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Abstract: Salmonella comprises over 2500 serotypes and foodborne contamination associated with
this pathogen remains an important health concern worldwide. During the last decade, a shift in
serotype prevalence has occurred as traditionally less prevalent serotypes are increasing in frequency
of infections, especially those related to poultry meat contamination. S. Infantis is one of the major
emerging serotypes, and these strains commonly display antimicrobial resistance and can persist
despite cleaning protocols. Thus, this work aimed to isolate S. Infantis strains from a poultry meat
farm in Santiago, Chile and to characterize genetic variations present in them. We determined their
genomic and phenotypic profiles at different points along the production line. The results indicate
that the strains encompass 853 polymorphic sites (core-SNPs) with isolates differing from one another
by 0–347 core SNPs, suggesting variation among them; however, we found discrete correlations with
the source of the sample in the production line. Furthermore, the pan-genome was composed of
4854 total gene clusters of which 2618 (53.9%) corresponds to the core-genome and only 181 (3.7%)
are unique genes (those present in one particular strain). This preliminary analysis will enrich the
surveillance of Salmonella, yet further studies are required to assess their evolution and phylogeny.

Keywords: Salmonella Infantis; genomic; poultry; stress resistance; virulence

1. Introduction

Salmonella enterica is an important etiologic agent of gastroenteritis and enteric fever in
a variety of hosts [1]. The disease produced by Salmonella infection, known as salmonellosis,
remains one of the most recurrent foodborne zoonosis. Increasingly, it is a significant
global health and economic problem, with thousands of cases of severe illness and deaths
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associated with this pathogen [2]. The food industry is constantly affected by bacterial
contamination of products for human consumption, resulting in costs for surveillance
prevention, disease treatment, and the loss of contaminated products [3,4]. Food-processing
facilities, particularly those specialized in poultry, have a central role in the spreading of
Salmonella. The current standard production practices such as high stocking density, larger
farms, and stress result in increased occurrence and persistence of bacterial pathogens
in flocks, where the main reservoir is the host’s gastrointestinal tract that can, in turn,
contaminate a variety of food products [5,6].

Poultry, an abundant source of protein, is a primary focus of foodborne infections in
humans [7,8], with Salmonella enterica as one of the most common pathogens associated
with meat contamination. S. Infantis is an emerging non-typhoidal serotype associated
with poultry meat and is responsible for several infection outbreaks, both in poultry and
humans [4,9]. In this regard, S. Infantis is thus becoming a major public concern with
increasing prevalence in poultry-associated infections in relation to typical serovars such
as Typhimurium, Enteritidis and Gallinarium [10] as S. Infantis is currently among the top
10 human-associated serovars of Salmonella reported in several countries including Chile,
and is now a major zoonosis [4,11].

Moreover, the indiscriminate use of antimicrobials has caused the spread of strains
with multidrug-resistant (MDR) profiles that occur with increasing frequency [12]; the
presence of MDR bacteria is a threat that could produce an epidemiological crisis. The MDR
phenotype is widespread in various Salmonella serovars including those infecting farm
animals and humans, thus presenting a challenge in current first-line therapies [13–15].
Clonal dissemination of MDR clones is a significant concern [16,17]. However, initial clonal
strains might diversify by incorporating various genetic elements that can be incorporated
into the bacterial chromosome or remain episomal, such as the pESI plasmid [18]. Addition-
ally, recent findings using whole-genome sequencing revealed that vertical transmission
is a relevant way of contamination with S. Enteritidis within the industry (from breeding
chicken to commercial product) [19].

MDR S. Infantis have been isolated from different animal sources [20–22], increasing
the risk of severe illness and highlighting the failure of standard antimicrobial chemother-
apy [23]. Previously, other researchers have isolated bacteria identified as S. Infantis with
MDR profiles, demonstrating that this phenomenon is geographically widespread with
cases reported, but not limited to, Italy, Ecuador, Russia, Israel, Turkey, and the United
Kingdom [15,24–29]. Furthermore, evidence supports the notion that in addition to MDR,
the persistence of Salmonella strains throughout the production line can be associated with
increased capacity to form biofilms, as an additional resistance mechanism to disinfectant
agents, and the acquisition of genes involved in the global stress response [24,30–34].

The poultry industry implements rigorous disinfection protocols in meat production
lines, mainly using 2–3% NaOCl as a microbicide compound. However, the constant
use of these chemical solutions triggers tolerance, adaptation, and resistance to these
agents [35,36]. Therefore, the continuous sanitization of production lines might actually
enhance bacterial pathogenicity and should therefore be a major concern for the food
industry and health officials, especially considering the current scenario of shifted serovar
prevalence and emergence of MDR strains [37–39]. In this context, from 2014 to 2018,
the number of clinical cases associated with S. Infantis strains incremented in Chile [40],
and were usually associated with MDR. Poultry farms have reported the appearance of
less common serotypes, that can persist, and resist disinfection protocols and regulations
established by the health and food safety authorities [10,41]. This phenomenon corre-
lates with the evolution and adaptation of specific clones that gain survival advantages
through mobile elements, horizontal gene transfer and the acquisition of plasmids and
prophages [29,42,43].

The bacterial mechanisms used to survive and persist along the production line
include genetic traits like antibiotic resistance and virulence genes that allow the bacteria to
resist the overall stress generated on the bacterial cells caused by microbicides (resistance to
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reactive oxygen species, rapid transcriptional response, etc.). Another reported mechanism
of defense is the CRISPR-Cas system, that provides acquired immunity against viruses by
targeting nucleic acids in a sequence-specific manner [44]. Additionally, horizontal gene
transfer and acquisition of episomal components and other mobile genetic elements can be
used as predictors of the virulence, fitness, and ability to persist of a specific strain. This
information can assist the epidemiological surveillance of pathogens in the food industry,
clinical settings, and in the environment [45].

In this context, we aimed to identify, characterize, and compare strains of S. Infantis
obtained in different stages of a production line in a poultry meat production facility in the
Santiago Metropolitan Region in Chile. Bacterial strains were sampled and isolated in 2018–
2019 and the S. Infantis strains were phenotypically characterized by determining their
susceptibility to antimicrobials agents (antibiotics and hypochlorous acid). Additionally,
we described the genetic differences in the accessory genome in the different isolates of S.
Infantis, using whole-genome sequencing (WGS) and bioinformatics analysis.

2. Materials and Methods
2.1. Sampling and Salmonella Isolation

Samples were taken from three stages of a chicken meat production facility in the
Greater Santiago Metropolitan Area in Chile in 2018–2019. Sampled stages included: the
chicken feed manufacturing, the poultry farm, and the slaughterhouse (Figure 1). Moreover,
(1) the samples in the feed manufacturing stage were (I) the bran crop used to prepare
the chicken feed and (II) the finished feed in the form of pellets. (2) The samples in
the poultry farm stage were (III) swabs taken from the garments of farm personnel and
(IV) the collected washings and swabs from the production line. (3) The samples in the
slaughterhouse stage were (V) the cecum, entrails, and breast of slaughtered chickens
and (VI) the collected washings from the slaughtering surfaces. We followed sample
processing and isolation of Salmonella strains guidelines according to the ISO 6579:2002 (E)
instructive. Salmonella strains were isolated on Salmonella-Shigella Agar plates (BBL™ Sparks,
USA), and colorless colonies with the characteristic black center were taken and stored at
−20 ◦C in 25% glycerol until use. We used the Check & Trace Salmonella rapid genomic kit
(Check-Points BCTM) for serotyping each strain by using specific markers to identify the
corresponding Salmonella serotype.
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2.2. Antimicrobial Testing

We determined the antimicrobial susceptibility of the strains following the Kirby–
Bauer assay by measuring the diameter of inhibition halos formed in response to antibiotic
Sensi-Discs (OXOID, Thermo Scientific®, Waltham, MA, USA): ampicillin (AMP), strepto-
mycin (STR), azithromycin (AZM), nalidixic acid (NAL), tetracycline (TET), chlorampheni-
col (CHL), kanamycin (KAN), gentamicin (GEN), sulfamethoxazole/trimethoprim (SXT),
amoxicillin-clavulanic acid (AMC), ceftriaxone (CRO), ciprofloxacin (CIP), and amikacin
(AMK). Results were analyzed using the standards and cut-off values established by the
Clinical and Laboratory Standards Institute (CLSI) in 2019. The Salmonella Typhimurium
14028s strain was used as control.

2.3. NaOCl Resistance

Resistance to NaOCl of all S. Infantis strains was assessed by determining the half-
maximal inhibitory concentration (IC50). Briefly, bacterial cultures in Luria–Bertani broth
(LB) were grown at 37 ◦C with aeration (150 rpm) to OD600 = 0.4. For each strain, a
microplate with doubling serial dilutions of NaOCl in LB was set up with final concen-
trations ranging from 0.1 to 16 mM. To each NaOCl concentration, a 1:100 inoculum of
the corresponding bacteria was added. Every strain was assayed in at least three inde-
pendent experiments with six technical replicates each. Finally, plates were incubated at
37 ◦C for 18 h with constant agitation, and the OD600 was measured with an Infinite 200
PRO NanoQuant plate reader (Tecan Group Ltd., Zürich, Switzerland). The Salmonella
Typhimurium 14028s strain was used as reference.

