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Abstract

Salmonella enterica serovar Typhimurium is a prevalent food-borne pathogen that is
usually associated with gastroenteritis infection. S. Typhimurium is also a major cause
of bloodstream infections in sub-Saharan Africa, and is responsible for invasive non-
typhoidal Salmonella (iINTS) disease. The pathogen also causes bloodstream infection
in Colombia, but there has been a lack of information about the S. Typhimurium

isolates that were responsible.

Here, we investigated the genomic characteristics of 270 S. Typhimurium isolates from
bloodstream infection patients in Colombia, collected between 1997 and 2017. We
used whole-genome sequencing to analyse multidrug-resistant (MDR) profiles,
plasmid distribution, and to define phylogenetic relationships. The study identified the
distinct sequence types and phylogenetic clusters of S. Typhimurium prevalent in
Colombia. The majority of isolates (90.8%) were ST19, which is distinct from the INTS-
associated S. Typhimurium in sub-Saharan Africa (ST313). The two prominent
clusters of MDR S. Typhimurium were either DT104 or closely related to the LT2

reference strain.

We used a phylogenetic approach to associate the Colombian clusters with global S.
Typhimurium isolates from public databases. By putting the Colombian S.
Typhimurium isolates in the context of the global spread of DT104, ST313 and LT2-
related variants, we found that the Colombian clusters were introduced to the country
via multiple independent events that were consistent with international transmission.
We suggest that the acquisition of quinolone and chloramphenicol resistance by the
Colombian S. Typhimurium isolates was driven by horizontal gene transfer. Three
ST313 isolates that caused bloodstream infection in Colombia were identified. These
ST313 isolates were related to the Malawian ST313 lineage 3 & UK ST313, and
shared a similarly high invasiveness index. To our knowledge, this is the first report of
ST313 in Colombia.



Author Summary

Salmonella Typhimurium is a serovar of the bacterial species Salmonella enterica. S.
Typhimurium usually infect humans through contaminated food or drink to cause self-
limited diarrhoea. However, S. Typhimurium can also cause invasive non-typhoidal
Salmonellosis (iNTS) disease, a dangerous bloodstream infection. In sub-Saharan
Africa, most of the iINTS-associated S. Typhimurium isolates belonged to sequence

type ST313. It was not known what type of S. Typhimurium caused iNTS in Colombia.

Whole genome sequencing (WGS) has been widely used to monitor Salmonella
infection in European and Northern American countries. However, WGS data from
Latin American countries such as Colombia has been very limited. Here, we analysed
270 Colombian S. Typhimurium isolates from bloodstream infection patients with INTS

disease.

Using WGS and bioinformatic analyses, we answered many questions about the
Colombian S. Typhimurium isolates. The majority of the INTS-associated isolates in
Colombia belonged to ST19, rather than the ST313 sequence type responsible for
bloodstream infections in sub-Saharan Africa. We compared the three ST313 isolates
from Colombia and Malawi. The Colombian ST313 cluster was closely related to
Malawian ST313 L3, and both appeared to have adaptations to an extraintestinal
lifestyle. We suggest that the limited number of ST313 bloodstream infections in
Colombia reflects the highly immune-competent population, in contrast to the

substantial numbers of immune-compromised people in sub-Saharan Africa.

We identified ST19 multi-drug resistance clusters linked to globally-distributed S.
Typhimurium isolates. One MDR cluster (Cluster 2) is likely to have spread from
Europe or North America. We propose that a second MDR cluster (Sub-cluster 7.3)
recently emerged in Colombia, and acquired plasmid-associated resistance genes

prior to transmission to Ecuador.



Introduction

Salmonella enterica serovar Typhimurium (Salmonella Typhimurium) is a major cause
of non-typhoidal salmonellosis worldwide. In Colombia, laboratory-based surveillance
by the Instituto Nacional de Salud (INS) involved 12,055 S. enterica isolates from 1997
to 2017, and found that S. Typhimurium was responsible for 28.4% of the cases
identified by passive laboratory surveillance in the country. The majority (54.9%) of the
1,302 S. Typhimurium isolates were multidrug-resistant (MDR), and 32.4% were

resistant to one or two antimicrobial agents [1].

