in at 
least ten European countries from which S. Infantis positive- 
samples originated, the megaplasmid has been spreading in 
different S. Infantis clonal lineages. These findings are remark-
able, since extending to other European countries what we 
have previously demonstrated in Italy, where the presence of 
pESI- like in S. Infantis dates back to 2011 [4].

This study helps explaining how a ‘parasitic or symbiotic’ 
plasmid, carrying accessory and useful genes for bacte-
rial fitness, spreads regardless the national borders, by 
colonizing animal primary production systems (i.e. the 
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broiler chicken industry) by certain bacterial clones(s) and 
contributing to human illness through contamination of 
the food chain. For instance, in the UK, MDR S. Infantis is 
very rare in poultry and is eradicated whenever it occurs 
because of the high risk of further spread. The UK isolates 
in this study included strains from poultry meat that had 
been imported from Eastern Europe. One of these strains 
subsequently spread at a broiler farm within the same UK 
company that processed the meat and persisted for several 
flock cycles, including spreading to two other farms in the 
company that used the same thinning team, before it was 
successfully controlled (Rob Davies, personal communica-
tion). Similar isolates have also been obtained in UK from 
raw meat pet food containing imported chicken meat and 
associated animal by- products and dogs [44]. Such lateral 
dissemination, along with infection of parent breeding 
flocks in some countries, is considered to be an important 
route for national and international dissemination of S. 
Infantis [31]. However, the spread of different S. Infantis 
lineages containing the pESI- like plasmid may also have 
been favoured by the EU trade of broiler chicken grand-
parent breeding stock, and by the pyramidal structure of the 
poultry industry, with only a few primary breeding compa-
nies at the top of the pyramid that produce broilers for 
the whole world. If a biological agent, e.g. a bacterial agent 
with its plasmidic and core and accessory genome content 
(including AMR determinants) enter the broiler production 
chain, it may be transferred globally, as previously observed 
and discussed in the case of ESBL/AmpC- producing E. coli 
[45]. This issue should be monitored and considered for 
risk- management purposes, and its investigation would also 
benefit of ad hoc studies targeting breeding stock at import 
stage. As for the cgMLST results, a large number of different 
cgSTs (Table S1) were identified within the European S. 
Infantis population, and this is the likely consequence of 
the dataset analysed. Indeed, the isolates included in our 
study are the result of surveillance/monitoring activities 
(2001–2017), and are not known to be outbreak- related 
(Table S1). However, some isolates presented the same cgST. 
This is the case of the cgST-93308 assigned to three Italian 
S. Infantis isolated from human, animal and environmental 
sources. This feature is in agreement with what has been 
previously demonstrated for zoonotic transmission events 
of the pESI- like- positive S. Infantis in Italy [4, 8].

As for the comparison of the chromosome SNPs- based 
analysis and MST trees, they showed a substantial agree-
ment in cluster separation based on the presence of pESI- 
like (Figs 1, 2b). A clear correlation of clustering of the 
isolates was not seen neither with geographical location nor 
with sample types, with few exceptions probably related to 
the dominance of the Italian isolates compared with the 
isolates from other countries (Fig. 2a, b). Considering the 
inherent technical differences between the two methodolo-
gies, the different algorithms behind the two approaches 
and the nature of the dataset (not- outbreak related isolates), 
the topology of both trees was very similar, especially for 
clusters with closely related isolates. However, similarly to 

what has been previously reported for other serovars [11], 
there were some differences between the cgMLST and SNP 
analyses when more distant relationships among the clus-
ters were examined (Fig. 2a, b).

According to the expansion characteristics of the plasmid 
observed among the countries investigated and the popula-
tion structure of S. Infantis revealed in this study using WGS, 
both variants of the pESI- like plasmid (pESI- CTX- M-1 posi-
tive and pESI- CTX- M-65 positive) act as parasitic plasmids 
that colonize a clone, with the apparent potential to spread to 
other clones, and to ‘infect’ other local S. Infantis populations.

Interestingly, all isolates containing blaCTX- M-65 were all 
located in a well- defined cluster, both in the chromosome- 
based and in the plasmid- based phylogenetic trees, as well 
as in the MST approach (Figs  1, 2a and 3). This cluster 
contained isolates from the USA and from the Italian and 
Dutch human patients with travel history to America. Most 
importantly, this subpopulation seems not to be related 
to the European S. Infantis population in the food chain, 
neither at chromosomal nor at plasmid level and there is no 
evidence that this cluster circulates in food- animal produc-
tions in EU countries. Indeed, to the best of our knowledge, 
a single unreferenced ‘food sample’ in Switzerland with a 
CTX- M-65- positive S. Infantis has been reported so far [6].

It is worth noticing that the capacity of transmission of 
this plasmid, despite of its size, has been demonstrated 
both by ‘in vitro’ experiments of transconjugation with E. 
coli [4] and ‘in vivo’ among the microbiota of a laboratory 
animal or to other Salmonella enterica serovars, such as 
S. Typhimurium [46]. These experiments suggest that the 
pESI transfer from S. Infantis to other Salmonella serovars 
or to other bacteria from the normal microbiota acting as 
reservoirs of virulence and antimicrobial resistance genes 
may occur also in ‘field conditions’.

The acquisition of the megaplasmid by a permissive bacte-
rial host, such as Salmonella in poultry breeding stock, 
could be a decisive factor for a quicker transmission of the 
plasmid within European countries and across Europe. 
Furthermore, the extensive use of antibiotics, or disinfect-
ants such as quaternary ammonium compounds or even 
heavy metals like mercury compounds in agriculture, could 
favour the selection of pESI- like positive S. Infantis. Once 
the parasitic plasmid has ‘infected’ the bacterial cells, it is 
hard to cure because of the presence of accessory genetic 
elements harboured by the mega plasmid such as T/AT 
systems and the post- segregational killing mechanisms 
that prevent the plasmid loss, as already described for 
the emerging S. Infantis clone in Italy [4, 8]. It remains 
to be seen whether the plasmid ‘infection’ will persist at 
population level even after the elimination of the selection 
pressure and the consequent reduction of the fitness of the 
bacterium, which still carries a plasmid that now may be 
considered ‘useless’, or providing advantages at present not 
clearly understood [9, 47]. Taken together, our findings 
underline the importance of applying a global One Health 
approach, integrating human and animal surveillance 
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systems and comparing genomic data from different 
sources and different geographic areas, to help control 
the spread of potentially MDR zoonotic pathogens, such 
as S. Infantis. Proper intervention strategies are urgently 
needed to prevent further dissemination of MDR S. Infantis 
within animal productions and human disease. Insights 
into plasmids such as the pESI- like megaplasmid and other 
mobile genetic elements across and beyond Europe, and 
into predictors of their success in animal productions, are 
considered of further help in the surveillance of zoonotic 
disease agents. Indeed, these genetic elements often provide 
to zoonotic bacterial hosts additional traits of virulence, 
fitness and resistance to various antimicrobial drugs, 
including those classified as highest priority critically 
important to humans.
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