2.4. Genome Sequencing

Genomic DNA of selected S. Infantis strains was purified using the DNA GeneJET kit
(Thermo Fisher Scientific, Waltham, MA, USA). Next, DNA integrity and concentration
were determined by 1% gel electrophoresis and OD260/280 ratio spectroscopy. DNA samples
were sent to MicrobesNG (University of Birmingham, Birmingham, UK) for paired-end
libraries construction (2 × 250 bp paired-end reads: according to the manufacturer’s
instructions) and sequenced on a Hiseq2500 platform (Illumina Inc., San Diego, CA, USA).
Data quality was checked using FastQC v0.11.8 [46] and filtered/trimmed using PrinSeq
v0.20.4 [47] (Thresholds: Ns = 0, read length ≥ 150 bp and Q ≥ 20). Read assembly
was performed with SPAdes v3.7 [48] using default settings, contigs quality was checked
using QUAST v5.0.2 [49] and sequencing depth coverage was calculated by mapping the
reads back to the assembled contigs with BWA-MEM v0.17.7 [50]. Gene prediction and
functional annotation were carried out with Prokka v1.13.3 [51] and eggNOG-mapper
v1.0.3 [52] using the EggNOG v5.0 database [53]. Completion was evaluated by the
search of conserved, lineage-specific orthologs with BUSCO v3 [54] and the OrthoDB v9
database [55]. The genome assemblies generated in this research have been deposited at
the DDBJ/ENA/GenBank under the Bioproject: PRJNA681176.

2.5. Genomic Analysis

In silico Serotyping: The serotype of the sequenced strains was reassessed by querying
the trimmed reads against a curated databases of Salmonella serotype determinants (rfb
gene cluster, fliC and fljB alleles) as implemented in the SeqSero v1.0 tool [56]. Moreover,
we performed a seven-gene (aroC, dnaN, hemD, hisD, purE, sucA and thrA) multi-locus
sequence typing (MLST) in silico for all the strains using mlst v2.9 [57] with the pubMSLT
database [58].

Genome similarities: The average nucleotide identity (ANI) matrix was calculated
using pyANI v0.2.10 [59], and was used to carry out a multi-dimensional scaling (MDS)
analysis to evaluate possible relationships or patterns between the genomes using R
4.0.3 [60] with the packages stats v4.0.3 and dplyr v1.0.7 (functions: dist, cmdscale and
as_tibble); visualization was generated with the ggplot2 v3.3.5 [61] R package. Additionally,
genome pairwise distances of the strains were calculated with Mash toolkit v2.3 [62], an
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“alignment-free” method which uses MinHash dimensionality-reduction technique [63]
to directly estimate the nucleotide distances between two sequences. Visualization was
generated with the pHeatMap v1.0.12 R package [64].

Phylogeny: A core SNP alignment was constructed using Snippy v4.3.6 [65], which
identifies the core-SNPs positions (those present in every analyzed genome) against a
reference genome (using default parameters and the snippy-clean_full_aln function). These
core SNPs were then extracted using SNPs-sites v2.5.1 [66] (using the “-c” option). Next, a
maximum likelihood phylogeny was reconstructed using the core SNPs alignment as input
through the implementation of RAxML v8 [67]; with Jukes–Cantor model and Lewis ascer-
tainment bias correction (as discussed in [68] for SNPs phylogenies). Additionally, 100,000
bootstrap and 100 searches for the best tree were performed (“-m ASC_GTRGAMMA”,
“–JC69”, “–asc-corr = lewis” options). The resulting tree was visualized with the anvi’o
v7 interactive interface [69]. Phylogenetic tree annotation was based on the production
stage and sample type. The genome of Salmonella Infantis CVM-N17S1509 (GenBank:
CP052817.1) was used as reference. Additionally, to calculate the pairwise distances in the
number of SNPs between the genomes, we used the dist.gene function in the ape v5.5 R
package [70] starting with the Snippy core-alignment. Visualization was generated with
the pHeatMap v1.0.12 R package [64].

Pan-genome: The analysis was carried out following the anvi’o pangenomic work-
flow [69,71]. All contigs with less than 200 nucleotides were eliminated from each genome
to be analyzed. Subsequently, an anvi’o genome database was generated (‘anvi-gen-
genomes-storage’) to store DNA and amino acid sequences using the ‘–internal-genomes’
flag, as well as functional annotations of each gene in genomes under consideration, using
HMMER [72] and COGs [73]. Next, the pangenome (‘anvi-pan-genome’) was computed
from the genome database which identifies ‘gene clusters’ using Blast [74], considering
only complete gene calls and ‘–minbit 0.5′ [75] and ‘–mcl-inflation 10′ [76] parameters,
to remove weak hits and to identify gene clusters in the remaining blastp search results.
Together, these parameters compute the occurrence of gene clusters across genomes and
the total number of genes contained in each cluster. Additionally, hierarchical clustering
analyses for gene clusters (based on their distribution) and for genomes (based on the gene
clusters they share) were performed using Euclidean distance and Ward clustering; hence,
generating a comprehensive anvi’o Pan-DataBase that stores all results for downstream
analyses and visualization.

Complementary, information regarding the samples was also included in the Pan-
DataBase (‘anvi-import-misc-data’), to be used to categorize genomes according to their
origin. Additionally, the Average Nucleotide Identity (ANI) of each genome was computed
and added to the pan database (‘anvi-compute-genome-similarity’), which uses pyANI [59].
Finally, the pangenomes were displayed (‘anvi-display-pan’) to visualize the distribution of
gene clusters across genomes and interactively bin gene clusters into groups. On the other
hand, we extracted unique gene clusters from the Pan-DataBase (‘anvi-get-sequences-for-
gene-clusters’) for further analysis. A “gene cluster” represents sequences of one or more
predicted ORFs grouped based on their homology; clusters with more than one sequence
might contain orthologous, paralogous sequences or both, from one or more genomes
analyzed in the pangenome.

Genes and elements search: Antimicrobial resistance (AMR) and virulence elements
were detected with ABRicate v0.8.10 [77] tool using different databases: ARG-ANNOT
v3 [78] for antibiotics, the Virulence Factor DataBase (VFDB) v5.0 for virulence elements [79]
and PlasmidFinder v2.1 [80] for plasmid replicons (with 70% identity, 70% coverage and
E-value 1 × 10−5 thresholds). Additionally, a search for CRISPR-Cas machinery and spacer
arrays was performed using CRISPRCasTyper v1.4.1 [81] and prophage sequences within
the genomes were queried with PHASTER [82].
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3. Results
3.1. Serotyping and Antimicrobial Testing

To characterize the bacterial components that persist along a poultry meat production
line (Figure 1), we undertook a microbiological survey and obtained isolates representative
of different bacterial genera. We identified 41 Salmonella strains that were classified by
serotyping as Salmonella Infantis; these bacteria were distributed in different sampling
locations along the production line and were associated with specific sources (as listed in
Table 1).

Table 1. The 41 Salmonella Infantis strains isolated, indicating location and sample type.

Strain Production Stage Sample Type
SI01 Feed manufacturing Feed pellets
SI02 Feed manufacturing Feed pellets
SI03 Feed manufacturing Feed pellets
SI07 Feed manufacturing Feed pellets
SI08 Feed manufacturing Feed pellets
SI04 Feed manufacturing Bran crop
SI05 Feed manufacturing Bran crop
SI09 Poultry Farm Production line swab
SI10 Poultry Farm Production line swab
SI11 Poultry Farm Production line washing
SI12 Poultry Farm Production line washing
SI19 Poultry Farm Production line swab
SI20 Poultry Farm Production line washing
SI31 Poultry Farm Production line washing
SI32 Poultry Farm Production line washing
SI16 Poultry Farm Personnel garments swab
SI17 Poultry Farm Personnel garments swab
SI18 Poultry Farm Personnel garments swab
SI21 Poultry Farm Personnel garments swab
SI23 Poultry Farm Personnel garments swab
SI24 Poultry Farm Personnel garments swab
SI25 Poultry Farm Personnel garments swab
SI26 Slaughterhouse Slaughtered chicken cecum
SI28 Slaughterhouse Slaughtered chicken cecum
SI30 Slaughterhouse Slaughtered chicken cecum
SI36 Slaughterhouse Slaughtered chicken entrails
SI37 Slaughterhouse Slaughtered chicken entrails
SI38 Slaughterhouse Slaughtered chicken breast
SI34 Slaughterhouse Surfaces washing
SI35 Slaughterhouse Surfaces washing
SI39 Slaughterhouse Surfaces washing
SI40 Slaughterhouse Surfaces washing
SI41 Slaughterhouse Surfaces washing
SI42 Slaughterhouse Surfaces washing
SI43 Slaughterhouse Surfaces washing
SI44 Slaughterhouse Surfaces washing
SI45 Slaughterhouse Surfaces washing
SI46 Slaughterhouse Surfaces washing
SI47 Slaughterhouse Surfaces washing
SI48 Slaughterhouse Surfaces washing
SI49 Slaughterhouse Surfaces washing

Isolated strains of S. Infantis were phenotypically characterized, focusing on relevant
traits with potential to enhance pathogenesis and persistence. First, we evaluated the
resistant patterns of each strain to broadly used antibiotics, discovering diversity in their
antimicrobial resistance. From the analyzed strains, we found that 100% were resistant to
STR, NAL and TET. Furthermore, 97% of the strains were resistant to both AZM and AMP,
while 90% were resistant to KAN, 86% to GEN and STR, 83% to CHL, 28% to CRO, 17%
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to CXT and 14% to AMC and AMK (Figure 2). Strains SI34 and SI38 were resistant to 11
out of the 13 antimicrobials tested, representing the strains with the greatest antimicrobial
resistance in this study. These strains were isolated from the slaughterhouse, present both
in the poultry meat and facility surfaces. The most sensitive strains (SI01 and SI02) were
isolated from the feed Pellets and could only resist 5 and 6 of the tested antimicrobials,
respectively. Followed by strains SI03 and SI04 isolated from the feed manufacturing (that
resist 7 antimicrobials), suggesting that the pressure of the cleaning procedures in latter
stages of the production line might influence the acquisition and selection of more resistant
clones.