Over the past decade, whole-genome sequencing (WGS) has revolutionised our
understanding of the epidemiology of Salmonella. Since 2014, WGS-based
surveillance has been a routine procedure in UK [2, 3]. The availability of thousands
of whole-genome sequences of S. Typhimurium has given epidemiological
investigators an unprecedented ability to discover outbreaks [4]. However, Salmonella
genome data from low- and middle-income countries (LMICs), including Latin

American countries, have remained underrepresented.

In Colombia, the existing laboratory-based surveillance has yielded some insights, but
critical questions remain unanswered. Specifically, there is an urgent need to explore
the evolutionary lineages of MDR S. Typhimurium isolates, as well as the genetic
determinants of drug resistance, and the horizontal gene transfer (HGT) elements
involved in the spread of resistance genes. Furthermore, while S. Typhimurium ST313
is known to be a major cause of INTS disease in Africa [5, 6], the role of ST313 in
Colombia was unclear. Identifying how international transmission has influenced the
spread of MDR isolates within and beyond Colombia could inform public health policy

and interventions in the country.

The “10,000 Salmonella genomes project” was launched by a collaborative UK team
as a global collaboration to generate Salmonella genomic information from LMICs,
targeting the WGS of Salmonella isolated from 53 countries/territories [7]. About 25%
of the Salmonella isolates sequenced in the project originated from Latin American
countries, including 270 S. Typhimurium and monophasic S. Typhimurium isolates

from Colombia. Monophasic S. Typhimurium are variants of S. Typhimurium that do



not express the phase 2 H-antigen [8]. The 270 isolates were isolated from the

bloodstream of patients with systemic INTS disease.

We used the genome sequences to perform phylogenetic analyses. This bioinformatic
dissection of the 270 genomes involved the analysis of core genome SNPs,
(antimicrobial resistance) AMR genes and plasmid profiles. We used maximum
likelihood methods to investigate the evolutionary history of S. Typhimurium and

monophasic S. Typhimurium in Colombia.

This study identified the sequence types, MDR profiles, and plasmid distribution of the
Salmonella Typhimurium isolates that cause bloodstream infection in Colombia and
linked the Colombian clusters with public databases. We investigated the role of
ST313 in the iNTS in Colombia and compared the invasive potential of Colombian
ST19 and ST313 isolates in comparison with African S. Typhimurium ST313. Public
genome databases allowed us to put the Colombian S. Typhimurium and monophasic
S. Typhimurium isolates into a global context that supports international transmission
of the Colombian ST313 and the two predominant MDR clades.

Methods

Bacterial isolation and characterisation

The Salmonella isolates investigated in this study were collected and characterised at
the Instituto Nacional de Salud (INS), Colombia. A collection of 270 Salmonella human
blood isolates were used for this study, obtained between 1999 and 2017 from 22 of
the 33 Colombian departments. Phenotypic serotyping was performed by INS using

the White-Kaufmann-Le Minor scheme [9].

Antimicrobial resistance (AMR) was determined using the Kirby-Bauer test and the
Minimum Inhibitory Concentration (MIC) test by semi-automated MicroScan and Vitek
2 platforms, following the performance standards of the US Clinical and Laboratory
Standards Institute [10]. The antimicrobials tested were ampicillin, chloramphenicol,
streptomycin, tetracycline, gentamicin, amikacin, nalidixic acid, trimethoprim,

ciprofloxacin, ceftazidime, and cefotaxime. The metadata of all isolates is summarised



in S1 Table, including serovars, collection date, location, isolation source, and

phenotypic AMR profile.
Whole genome sequencing and assembly

DNA extraction and whole genome sequencing were carried out at the Earlham
Institute, Norwich, UK, as part of the 10,000 Salmonella Genomes consortium [7]. The
adapter sequences of lllumina raw reads were trimmed using Trimmomatic v0.36 [11]
in palindrome mode (ILLUMINACLIP:2:30:10). Quality trimming was conducted by
Seqtk v1.2-r94 [12] using Phred algorithm. The genome assembly was performed with
Unicycler v0.4.4 [13] with paired reads. The quality of assemblies was assessed by
reference-based Quast v4.6.3 [14]. A prophage and plasmid-free version of the
Salmonella Typhimurium ST4/74 genome (GenBank ID: CP002487) was used as the
Quast reference, in order to exclude the impact of variable regions of the genome on
quality assessment. N50 value and the number of contigs were evaluated. The N50

values of all assemblies were >20kb, and the numbers of contigs were <500.
Genomic prediction of MLST, serovar, AMR and plasmid profile

MLST v2.10 [15] were used for in silico sequence typing from raw reads and
assembled data. MLST used PubMLST database [16] and based on the multi-locus
sequence typing (MLST) scheme of S. enterica, which defined the Salmonella
sequence type on the basis of 7 housekeeping genes [17]. SISTR v1.1.1 [18] was
used for the in silico serovar prediction. The monophasic variants of S. Typhimurium
were then defined by the absence of fllJAB genes. Ariba v2.14.6[19] was used to
identify the presence or absence of fljAB gene from raw reads. AMR genes within the
assemblies were identified using Abricate v1.0.1 [20] with the Resfinder

(https://cge.cbs.dtu.dk/services/ResFinder/) [21] database (coverage>70%).

To infer the presence or absence of the S. Typhimurium virulence plasmid pSLT, the
reads of all the isolates were mapped to the reference pSLT sequence from S.
Typhimurium LT2 (GenBank ID: NC_003277.2) using BWA-MEM v0.7.17 [22]. The
read depth of each site of pSLT was then summarised by Samtools v1.15 [23]. The

regions of the plasmid with more than 5x depth were marked as aligned in the isolate,


https://cge.cbs.dtu.dk/services/ResFinder/

otherwise thought to be missing. The aligned length of pSLT were then calculated in

percentage.

To investigate the plasmids other than pSLT within the Colombian S. Typhimurium
population, the circular contigs from all assemblies were extracted using SegKit v2.0.0
[24]. Similar circular contigs were then clustered using Mash v2.3 with thresholds of
maximum distance 0.05 and maximum p-value 0.05 [25]. The representative contigs
from each cluster were then compared to a plasmid database PLSDB using BLASTn
v2.12.0 [26, 27]. The BLASTn hits were filtered with at least 90% identities. If the
overall BLAST coverage of a contig was 100% against the reference plasmid, it was
marked as “identical”’. Otherwise, if a contig was partially aligned, it was marked as
“similar”. Only the circular contigs that were identical or similar to a known plasmid
were identified as plasmids. The pMLST type of each plasmid cluster was identified
using Abricate v1.0.1 [20] with PlasmidFinder [28] database. If the plasmid was
identical to a reference in PLSDB, the name of the reference was used. Otherwise,
the plasmid was named in the form of “pCOT1_IncX1_158-JM”, where “pCOT1”
represents “plasmid Colombian Typhimurium 17, “IncX1” indicates its pMLST type if

available, and “158-JM” refers to the strain harbouring the plasmid.
Phylogenetic Analysis

A core genome alignment was built from the Colombian S. Typhimurium isolates.
Annotation of the genome assemblies was done with Prokka v1.13 [29]. The pan-
genome analysis program Panaroo v1.2.9 [30] was then used to conclude the core
genes and build the core genome alignment from the genome annotation. In Panaroo,

core genes were defined as genes that existed in more than 95% of the genomes.

To contextualize the Colombian S. Typhimurium isolates, 22 pre-existing genomes
(S2 Table) were downloaded from RefSeq and included in the core genome
alignment. A maximume-likelihood phylogenetic tree was inferred with Raxml-ng v0.6.0
[31] using the GTR+G model from the core genome alignment with 100 bootstrap
iterations. The tree was rooted using S. Typhi strain CT18 as an outgroup (GenBank
accession number: AL513382.1). The core genome maximum likelihood tree was
visualised with iTOL [32].