Furthermore, the use of 2–3% of NaOCl as a disinfectant is the standard protocol used
in the poultry industry; therefore, we measured the resistance of the isolated Salmonella
strains to NaOCl and found that the IC50 values ranged between 2–8 mM. It is important to
highlight that we found highly resistant strains in all the three stages from which samples
were taken (Figure 2).
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Figure 2. Antibiotic resistance profile of each S. Infantis strain (SI01–SI19) tested (AMP: ampicillin,
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clavulanic acid, CXT: ceftriaxone, CRO: ciprofloxacin, AMK: amikacin) according to their production
stages origin. The IC50 value to NaOCl is also shown for each strain. The Salmonella Typhimurium
1028s strain (ST 14028s) was used as reference.

3.2. Genomic Features of S. Infantis Strains

Following the determination of the physiological resistance traits, we aimed to deter-
mine whether those capabilities originated from the bacterial genome. To establish specific
differences in this study, we selected 29 relevant strains from the total pool based on the
following criteria to cover most of the diversity: (i) most unique and contrasting strains in
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terms of physiological characteristics that (ii) encompassed all the production stages and
sample types.

We sequenced the genomes of the 29 S. Infantis strains and obtained a mean of
1,003,766 reads per sample (ranging from 478,273 to 2,040,376). The average size of the
genome was 4.98 Mbp (ranging from 4.96 to 5.03 Mbp). The average GC content was
52.1%, with a N50 mean value of 268,505 (ranging from 56,434 to 333,574) and the aver-
age sequencing depth coverage was 52X (ranging from 28–105X) (Table 2). Overall, the
completion percentages of the genomes, provide confidence over the results. However,
strains SI01 and SI02 have the least completion percentage in their genomes (<90%) and
were latter removed from some analyses. Additionally, the affiliation of the genomes to
S. Infantis was also confirmed in silico by the SeqSero tool (Table S1), as 27 out of the 29
strains were classified as Infantis. The two remaining genomes (SI16 and SI17) were not
identified as any known Salmonella serotype by this method. Additionally, the in silico
strains typification revealed that 26 of the 29 genomes belong to the ST32 sequence type
(ST), leaving SI01, SI02 and SI30 which were not assigned to any ST.

Table 2. Assembly statistics and evaluation for each of the 29 sequenced genomes of S. Infantis.

Sample Strain Size (mb) GC (%) # Contigs N50 % Completion Genome Cov.
SI01 4.96 52.15 48 333,150 88 48X
SI02 4.95 52.14 153 56,434 77.4 37X
SI03 4.95 52.15 65 194,600 98.4 34X
SI07 4.98 52.14 70 148,284 99.2 32X

Fe
ed

pe
lle

ts

SI08 4.99 52.14 49 310,053 100 44X
SI04 4.95 52.15 55 204,015 99.2 63XFe

ed
m

an
uf

ac
tu

ri
ng

Br
an

cr
op

SI05 4.98 52.14 54 333,144 99.2 63X
SI09 4.98 52.13 65 194,600 99.2 30X
SI10 4.99 52.14 47 245,770 98.4 44X
SI11 4.99 52.14 46 245,770 98.4 44X
SI12 4.98 52.14 55 245,776 99.2 67X
SI19 4.99 52.14 49 333,144 98.4 41X
SI31 4.97 52.14 77 161,152 100 39X

Pr
od

uc
ti

on
lin

e

SI32 4.99 52.14 52 333,144 98.4 58X
SI16 4.96 52.16 64 204,015 98.4 40X
SI17 4.97 52.17 55 333,144 99.2 105X
SI18 4.99 52.14 53 333,574 100 82X
SI21 5.02 52.07 51 310,053 95.2 69X
SI23 5.02 52.06 75 181,952 92.7 66X
SI24 4.99 52.14 44 333,144 100 51X

Po
ul

tr
y

Fa
rm

Pe
rs

on
ne

lg
ar

m
en

ts
sw

ab

SI25 4.99 52.14 58 333,574 99.2 89X
SI26 4.99 52.14 49 333,145 92.7 52X
SI28 4.98 52.15 53 217,253 98.4 60X
SI30 4.99 52.14 46 333,443 92.7 55X
SI36 5.03 51.9 50 333,145 100 73X
SI37 4.99 52.14 68 201,754 98.4 28XSl

au
gh

te
re

d
ch

ic
ke

n

SI38 4.96 52.14 47 333,144 100 43X
SI34 4.98 52.15 44 333,144 98.4 39XSl

au
gh

te
rh

ou
se

Su
rf

-
ac

es

SI35 4.98 52.14 45 333,144 100 39X

3.3. Genomic Similarity among the Strains

To broadly determine potential genomic changes across all isolated S. Infantis strains,
we evaluated the average nucleotide identity of the sampled group, aiming to identify
associations based on similarities between strains. However, this resulted in the absence
of specific patterns and no notable groupings between the strains regarding the origin
of the samples were found. Figure 3 shows the distribution of the strains according
to their genome average nucleotide identity matrix, resulting in an apparent random
distribution of the genomes (Figure 3a). This distribution was also confirmed according to
the approximation of similarities from the Mash distances analyses (Figure 3b).
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Figure 3. Genomic similarities among the S. Infantis strains. (a) Multidimensional scaling (MDS) plot based on average
nucleotide identity (ANI) similarity index among the 29 S. Infantis genomes. (b) Heatmap representation of 29 genomes
using Mash, heat scale is based on the pairwise Mash distances (identical genomes report a Mash distance of 0), the left and
top dendrograms corresponds to complete-linkage hierarchical clustering. Colors of the dots and heatmap left columns
represents the production stage and sample type.

3.4. Phylogeny of the S. Infantis Isolates

Furthermore, we continued to characterize the phylogeny of the isolates as the broader
methods (ANI and Mash) were not discriminant. We evaluated a phylogeny constructed
using core SNPs and calculated the distances between the genomes using the identified
core-SNPs (meaning the SNPs identified in all the analyzed strains) to determine differ-
ences as well. The SNPs were identified against the reference genome of Salmonella Infantis
CVM-N17S1509 (GenBank: CP052817.1). For these analyzes, the strains SI01 and SI02 were
not included, since they presented a low completion and do not belong to the same ST as
the rest, to avoid possible pollution of the results. Hence, we analyzed their phylogenetic
relationships considering 853 polymorphic sites within the core-genome (genes present in
all genomes within the data set). Furthermore, we calculated pairwise distances between
the genomes and found that they range varies between 0 (identical strains) to 347 (most
distanced). However, we cannot conclude if these differences are due to natural selection
with the disinfection protocols acting as selector or if this structure is maintained as the
consequence of gene flow associated with movement of personnel or materials. Addition-
ally, we found some isolates are phylogenetically more related, for example SI03 and IS04
both isolated from the feed manufacturing, as well as SI23 SI09 and SI10 sampled from
the poultry farm suggesting that the location within the facility might be a selecting factor,
however a systematic and broader study is required to confirm this (Figure 4).
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Figure 4. SNP-based (maximum likelihood) phylogenic tree of the 27 S. Infantis genomes (regarding
853 polymorphic sites across core positions). Each branch is colored according to the production
stage and sample type origins. Bottom heatmap represents the pairwise distances in number of SNPs
between the 27 genomes (displayed in the heat scale); identical genomes show a distance of 0. The
left dendrogram corresponds to complete-linkage hierarchical clustering. Colors of the heatmap’s
left columns represents the production stage and sample type. The genome of Salmonella Infantis
CVM-N17S1509 (GenBank: CP052817.1) was used as reference.

3.5. Functional Profiles

After the previous analyses regarding serotyping, similarity and phylogenetics, we
focused on specific proteins that were potentially codified by the genomes of each strain,
as a means to broadly search for genetic differences. For this purpose, we classified the
proteins into COG categories and compared the strains to detect differences. Overall, the
functional patterns are highly convergent (Figure S1).

3.6. Salmonella Infantis Pangenome

To further characterize the bacterial strains and determine possible associations be-
tween them, we proceeded to analyze the pan genome—all genes and genetic variations
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within a given set of genomes from a species—to determine the percentage of shared and
unique genes, their function, and which strains possess specific genes (Figure 5). The
circular map shows the hierarchical clustering of the genomes according to the presence
or absence of the 4854 identified gene clusters. Based on the lack of clustering formation
between genomes by their gene patterns we can infer there are no strong associations
between the strains regarding their site of isolation, suggesting gene flow and widespread
distribution. On the other hand, 53.9% (2618/4854) of the identified gene clusters belong
to the core-genome (in this study, we defined the core-genome as that formed by the
genes found in 100% of the analyzed genomes), most of which are single-copy core genes
(SCG), and only 3.7% (181/4854) are singletons or unique genes (that are present in only
one genome). The remaining 42.3% (2055/4854) of the gene clusters are categorized as
disposable genome, meaning the genes that are found in 2 to 26 genomes.

1 
 

 

Figure 5. The pangenome of S. Infantis. Each of the 4854 gene clusters contains genes contributed by
one or more isolate genomes. Gene clusters are organized based on their distribution across genomes
(defined by the tree in the center), and genomes are organized in radial layers based on Euclidian
distance and Ward ordination of the gene clusters they share. Visualization described from the inside
out: the first three layers show (1) the number of genomes in which the corresponding cluster is
present; (2) the number of genes in the corresponding cluster, and (3) the number of paralogs in the
corresponding cluster. The middle 27 layers are the genomes, and the bars indicate the occurrence
of a given gene cluster in that strain, colored by their origin on the production stage. The top two
outside layers describe (1) the single copy core-gene clusters for the 27 genomes and (2) the gene
clusters in which at least one gene was functionally annotated using COGs. Finally, the outside
selections correspond to the Core gene clusters (2618), and those present exclusively in one strain
(Unique: 181). The upper-right section provides additional data for each genome (from bottom to
top): genome total length, GC-content (%), completion (%), number of genes, number of unique
genes, the genome classification based on sample type origin and the dendrogram at the top depicts
the hierarchical clustering of genomes based on the occurrence of gene clusters.
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Furthermore, the identified 181 unique genes, were distributed between ten strains
with frequencies that differ from 1 unique gene per strain to 140 unique genes per strain
(SI07: 1, SI08: 1, SI34: 1, SI35: 1, SI32: 2, SI21: 8, SI26: 8, SI30: 8, SI23: 11, and SI36: 140). Most
of the unique genes were found in strain SI36 that was isolated from slaughtered chicken
entrails. The functions associated with the unique genes vary. Specifically, functional
annotation revealed that 125/181 are hypothetical proteins (HP) that do not have an
annotated known function, and 56/181 were assigned functions associated mainly with
virulence and secretion systems, metabolism, protein synthesis among other key functions
that might allow survival and persistence (Table S2).

3.7. In Silico Study of Genetic Determinants of Resistance and Virulence Genes in S.
Infantis Strains

To further characterize the strains and determine the particular traits that enabled
these clones to resist standard cleaning procedures we looked specifically for differences
within genes related to antimicrobial resistance and virulence. We characterized genetic
traits related to antibiotic resistance (Table S3), prophages (Table S4), virulence-associated
genes (Table S5), CRISPR-Cas (Table S6), and plasmids (Figure S2). In some cases, the ge-
netic traits related to antibiotic resistance coincided with the physiological characterization
(Figure 2), as it was the case with the presence of genes conferring resistance to tetracycline,
aminoglycoside, and beta-lactam (Table S3). Furthermore, we identified sequences associ-
ated with prophages within the studied strains. A total of 8 prophages were annotated;
the Entero_BP_4795 was the most abundant and was found in 20 strains (Table S4). On
the other hand, plasmid IncFIB was present in all the samples included in the study; this
plasmid is over 100 kb in size, and it contains many resistance cassettes and genes involved
in iron acquisition [83,84]. Some strains possess two plasmids; and among them, three had
the pIGMS32 plasmid (~9 kb), which contains a gene for the colicin toxin, and two had the
pCROD2 (~39 kb) codifying for the toxin/antitoxin Phd/YefM (Figure S2).

A total of 117 virulence-associated genes were found, mainly related to biofilm pro-
duction, pathogenicity islands, and secreted effector proteins. Some of the genes related to
virulence have been previously described. These include the gene sseL, whose product
is secreted during host infection to eliminate macrophages, as well as, genes related to
curli fimbriae formation (csgA), necessary for invasion (invA), altering host physiology
(pipB2), Salmonella-induced filaments formation (sifA), siderophores formation (entB), and
enable ferric transport (fepG) among many others with functions that modify the host’s
response to the pathogen (Table S5) [85–87]. We also looked for the presence of the com-
ponents of the CRISPR-Cas system. In this context, we found that all the isolated strains
possess this defense strategy, varying from 2 to 3 arrays and between 46 to 53 spacers, also
containing the genes cas2, cas3, cas5, cas6, and cas7 (Table S6). Overall, our results show
that the strains are distributed across all sampled sites and the abiotic pressures caused
by cleaning procedures seem to select clones with MDR profiles and virulence traits that
allow their survival. There is no apparent association of a specific trait with the origin of
the sample, suggesting a homogeneous contamination of the food processing facility that
is not sensitive to the disinfection protocols.

4. Discussion

In this study, we characterized Salmonella Infantis strains isolated from different stages
along the production line of a poultry meat farm. We found that the strains share many
similarities, although we were also able to find some genomic variations (Figure 6). There is
no genetic structure within the sequenced S. Infantis among the sampled sites, the processes
that are responsible for this pattern might be associated with founder effect, if all strains
come from the same unsampled source. Another factor in play might be natural selection,
as the facility might be seeded with different strains, but the disinfection protocols select for
similar strains. Moreover, gene flow within the facility might be associated with movement
of personnel and/or contaminated materials that might contribute to gene horizontal
transfer or even direct contamination. In this context, there are few examples of clustering
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found, for instance in the poultry farm stage there are strains phylogenetically related
(SI23, SI09, SI10) as well as some in the feed manufacturing (SI03 and SI04), suggesting
that the procedures and stressors might to some degree be pressuring and selecting related
clones, but there are also strains isolated from the same site that diverge and do not cluster.
Furthermore, these strains were found on surfaces within the facility despite strict protocols
of disinfection due to its high adaptability and persistence throughout the process, as was
previously described [88,89]. In the isolated strains, we also determined the presence of
plasmids, genes encoding for resistance and virulence factors, prophages, and CRISPR-Cas
arrays that can be partly attributed to their success. This could be due to the fact that the
strains acquired genomic elements and capacities, through horizontal gene transfer, that
enriched the repertoire of virulence factors.
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Figure 6. Schematic representation of the characteristics of the 27 S. Infantis strains. The organization is according to the
SNP-based phylogeny and categorized by their production stage and sample type origins. The purple panel shows the
number of antibiotics to which the corresponding strain is resistant and their IC50 value against NaOCl. The pink panel
shows the number of different genetic elements detected in the corresponding strain. The gray heatmaps represent the
presence/absence pattern for known plasmids and genes of interest (virulence). Finally, the yellow panel shows the number
of unique genes: those with functional annotation, those translating to hypothetical proteins and the total of unique genes,
for the corresponding strain.

On the other hand, genome typification by MLST revealed that all the strains belong
to the ST32 type, ensuring that comparisons and differences found are not due to diver-
gences found between differences sequence types. Furthermore, in terms of phylogeny
and functional properties, we determined that the isolates have hundreds of core-SNPs,
suggesting the strains are diverse and the abiotic pressures might be selecting specific
clones, as there is clustering between phylogenetically associated isolates, as was expected
given that the stressors found along the production line is a selection factor. Additionally,
the pan-genome analysis indicates that there is no association with the sample type or
location. The results show a total of 4854 genes, from which 2618 (54.4%) correspond to the
core-genome, leaving only 3.7% of the genes as unique.

A broad study of the geographic distribution of the Infantis serotype determined that
its population evolved in three separate lineages; however, one is particularly successful
in terms of infection of chickens [90]. Additionally, there are reports worldwide of iso-
lates of S. Infantis with MDR, genetic homogeneity, high diversity and relevant virulence
traits [10,15,25,26,37,41,89]. Here, we found high genetic diversity and widespread distri-
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bution along the production line of poultry meat with important MDR profiles and the
virulence repertoire that can potentially ensure successful infection in humans.

The ability to resist antibiotics is widespread and diverse among the tested strains,
and a previous study characterized Salmonella strains associated with broilers through
pulsed field electrophoresis, and found they had high antibiotic resistance and determined
three phylogenetic groups of strains [91]. MDR profiles within the Infantis serovar are
common [21]; in this study, isolates with extensive multi-resistance were found in all stages
of the production lines, suggesting that bacteria might be introduced by the materials
used to prepare the food or other initial implements used at this stage of processing or
the contamination source could be associated with tools and personnel. Additionally,
this ability might be associated with the pressure and cell stress generated by standard
disinfection procedures, that might trigger the acquisition or transcription of mobile and
episomal factors; however, these elements might also be lost after removing the stressor in
the latter stages of the process in the final product [88].

Multidrug resistant bacteria associated with human consumption products are a
public health concern. In this study, we found genotypic and phenotypic evidence that this
occurs in strains isolated from poultry meat. This phenomenon has been widely reported
before, in Chile and in other countries [92–96]. The strains we isolated are resistant to
commonly used antibiotics such as tetracycline, aminoglycoside, and beta-lactam. These
antibiotics are extensively used in the veterinary field; therefore, their ability to resist these
antimicrobials is highly prevalent in zoonotic Salmonella [33]. Even using technical criteria,
the application of antimicrobials for treatment, prophylaxis, and as growth promoters
can select resistant strains that can become problematic and of great concern for public
health [97–99]. In Chile, a previous report detected virulent and MDR S. Infantis in chicken
meat. In this study, the authors also highlight that environmental pollution with antibiotics
in water and soil promotes the selection of multi-resistant strains [11], a factor that must be
considered when formulating management and preventive strategies.