The HierCC clusters of the genomes were assigned with Enterobase [33]. To trace the
transmission history of three Colombian clusters, the HierCC system of Enterobase
was used to identify closely related isolates from other countries [33, 34]. The
Colombian S. Typhimurium clusters were defined at the HC100 level. For Cluster 7
(associated with HC100_201), three sub-clusters were identified at the HC50 level.
For the HC100_20801 and HC50_64733 clusters (which contained Colombian Cluster
2 and Sub-cluster 7.3, respectively), all the genomes in the same cluster were
downloaded from Enterobase. The HC100_305 cluster associated with the DT104
global epidemic from 1990s contained 6,616 isolates, 77.6% of which were from
Europe (n=3405) and US (n=1729) (http://enterobase.warwick.ac.uk/, Accessed 04

Jan 2022). To avoid sampling bias and emphasize the Latin American isolates, all the

genomes of Latin America HC100_305 cluster isolates were downloaded from
Enterobase, while genomes from other continents were downloaded from a former

study which summarised the DT104 global transmission [35].

The core genome maximume-likelihood phylogenetic tree of each cluster was
constructed using Prokka, Panaroo and Raxml-ng as described above. The genome
of the S. Typhimurium isolate ST4/74 (GenBank accession number:
GCF_000188745.1) was used as an outgroup. The Bayesian inference of ancestral
dates was performed by BactDating v1.1.0 [36] from the phylogeny tree. The
geographical transmission history was inferred by make.simmap function in the R
package phytools [37, 38]. Make.simmap function simulates the stochastic character
map while treating the continent of origin as a discrete character trait of the tree tips.
The geographical transmission history was summarised from 100 simulations using
the Empirical Bayes method of make.simmap function. Thus, the posterior
probabilities of the ancestral nodes were estimated and visualised. The location of the
ancestral nodes was determined with posterior probability >50%. To estimate the year
range of the transmission event, the beginning year is the median value of the node
before being introduced to Colombia, and the final year is the median value of the
MRCA of the Colombian isolate. The transmission history was then visualised on the

world map using Plotly in Python.
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Invasiveness Index

The invasiveness index is an assessment of the adaptation of Salmonella to an
invasive lifestyle based on a machine learning model [39]. The training set of the model
was a set of reference genomes from gastrointestinal and extraintestinal Salmonella
serovars. Delta-bitscore was used to measure the functional consequence of the gene
mutations in each genome [40]. The inputs were trained by the random-forest
algorithm. As a result, 196 predictor genes showed a strong correlation with
invasiveness, most of which were degraded or absent metabolic genes in
extraintestinal strains. The machine learning model was validated with the S.
Enteritidis and S. Typhimurium genomes that cause iINTS disease in sub-Saharan
Africa [6, 39]. Here, the invasiveness index of each genome assembly was calculated
from the pre-trained model [39]. A box plot was made using the R package ggplot2 to

compare the invasiveness index of each cluster [41].
Data availability

Fastq files for the 270 Salmonella genomes are available at NCBI/EMBL under the
accession numbers listed in S1 Table (Project PRJEB35182). The complete genome
sequences of the novel plasmids identified in this study are available at NCBI (Project
PRJNA1095721)

Results

Phylogenetic Analysis and Metadata

To determine the genetic structure of S. Typhimurium and the monophasic S.
Typhimurium variants responsible for INTS disease in Colombia, we sequenced the
genomes of 270 S. Typhimurium and monophasic S. Typhimurium isolates collected
from blood of patients. Twenty-two publicly available genomes from the RefSeq
database were used as contextual references, including the well-characterised S.
Typhimurium genomes LT2, ST4/74, 14028s, D23580 etc (Accession IDs in S2
Table). Core genome analysis identified 3777 core genes. A total of 53,228 SNPs
were identified from the core gene alignment. A phylogenetic tree was constructed

with the maximum likelihood method. (Fig 1)