There is a strong correlation between MDR profiles and the presence of associated
mobile elements, such as transmissible plasmids and the co-selection of this component
because of the use of antimicrobials, producing rapid adaptation that must be challenged by
effective control of zoonotic bacteria [100,101]. In this context, we identified the presence of
the IncFIB plasmid in all strains, as previously reported [102], this plasmid is an important
factor influencing the virulence of the strain as it carries virulence and antimicrobial
resistance genes thus contributing to increased fitness [84]. Other plasmids found were
pIGMS32 (~9 kb) that naturally occurs in K. pneumoniae [103]; and pCROD2 (~39 kb),
associated with antibiotic resistance and virulence traits that would enable survival under
multiple stressors by activating several bacterial response mechanisms from their repertoire.

Furthermore, as expected, all strains were able to resist high concentrations of NaOCl,
the preferred microbicide used in the industry. A recent study found that the misuse of
biocides triggers highly adapted bacteria that pose a critical management problem [36].
Moreover, the ability to resist high concentrations of HOCl is commonly found in strains
isolated from the production line. The use of HOCl is the current standard in most
disinfection protocols in the food industry [104,105], meaning that resistance traits can be
found all the way to the final packed products [106]. Here, we found strains with high
tolerance to this compound, that in addition to the MDR profile and other virulence traits,
confer survival and persistence advantages to the bacteria.

Moreover, we found 181 unique genes, distributed among ten strains. The majority
belonged to a single strain (SI36), isolated from slaughtered chicken entrails. Among the
known functions associated with these unique genes are the remnants of viral genes, genes
encoding virulence and secretion systems as well as metabolism- and protein synthesis-
related genes. These genetic determinants might allow this strain to be highly effective in
surviving the stressors found along the production line.

Pathogenicity islands (SPI) and the associated effector proteins are important traits in
Salmonella; functions encoded in SPIs include adhesion to the host cell, membrane “ruffling”
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formation, and overall interference with the functioning of the eukaryotic cell preventing
bacterial lysis and enabling the completion of the life cycle of Salmonella [85–87]. These
are common traits in bacteria associated with food contamination and provide a great
advantage to these pathogens, whilst also posing a major prophylactic and therapeutic
concern that is critical in epidemiological surveillance of the food industry [11,107–109].

Finally, we found several genes related to the production of biofilms and fimbria,
essential abilities needed to persist in the production line. Both biofilms and fimbriae are
necessary for attachment and protection against microbicide compounds, like NaOCl, and
allow persistence on surfaces [110,111]. Another defense mechanism present in these strains
is the CRISPR-Cas system, that consists of space and repeat sequences that vary in size
from 21–72 base pairs (bp) and 23–47 bp, respectively, and differ in terms of genes, number,
occurrence, and size across genomes and sequences [112]. As expected, all isolated strains
in this study had this defense strategy, given that it is widely spread among bacteria [44],
varying between 46 to 53 spacers with the presence of cas2, cas3, cas5, cas6 and cas7 genes,
indicating that these strains have integrated these components after viral infection and are
now equipped for surviving viral attacks through several pathways [113].

In this study, we genotypically and phenotypically characterized strains of Salmonella
Infantis isolated from the production line of a poultry processing facility and determined
that these strains are adapted to resist all cleaning and disinfection procedures (Figure 6).
The facility where this study was carried out complies with all current health and safety
regulations enforced by national agencies and has also implemented a bacterial genomic
surveillance strategy that provided the strains used in this study. Therefore, we hypothe-
sized that the strains have acquired the ability to survive and persist in the production line
as it obtained several genetic components, although further studies are necessary to prove
the evolution and persistence of these specific clones in a long period of time including
systematic sampling of all stages of production and a wider number of samples per site.
Nonetheless, at the genetic level, there are few associations between a specific location or
source with a particular strategy or mechanisms of survival. Moreover, the epidemiology
of Salmonella Infantis requires more detailed analysis including monitoring for an extended
period of time to address microevolution and determine if there is adaptation of a single
clone or if the selective pressures drive the same characteristics into the bacterial strains.
Here, we present a preliminary survey that should also be widened with studies in other
facilities. We also highlight the importance of surveillance of food and products for con-
sumption, especially regarding the MDR profiles and virulence traits that represent an
imminent threat to the industry, regulators, and consumers.

5. Conclusions

Genomic comparisons of Salmonella Infantis isolates suggest a diverse group of
Salmonella Infantis strains that are able to persist in the poultry meat production line,
that survived all standard cleaning procedures. The strains identified might have acquired
additional virulence traits through horizontal gene transfer along the production line. Our
results indicate that current cleaning and disinfection protocols are not entirely efficient in
eliminating pathogen strains of concern that cause significant health and economic issues as
there is a widespread distribution of this pathogen throughout the facility. Epidemiological
and surveillance of emerging Salmonella Infantis must therefore remain a high priority
for the food industry and the governmental institutions that oversee the compliance of
regulations for food safety.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9112370/s1, Figure S1: Functional classification of the total proteins from the
29 S. Infantis genomes. The proportion of each COG category in each genome is depicted by a color
from inside-out. The total number (n) of proteins is shown for each strain, Figure S2: Detection of
known plasmids in the 29 S. Infantis genomes. Table S1. in silico serotyping of the 29 isolates using
the SeqSero tool and Multi-locus Sequence Typing (MLST), Table S2: Functional assignments of the
identified unique genes, Table S3: Antibiotic resistance genes detected in the 29 S. Infantis strains,
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Table S4: Identified prophage sequences in the 29 S. Infantis genomes, Table S5: Virulence genes and
factors identified in the 29 S. Infantis genomes, Table S6: Cas genes and CRISPR arrays found in the
29 S. Infantis genomes.

Author Contributions: Conceptualization, C.P.-E., J.C.-S., Y.S.-B. and C.S.; data curation, D.L., J.C.-S.
and Y.S.-B.; formal analysis, C.P.-E., D.L., J.C.-S., G.K., Y.S.-B., A.H., M.T., F.M., L.M., F.R., E.C.-N. and
C.S.; funding acquisition, F.M., L.M., E.C.-N. and C.S.; investigation, C.P.-E., D.L., J.C.-S., Y.S.-B. and
C.S.; methodology, C.P.-E., D.L., J.C.-S., P.Z., Y.S.-B., A.H. and C.S.; project administration, L.A.-T.,
F.M., L.M. and C.S.; resources, L.A.-T., A.H., M.T., F.M., L.M., F.R., E.C.-N. and C.S.; supervision,
J.C.-S., M.T., F.R., E.C.-N. and C.S.; validation, C.P.-E.; visualization, C.P.-E., D.L., J.C.-S. and C.S.;
writing—original draft, C.P.-E. and J.C.-S.; writing—review and editing, C.P.-E., J.C.-S., A.H., M.T.,
F.R., E.C.-N. and C.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was sponsored by ANID (Agencia Nacional de Investigacioón y Desarrollo
de Chile) grants. CPS was funded by ANID-FONDECYT Regular 1210633 and ECOS-ANID 170023.
JC-S was funded by ANID 2021 Post-Doctoral FONDECYT 3210156. LAT was funded by FONDECYT
N◦ 1191019. AAH was founded by UNAB Regular Grants DI-15-19/RG. ECN was funded by “ANID-
FONDECYT Regular 1200834”. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Data Availability Statement: The whole raw data sets and the metagenome assembled genomes
have been deposited at DDBJ/ENA/GenBank under the Bioproject: PRJNA681176.

Acknowledgments: Genome sequencing was carried out by MicrobesNG (http://www.microbesng.
uk, accessed on 13 February 2021), which is supported by the BBSRC (grant number BB/L024209/1).
We thank the illustrator Florence Gutzwiller for Figure 1 (https://spideryscrawl-illustration.webnode.
com/, accessed on 10 November 2021). Additionally, we thank Universidad Andres Bello’s high-
performance computing cluster, Dylan (http://www.castrolab.org/, accessed on 10 November 2021),
for providing data storage, support, and computing power for bioinformatic analyses. Additionally,
we thank Michael G. Handford for the technical English writing edition. We would also like to thank
the reviewers for their input in the bioinformatic tools and analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wotzka, S.Y.; Nguyen, B.D.; Hardt, W.D. Salmonella Typhimurium Diarrhea Reveals Basic Principles of Enteropathogen Infection

and Disease-Promoted DNA Exchange. Cell Host Microbe. 2017, 21, 443–454. [CrossRef]
2. Lee, H.; Yoon, Y. Etiological Agents Implicated in Foodborne Illness Worldwide. Food Sci. Anim. Resour. 2021, 41, 1. [CrossRef]
3. Eng, S.K.; Pusparajah, P.; Ab Mutalib, N.S.; Ser, H.L.; Chan, K.G.; Lee, L.H. Salmonella: A Review on Pathogenesis, Epidemiology

and Antibiotic Resistance. Front. Life Sci. 2015, 8, 284–293. [CrossRef]
4. EFSA. The European Union One Health 2018 Zoonoses Report. EFSA J. 2019, 17, E05926.
5. Barrow, P.A.; Jones, M.A.; Smith, A.L.; Wigley, P. The Long View: Salmonella–the Last Forty Years. Avian Pathol. 2012, 41, 413–420.

[CrossRef]
6. Cosby, D.E.; Cox, N.A.; Harrison, M.A.; Wilson, J.L.; Buhr, R.J.; Fedorka-Cray, P.J. Salmonella and Antimicrobial Resistance in

Broilers: A Review. J. Appl. Pult. Res. 2015, 24, 408–426. [CrossRef]
7. Velasquez, C.; Macklin, K.; Kumar, S.; Bailey, M.; Ebner, P.; Oliver, H.; Martin-Gonzalez, F.; Singh, M. Prevalence and Antimicrobial

Resistance Patterns of Salmonella Isolated from Poultry Farms in Southeastern United States. Poult. Sci. 2018, 97, 2144–2152.
[CrossRef]

8. Foley, S.L.; Nayak, R.; Hanning, I.B.; Johnson, T.J.; Han, J.; Ricke, S.C. Population Dynamics of Salmonella Enterica Serotypes in
Commercial Egg and Poultry Production. Appl. Environ. Microbiol. 2011, 77, 4273–4279. [CrossRef] [PubMed]

9. Hendriksen, R.S.; Vieira, A.R.; Karlsmose, S.; Lo Fo Wong, D.M.; Jensen, A.B.; Wegener, H.C.; Aarestrup, F.M. Global Monitoring
of Salmonella Serovar Distribution from the World Health Organization Global Foodborne Infections Network Country Data
Bank: Results of Quality Assured Laboratories from 2001 to 2007. Foodborne Pathog. Dis. 2011, 8, 887–900. [CrossRef]

10. Finazzi, G.; Bertasi, B.; Pavoni, E.; Filipello, V.; D’Incau, M.; Losio, M.N. Contamination of Poultry Meat with Salmonella Infantis
Should Be Considered a Risk for Food Safety? Eur. J. Public Health 2019, 29, Ckz186-609. [CrossRef]

11. Lapierre, L.; Cornejo, J.; Zavala, S.; Galarce, N.; Sánchez, F.; Benavides, M.B.; Guzmán, M.; Sáenz, L. Phenotypic and Genotypic
Characterization of Virulence Factors and Susceptibility to Antibiotics in Salmonella Infantis Strains Isolated from Chicken Meat:
First Findings in Chile. Animals 2020, 10, 1049. [CrossRef]

12. Lopez Romo, A.; Quirós, R. Appropriate Use of Antibiotics: An Unmet Need. TAU 2019, 11, 1756287219832174. [CrossRef]

http://www.microbesng.uk
http://www.microbesng.uk
https://spideryscrawl-illustration.webnode.com/
https://spideryscrawl-illustration.webnode.com/
http://www.castrolab.org/
http://doi.org/10.1016/j.chom.2017.03.009
http://doi.org/10.5851/kosfa.2020.e75
http://doi.org/10.1080/21553769.2015.1051243
http://doi.org/10.1080/03079457.2012.718071
http://doi.org/10.3382/japr/pfv038
http://doi.org/10.3382/ps/pex449
http://doi.org/10.1128/AEM.00598-11
http://www.ncbi.nlm.nih.gov/pubmed/21571882
http://doi.org/10.1089/fpd.2010.0787
http://doi.org/10.1093/eurpub/ckz186.609
http://doi.org/10.3390/ani10061049
http://doi.org/10.1177/1756287219832174


Microorganisms 2021, 9, 2370 17 of 20

13. Carfora, V.; Alba, P.; Leekitcharoenphon, P.; Ballaro, D.; Cordaro, G.; Di Matteo, P.; Donati, V.; Ianzano, A.; Iurescia, M.; Stravino,
F.; et al. Corrigendum: Colistin Resistance Mediated by Mcr-1 in ESBL- Producing, Multidrug Resistant Salmonella Infantis in
Broiler Chicken Industry, Italy (2016-2017). Front. Microbiol. 2018, 9, 2395. [CrossRef]

14. Dionisi, A.M.; Lucarelli, C.; Benedetti, I.; Owczarek, S.; Luzzi, I. Molecular Characterisation of Multidrug-Resistant Salmonella
Enterica Serotype Infantis from Humans, Animals and the Environment in Italy. Int. J. Antimicrob. Agents 2011, 38, 384–389.
[CrossRef]

15. Nógrády, N.; Király, M.; Davies, R.; Nagy, B. Multidrug Resistant Clones of Salmonella Infantis of Broiler Origin in Europe. Int. J.
Food Microbiol. 2012, 157, 108–112. [CrossRef]

16. Antunes, P.; Mourão, J.; Campos, J.; Peixe, L. Salmonellosis: The Role of Poultry Meat. Clin. Microbiol. Infect. 2016, 22, 110–121.
[CrossRef]

17. Oladeinde, A.; Abdo, Z.; Press, M.O.; Cook, K.; Cox, N.A.; Zwirzitz, B.; Woyda, R.; Lakin, S.; Thomas, J.; Looft, T.; et al. Horizontal
Gene Transfer Is the Main Driver of Antimicrobial Resistance in Broiler Chicks Infected with Salmonella Enterica Serovar
Heidelberg. Msystems 2021, 6, E00729-21. [CrossRef]

18. Cohen, E.; Rahav, G.; Gal-Mor, O. Genome Sequence of an Emerging Salmonella Enterica Serovar Infantis and Genomic Comparison
with Other S. Infantis Strains. Genome Biol. Evol. 2020, 12, 223–228. [CrossRef]

19. Lei, C.W.; Zhang, Y.; Kang, Z.Z.; Kong, L.H.; Tang, Y.Z.; Zhang, A.Y.; Yang, X.; Wang, H.N. Vertical Transmission of Salmonella
Enteritidis with Heterogeneous Antimicrobial Resistance from Breeding Chickens to Commercial Chickens in China. Vet.
Microbiol. 2020, 240, 108538. [CrossRef]

20. Quino, W.; Hurtado, C.V.; Escalante-Maldonado, O.; Flores-León, D.; Mestanza, O.; Vences-Rosales, F.; Zamudio, M.L.; Gavilán,
R.G. Multidrogorresistencia de Salmonella Infantis En Perú: Un Estudio Mediante Secuenciamiento de Nueva Generación. Rev.
Peru. Med. Exp. Salud Publica 2019, 36, 37–45. [CrossRef]

21. Nagy, T.; Szmolka, A.; Wilk, T.; Kiss, J.; Szabó, M.; Pászti, J.; Nagy, B.; Olasz, F. Comparative Genome Analysis of Hungarian and
Global Strains of Salmonella Infantis. Front. Microbiol. 2020, 11, 539. [CrossRef]

22. Tyson, G.H.; Li, C.; Harrison, L.B.; Martin, G.; Hsu, C.H.; Tate, H.; Tran, T.; Strain, E.; Zhao, S. A Multidrug-Resistant Salmonella
Infantis Clone Is Spreading and Recombining in the United States. Microb. Drug Res. 2021, 27, 792–799. [CrossRef]

23. European Food Safety Authority and European Centre for Disease Prevention and Control. The European Union Summary
Report on Antimicrobial Resistance in Zoonotic and Indicator Bacteria from Humans, Animals and Food in 2016. EFSA J. 2018,
16, 270.

24. Aviv, G.; Tsyba, K.; Steck, N.; Salmon-Divon, M.; Cornelius, A.; Rahav, G.; Grassl, G.A.; Gal-Mor, O. A Unique Megaplasmid
Contributes to Stress Tolerance and Pathogenicity of an Emergent Salmonella Enterica Serovar Infantis Strain. Environ. Microbiol.
2014, 16, 977–994. [CrossRef]

25. Olasz, F.; Nagy, T.; Szabó, M.; Kiss, J.; Szmolka, A.; Barta, E.; van Tonder, A.; Thomson, N.; Barrow, P.; Nagy, B. Genome Sequences
of Three Salmonella Enterica Subsp. Enterica Serovar Infantis Strains from Healthy Broiler Chicks in Hungary and in the United
Kingdom. Genome Announc. 2015, 3, E01468-14. [CrossRef]

26. Acar, S.; Bulut, E.; Stasiewicz, M.J.; Soyer, Y. Genome Analysis of Antimicrobial Resistance, Virulence, and Plasmid Presence in
Turkish Salmonella Serovar Infantis Isolates. Int. J. Food Microbiol. 2019, 307, 108275. [CrossRef]

27. Franco, A.; Leekitcharoenphon, P.; Feltrin, F.; Alba, P.; Cordaro, G.; Iurescia, M.; Tolli, R.; D’Incau, M.; Staffolani, M.; Di Giannatale,
E.; et al. Emergence of a Clonal Lineage of Multidrug-Resistant ESBL-Producing Salmonella Infantis Transmitted from Broilers
and Broiler Meat to Humans in Italy between 2011 and 2014. PLoS ONE 2015, 10, E0144802.