Monophasic S. Typhimurium are variants of S. Typhimurium that do not express the
phase 2 H-antigen [8]. The absence of phase 2 H-antigen in monophasic S.
Typhimurium is caused by deletion of the fl{AB operon [8]. To distinguish the
monophasic S. Typhimurium variants from the other S. Typhimurium isolates, we
compared three different methods: phenotypic determination using White-Kauffmann
scheme, the in-silico prediction by SISTR, and the presence or absence of the fljAB
genes. The phenotypic serotyping identified 22 monophasic S. Typhimurium isolates,
which showed inconsistency in phylogenetically closely-related isolates. SISTR failed
to identify all the isolates in the monophasic lineage 4, which were discovered by the
other two methods. Based on the absence of fjAB genes, 45 monophasic isolates
were identified and aligned well with the phylogenetic analysis. The 4 monophasic S.
Typhimurium lineages were marked by numbers in circles in Fig 1. The results of the
3 identification methods are detailed in S1 Table and S4 Fig.
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Fig 1. Maximum-likelihood phylogeny of 270 S. Typhimurium and
monophasic S. Typhimurium isolates from Colombia.

Twenty-three contextual genomes are shown as red branches and labels. The
outgroup Salmonella Typhi strain CT18 is not shown in the tree. The clusters
(defined at the HC100 level), sub-clusters (defined at the HC50 level), serovars
(defined by the presence or absence of fljAB genes), sequence types, and year
of sampling are shown as colour rings from inside to outside. The monophasic S.
Typhimurium lineages are numbered 1, 2, 3 and 4. The scale bar represents the
number of SNPs per branch.

Although SISTR is commonly used for in silico serovar prediction, the software tool
could not identify certain lineages of monophasic S. Typhimurium. SISTR predicts
serovar from the combination of the antigen gene and cgMLST analysis, using 330
loci [18]. However, the antigen gene BLAST result can yield multiple possible serovars

due to the incomplete assembly contigs found in Illumina short-read sequence data.
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The cgMLST method relies on a database of 330 core genes selected from over 4,000
publicly accessible Salmonella genomes [18]. As a result, it is theoretically difficult to
identify newly emerged monophasic S. Typhimurium lineages that lack representative
genomes in the SISTR database, because new monophasic lineages may share

similar core gene profiles with the ancestral S. Typhimurium.

The sequence types of the S. Typhimurium and monophasic S. Typhimurium isolates
were determined by MLST. Excluding the 20 isolates with unknown STs, 90.8% of the
isolates were ST19 (n=227 of 250). We found three ST313 isolates closely related to
two ST2936 isolates, while ST2936 is a single locus variant of ST313 that differs by a
single MLST allele (sucA). To our knowledge, this is the first report of ST313 in
Colombia, which is significant because ST313 is a major cause of iINTS disease in

Africa.

An ST34 clade of 8 isolates was associated with the monophasic S. Typhimurium
Lineage 1. ST34 was first reported in Europe, and was also responsible for iNTS
disease in Vietham [42, 43].. Coupled with the previous report of two Colombian S.
Typhimurium ST34 isolates that harboured the mcr-1 gene [44], our finding provides
evidence that ST34 is responsible for a subset of human bloodstream infections in
Colombia. The sequence types of 20 isolates could not be predicted due to incomplete

sequencing of the seven MLST housekeeping genes (S1 Table).

The clusters of the isolates were defined using Enterobase HierCC (Hierarchical
Clustering of CQMLST) system [33] at the level of 100 alleles (HC100). Seven of the
clusters were labelled, and the other smaller clusters were included as “others” (Fig
1). The two main clusters with the greatest number of isolates were Cluster 2
(HC100_305) and Cluster 7 (HC100_201). Cluster 2 was associated with phage type
DT104. Most of the Cluster 2 isolates were isolated before 2010 (88%, 66 of 75). The
contextual reference DT104 was isolated in Scotland, associated with MDR and
widespread zoonotic infection [45]. DT104 is a multi-resistant phage type responsible
for global epidemics from the 1990s [35, 45, 46].

Cluster 7 was linked to the S. Typhimurium reference genome LT2. Most of the Cluster
7 isolates were collected after 2010 (94%, 66 of 70). Cluster 7 was further divided into
3 sub-clusters using HierCC at the level of 50 alleles (HC50). Sub-cluster 7.3 included

12



closely related monophasic S. Typhimurium and wild-type S. Typhimurium isolates,

consistent with the recent deletion of flj/AB genes.