28. Nógrády, N.; Toth, A.; Kostyak, A.; Paszti, J.; Nagy, B. Emergence of Multidrug- Resistant Clones of Salmonella Infantis in Broiler
Chickens and Humans in Hungary. J. Antimicrob. Chemother. 2007, 60, 645–648. [CrossRef]

29. Bogomazova, A.N.; Gordeeva, V.D.; Krylova, E.V.; Soltynskaya, I.V.; Davydova, E.E.; Ivanova, O.E.; Komarov, A.A. Mega-Plasmid
Found Worldwide Confers Multiple Antimicrobial Resistance in Salmonella Infantis of Broiler Origin in Russia. Int. J. Food
Microbiol. 2020, 319, 108497. [CrossRef]

30. Marín, M.; Holani, R.; Blyth, G.A.; Drouin, D.; Odeón, A.; Cobo, E.R. Human Cathelicidin Improves Colonic Epithelial Defenses
against Salmonella Typhimurium by Modulating Bacterial Invasion, TLR4 and pro-Inflammatory Cytokines. Cell Tissue Res. 2019,
376, 433–442. [CrossRef]

31. Corcoran, M.; Morris, D.; De Lappe, N.; O’connor, J.; Lalor, P.; Dockery, P.; Cormican, M. Commonly Used Disinfectants Fail
to Eradicate Salmonella Enterica Biofilms from Food Contact Surface Materials. Appl. Environ. Microbiol. 2014, 80, 1507–1514.
[CrossRef]

32. Hassan, A.R.H.; Salam, H.S.; Abdel-Latef, G.K. Serological Identification and Antimicrobial Resistance of Salmonella Isolates from
Broiler Carcasses and Human Stools in Beni-Suef, Egypt. BJBAS 2016, 5, 202–207. [CrossRef]

33. Jajere, S.M. A Review of Salmonella Enterica with Particular Focus on the Pathogenicity and Virulence Factors, Host Specificity
and Antimicrobial Resistance Including Multidrug Resistance. Vet. World 2019, 12, 504. [CrossRef]

34. Mourão, J.; Rebelo, A.; Ribeiro, S.; Peixe, L.; Novais, C.; Antunes, P. Tolerance to Arsenic Contaminant among Multidrug-resistant
and Copper-tolerant Salmonella Successful Clones Is Associated with Diverse Ars Operons and Genetic Contexts. Environ.
Microbiol. 2020, 22, 2829–2842. [CrossRef]

http://doi.org/10.3389/fmicb.2018.02395
http://doi.org/10.1016/j.ijantimicag.2011.07.001
http://doi.org/10.1016/j.ijfoodmicro.2012.04.007
http://doi.org/10.1016/j.cmi.2015.12.004
http://doi.org/10.1128/mSystems.00729-21
http://doi.org/10.1093/gbe/evaa048
http://doi.org/10.1016/j.vetmic.2019.108538
http://doi.org/10.17843/rpmesp.2019.361.3934
http://doi.org/10.3389/fmicb.2020.00539
http://doi.org/10.1089/mdr.2020.0389
http://doi.org/10.1111/1462-2920.12351
http://doi.org/10.1128/genomeA.01468-14
http://doi.org/10.1016/j.ijfoodmicro.2019.108275
http://doi.org/10.1093/jac/dkm249
http://doi.org/10.1016/j.ijfoodmicro.2019.108497
http://doi.org/10.1007/s00441-018-02984-7
http://doi.org/10.1128/AEM.03109-13
http://doi.org/10.1016/j.bjbas.2016.04.002
http://doi.org/10.14202/vetworld.2019.504-521
http://doi.org/10.1111/1462-2920.15016


Microorganisms 2021, 9, 2370 18 of 20

35. Mahnert, A.; Vaishampayan, P.; Probst, A.J.; Auerbach, A.; Moissl-Eichinger, C.; Venkateswaran, K.; Berg, G. Cleanroom
Maintenance Significantly Reduces Abundance but Not Diversity of Indoor Microbiomes. PLoS ONE 2015, 10, E0134848.
[CrossRef]

36. Capita, R.; Fernández-Pérez, S.; Buzón-Durán, L.; Alonso-Calleja, C. Effect of Sodium Hypochlorite and Benzalkonium Chloride
on the Structural Parameters of the Biofilms Formed by Ten Salmonella Enterica Serotypes. Pathogens 2019, 8, 154. [CrossRef]

37. Mejía, L.; Medina, J.L.; Bayas, R.; Salazar, C.S.; Villavicencio, F.; Zapata, S.; Vinueza-Burgos, C. Genomic Epidemiology of
Salmonella Infantis in Ecuador: From Poultry Farms to Human Infections. Front. Vet. Sci 2020, 7, 691. [CrossRef]

38. Roy, P.K.; Ha, A.J.W.; Mizan, M.F.R.; Hossain, M.I.; Ashrafudoulla, M.; Toushik, S.H.; Nahar, S.; Kim, Y.K.; Ha, S.D. Effects of
Environmental Conditions (Temperature, PH, and Glucose) on Biofilm Formation of Salmonella Enterica Serotype Kentucky and
Virulence Gene Expression. Poult. Sci. 2021, 100, 101209. [CrossRef]

39. Zeng, X.; Lv, S.; Qu, C.; Lan, L.; Tan, D.; Li, X.; Bai, L. Serotypes, Antibiotic Resistance, and Molecular Characterization of
Non-Typhoidal Salmonella Isolated from Diarrheic Patients in Guangxi Zhuang Autonomous Region, China, 2014–2017. Food
Control. 2021, 120, 107478. [CrossRef]

40. Instituto de Salud Pública de Chile (ISP). Boletín de Vigilancia de Laboratorio. 2019. Available online: http://Www.Ispch.Cl/
Boletines (accessed on 1 October 2020).

41. Cadena, M.; Kelman, T.; Marco, M.L.; Pitesky, M. Understanding Antimicrobial Resistance (AMR) Profiles of Salmonella Biofilm
and Planktonic Bacteria Challenged with Disinfectants Commonly Used during Poultry Processing. Foods 2019, 8, 275. [CrossRef]

42. Aviv, G.; Rahav, G.; Gal-Mor, O. Horizontal Transfer of the Salmonella Enterica Serovar Infantis Resistance and Virulence Plasmid
PESI to the Gut Microbiota of Warm-Blooded Hosts. MBio 2016, 7, E01395-16. [CrossRef] [PubMed]

43. Kürekci, C.; Sahin, S.; Iwan, E.; Kwit, R.; Bomba, A.; Wasyl, D. Whole-Genome Sequence Analysis of Salmonella Infantis Isolated
from Raw Chicken Meat Samples and Insights into PESI-like Megaplasmid. Int. J. Food Microbiol. 2021, 337, 108956. [CrossRef]

44. Rath, D.; Amlinger, L.; Rath, A.; Lundgren, M. The CRISPR-Cas Immune System: Biology, Mechanisms and Applications.
Biochimie 2015, 117, 119–128. [CrossRef]

45. Alba, P.; Leekitcharoenphon, P.; Carfora, V.; Amoruso, R.; Cordaro, G.; Di Matteo, P.; Engage-Eurl-Ar Network Study Group.
Molecular Epidemiology of Salmonella Infantis in Europe: Insights into the Success of the Bacterial Host and Its Parasitic PESI-like
Megaplasmid. Microb. Genom. 2020, 6, e000365. [CrossRef]

46. Andrews, S. FastQC a Quality-Control Tool for High-Throughput Sequence Data. 2010. Available online: http://www.
bioinformaticsbabraham.ac.uk/projects/fastqc (accessed on 28 July 2021).

47. Schmieder, R.; Edwards, R. Quality Control and Preprocessing of Metagenomic Datasets. Bioinformatics 2011, 27, 863–864.
[CrossRef]

48. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,
A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012,
19, 455–477. [CrossRef]

49. Gurevich, A.; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST: Quality Assessment Tool for Genome Assemblies. Bioinformatics 2013, 29,
1072–1075. [CrossRef]

50. Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows–Wheeler Transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

51. Seemann, T. Prokka: Rapid Prokaryotic Genome Annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
52. Huerta-Cepas, J.; Forslund, K.; Coelho, L.P.; Szklarczyk, D.; Jensen, L.J.; Von Mering, C.; Bork, P. Fast Genome-Wide Functional

Annotation through Orthology Assignment by EggNOG-Mapper. Mol. Biol. Evol. 2017, 34, 2115–2122. [CrossRef]
53. Huerta-Cepas, J.; Szklarczyk, D.; Heller, D.; Hernández-Plaza, A.; Forslund, S.K.; Cook, H.; Mende, D.; Letunic, I.; Rattei, T.;

Jense, L.; et al. EggNOG 5.0: A Hierarchical, Functionally and Phylogenetically Annotated Orthology Resource Based on 5090
Organisms and 2502 Viruses. Nucleic Acids Res. 2019, 47, D309–D314. [CrossRef] [PubMed]

54. Waterhouse, R.M.; Seppey, M.; Simão, F.A.; Manni, M.; Ioannidis, P.; Klioutchnikov, G.; Zdobnov, E. BUSCO Applications from
Quality Assessments to Gene Prediction and Phylogenomics. Mol. Biol. Evol. 2017, 35, 543–548. [CrossRef]

55. Zdobnov, E.M.; Tegenfeldt, F.; Kuznetsov, D.; Waterhouse, R.M.; Simao, F.A.; Ioannidis, P.; Seppey, M.; Loetscher, A.; Kriventseva,
E.V. OrthoDB v9. 1: Cataloging Evolutionary and Functional Annotations for Animal, Fungal, Plant, Archaeal, Bacterial and Viral
Orthologs. Nucleic Acids Res. 2017, 45, 744–749. [CrossRef] [PubMed]

56. Zhang, S.; Yin, Y.; Jones, M.B.; Zhang, Z.; Kaiser, B.L.D.; Dinsmore, B.A.; Deng, X. Salmonella Serotype Determination Utilizing
High-Throughput Genome Sequencing Data. J. Clin. Microbiol. 2015, 53, 1685–1692. [CrossRef]

57. Seemann, T. Mlst Github. Available online: https://Github.Com/Tseemann/Mlst (accessed on 20 October 2021).
58. Jolley, K.A.; Maiden, M.C. BIGSdb: Scalable Analysis of Bacterial Genome Variation at the Population Level. BMC Bioinform.

2010, 11, 1–11. [CrossRef]
59. Pritchard, L.; Glover, R.H.; Humphris, S.; Elphinstone, J.G.; Toth, I.K. Genomics and Taxonomy in Diagnostics for Food Security:

Soft-Rotting Enterobacterial Plant Pathogens. Anal. Methods 2016, 8, 12–24. [CrossRef]
60. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2020; Available online: https://www.r-project.org/ (accessed on 6 July 2021).
61. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis 2016; Springer: New York, NY, USA, 2016.

http://doi.org/10.1371/journal.pone.0134848
http://doi.org/10.3390/pathogens8030154
http://doi.org/10.3389/fvets.2020.547891
http://doi.org/10.1016/j.psj.2021.101209
http://doi.org/10.1016/j.foodcont.2020.107478
http://Www.Ispch.Cl/Boletines
http://Www.Ispch.Cl/Boletines
http://doi.org/10.3390/foods8070275
http://doi.org/10.1128/mBio.01395-16
http://www.ncbi.nlm.nih.gov/pubmed/27601577
http://doi.org/10.1016/j.ijfoodmicro.2020.108956
http://doi.org/10.1016/j.biochi.2015.03.025
http://doi.org/10.1099/mgen.0.000365
http://www.bioinformaticsbabraham.ac.uk/projects/fastqc
http://www.bioinformaticsbabraham.ac.uk/projects/fastqc
http://doi.org/10.1093/bioinformatics/btr026
http://doi.org/10.1089/cmb.2012.0021
http://doi.org/10.1093/bioinformatics/btt086
http://doi.org/10.1093/bioinformatics/btp324
http://doi.org/10.1093/bioinformatics/btu153
http://doi.org/10.1093/molbev/msx148
http://doi.org/10.1093/nar/gky1085
http://www.ncbi.nlm.nih.gov/pubmed/30418610
http://doi.org/10.1093/molbev/msx319
http://doi.org/10.1093/nar/gkw1119
http://www.ncbi.nlm.nih.gov/pubmed/27899580
http://doi.org/10.1128/JCM.00323-15
https://Github.Com/Tseemann/Mlst
http://doi.org/10.1186/1471-2105-11-595
http://doi.org/10.1039/C5AY02550H
https://www.r-project.org/


Microorganisms 2021, 9, 2370 19 of 20

62. Ondov, B.D.; Treangen, T.J.; Melsted, P.; Mallonee, A.B.; Bergman, N.H.; Koren, S.; Phillippy, A.M. Mash: Fast Genome and
Metagenome Distance Estimation Using MinHash. Genome Biol. 2016, 17, 1–14. [CrossRef]

63. Broder, A.Z. On the Resemblance and Containment of Documents. In Proceedings of the Compression and Complexity of
SEQUENCES 1997 (Cat. No. 97TB100171), Salerno, Italy, 13 June 1997.

64. Kolde, R. Pheatmap: Pretty Heatmaps. R Package Version 1.0.8 2015. Available online: https://cran.r-project.org/package=
pheatmap (accessed on 10 August 2019).

65. Seemann, T. Snippy: Fast Bacterial Variant Calling from NGS Reads. 2015. Available online: Https://Github.Com/Tseemann/
Snippy (accessed on 22 October 2021).

66. Page, A.J.; Taylor, B.; Delaney, A.J.; Soares, J.; Seemann, T.; Keane, J.A.; Harris, S.R. SNP-Sites: Rapid Efficient Extraction of SNPs
from Multi-FASTA Alignments. Microb. Genom. 2016, 2, e000056. [CrossRef]

67. Stamatakis, A. RAxML Version 8: A Tool for Phylogenetic Analysis and Post-Analysis of Large Phylogenies. Bioinformatics 2014,
30, 1312–1313. [CrossRef]

68. Leaché, A.D.; Banbury, B.L.; Felsenstein, J.; De Oca, A.N.M.; Stamatakis, A. Short Tree, Long Tree, Right Tree, Wrong Tree: New
Acquisition Bias Corrections for Inferring SNP Phylogenies. Syst. Biol. 2015, 64, 1032–1047. [CrossRef]

69. Eren, A.M.; Kiefl, E.; Shaiber, A.; Veseli, I.; Miller, S.E.; Schechter, M.S.; Fink, I.; Pan, J.N.; Yousef, M.; Fogarty, E.C.; et al.
Community-Led, Integrated, Reproducible Multi-Omics with Anvi’o. Nat. Microbiol. 2021, 6, 3–6. [CrossRef] [PubMed]

70. Paradis, E.; Schliep, K. Ape 5.0: An Environment for Modern Phylogenetics and Evolutionary Analyses in R. Bioinformatics 2019,
35, 526–528. [CrossRef] [PubMed]

71. Delmont, T.O.; Eren, A.M. Linking Pangenomes and Metagenomes: The Prochlorococcus Metapangenome. PeerJ 2018, 6, E4320.
[CrossRef]

72. Wheeler, T.J.; Eddy, S.R. Nhmmer: DNA Homology Search with Profile HMMs. Bioinformatics 2013, 29, 2487–2489. [CrossRef]
[PubMed]

73. Tatusov, R.L.; Natale, D.A.; Garkavtsev, I.V.; Tatusova, T.A.; Shankavaram, U.T.; Rao, B.S.; Kiryuntin, B.; Galperin, M.Y.; Fedorova,
N.D.; Koonin, E.V. The COG Database: New Developments in Phylogenetic Classification of Proteins from Complete Genomes.
Nucleic Acids Res. 2001, 29, 22–28. [CrossRef] [PubMed]

74. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

75. Benedict, M.N.; Henriksen, J.R.; Metcalf, W.W.; Whitaker, R.J.; Price, N.D. ITEP: An Integrated Toolkit for Exploration of Microbial
Pan-Genomes. BMC Genom. 2014, 15, 1–11. [CrossRef] [PubMed]

76. Van Dongen, S.; Abreu-Goodger, C. Using MCL to Extract Clusters from Networks. In Bacterial Molecular Networks; Springer:
New York, NY, USA, 2012; pp. 281–295.

77. Seemann, T. ABRicate: Mass Screening of Contigs for Antibiotic Resistance Genes. 2020. Available online: https://Github.Com/
Tseemann/Abricate (accessed on 19 July 2021).

78. Gupta, S.K.; Padmanabhan, B.R.; Diene, S.M.; Lopez-Rojas, R.; Kempf, M.; Landraud, L.; Rolain, J.M. ARG-ANNOT, a New
Bioinformatic Tool to Discover Antibiotic Resistance Genes in Bacterial Genomes. AAC 2014, 58, 212–220. [CrossRef]

79. Chen, L.; Yang, J.; Yu, J.; Yao, Z.; Sun, L.; Shen, Y.; Jin, Q. VFDB: A Reference Database for Bacterial Virulence Factors. Nucleic
Acids Res. 2005, 33 (Suppl. 1), D325–D328. [CrossRef]

80. Carattoli, A.; Zankari, E.; Garcìa-Fernandez, A.; Larsen, M.V.; Lund, O.; Villa, L.; Hasman, H. PlasmidFinder and PMLST: In Silico
Detection and Typing of Plasmids. ACC 2014, 58, 3895–3903. [CrossRef]

81. Russel, J.; Pinilla-Redondo, R.; Mayo-Muñoz, D.; Shah, S.A.; Sørensen, S.J. CRISPRCasTyper: Automated Identification, Annota-
tion, and Classification of CRISPR-Cas Loci. CRISPR J. 2020, 3, 462–469. [CrossRef]

82. Arndt, D.; Grant, J.R.; Marcu, A.; Sajed, T.; Pon, A.; Liang, Y.; Wishart, D.S. PHASTER: A Better, Faster Version of the PHAST
Phage Search Tool. Nucleic Acids Res. 2016, 44, 16–21. [CrossRef]

83. Han, J.; Lynne, A.M.; David, D.E.; Tang, H.; Xu, J.; Nayak, R.; Kaldhone, P.; Logue, C.; Foley, S.L. DNA Sequence Analysis of
Plasmids from Multidrug Resistant Salmonella Enterica Serotype Heidelberg Isolates. PLoS ONE 2012, 7, E51160. [CrossRef]
[PubMed]

84. Khajanchi, B.K.; Hasan, N.A.; Choi, S.Y.; Han, J.; Zhao, S.; Colwell, R.R.; Cerniglia, C.; Foley, S.L. Comparative Genomic Analysis
and Characterization of Incompatibility Group FIB Plasmid Encoded Virulence Factors of Salmonella Enterica Isolated from Food
Sources. BMC Genom. 2017, 18, 1–14. [CrossRef] [PubMed]

85. Srikanth, C.V.; Mercado-Lubo, R.; Hallstrom, K.; McCormick, B.A. Salmonella Effector Proteins and Host-Cell Responses. Cell Mol.
Life Sci. 2011, 68, 3687–3697. [CrossRef]

86. Hao, L.Y.; Willis, D.K.; Andrews-Polymenis, H.; McClelland, M.; Barak, J.D. Requirement of Siderophore Biosynthesis for Plant
Colonization by Salmonella Enterica. Appl. Environ. Microbiol. 2012, 78, 4561–4570. [CrossRef]

87. Bai, L.; Fujishiro, T.; Huang, G.; Koch, J.; Takabayashi, A.; Yokono, M.; Tanaka, A.; Xu, T.; Hu, X.; Ermler, U.; et al. Towards Artificial
Methanogenesis: Biosynthesis of the [Fe]-Hydrogenase Cofactor and Characterization of the Semi-Synthetic Hydrogenase. Faraday
Discuss. 2017, 198, 37–58. [CrossRef]
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