Cluster 1 (HC100_2) included the 8 monophasic S. Typhimurium ST34 isolates and 2
S. Typhimurium ST19 isolates. Cluster 3 (HC100_20801) included 3 ST313 isolates
and 2 ST2936 isolates. As ST313 was the major cause of the iINTS epidemic in sub-
Saharan Africa [5, 6], a genomic comparison of Colombian ST313 and African ST313

is presented below.
AMR genotype and phenotype

Salmonella genomes are increasingly being used to predict AMR characteristics. For
example, a massive study validated 97.8% of genome-based AMR predictions
involving 15 antimicrobials in 3,491 non-typhoidal Salmonella isolates that belong to
227 serovars [47]. We predicted the AMR profiles of the Colombian Salmonella
isolates from WGS data and compared the results to the phenotypic antimicrobial
susceptibility tests involving a panel of 11 drugs. In summary, the most common
resistance phenotype involved streptomycin, with 61.9% of the isolates being resistant
or intermediately resistant to streptomycin (n=167), followed by tetracycline resistance
(41.9%, n=155), ampicillin resistance (32.6%, n=88) and chloramphenicol resistance
(31.5%, n=85, S1 Table). Fig 2 compares the antimicrobial-resistant phenotypes and
genotypes grouped into 6 categories: aminoglycoside, B-lactam, quinolone,
chloramphenicol, tetracycline, and trimethoprim. The AMR genes associated with
drugs not tested in this study were classified as the “Others”, which included the
mph(B) gene that encodes resistance to azithromycin and the sul123 genes
associated with sulphonamide resistance. Azithromycin and sulphonamide

susceptibility were not phenotypically assessed in this study.
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Fig 2. Comparison of antimicrobial resistance phenotype with genotype.

The maximum-likelihood tree is a linear version of the circular tree shown in
Fig 1. Three highlighted clusters are shaded by coloured backgrounds on the
tree. The clusters are shown with coloured strips. The number of AMR genes
from 0 to 11 are shown in different shades of red. The AMR profiles are
visualised in heatmaps. The results of phenotypic antibiotic susceptibility tests
are highlighted with a blue bar above the relevant columns. Red, pink, blue
and grey indicated the result of the antibiotic susceptibility test. Presence and
absence of AMR genes are indicated in red and grey. Antibiotics abbreviation:
Amp: ampicillin, Chl: chloramphenicol, Str: streptomycin, Tet: tetracycline,
Gen: gentamicin, Amk: amikacin, Nal: nalidixic acid, Tmp: trimethoprim, Cip:
ciprofloxacin, Caz: ceftazidime, Cxm: cefotaxime. The 11 antibiotics are
classified into 6 groups by ResFinder database according to chemical
properties [21]. There are 6 AMR genes associated with antimicrobials that
were not tested in this study.

Isolates defined as MDR showed phenotypic resistance to at least 3 drugs tested in
this study. A total of 114 out of the 270 S. Typhimurium isolates (42.2%) were MDR.
Most of the MDR isolates belonged to the Cluster 2, 4, 5 and 7. The MDR Cluster 2

was divided into two patterns of AMR gene conservation: A sub-clade with resistance

to ampicillin, chloramphenicol, streptomycin, and tetracycline was predicted to be

resistant to sulphonamide (ACSSuT type). This resistance type was similar to the MDR
DT104 that emerged globally in the 1990s, which also carried the aadA, floR, sul1 and
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tet(G) genes [35]. The other sub-clade was resistant to ampicillin, tetracycline,

trimethoprim, azithromycin and sulphonamide.

The Cluster 7 was divided into 3 sub-clusters with distinct AMR profiles. Sub-cluster
7.1 was resistant to streptomycin, tetracycline and sulphonamide. Sub-cluster 7.3 was
highlighted for carrying the quinolone-resistant gene qnrB19. Antimicrobial
susceptibility testing confirmed that qnrB19 encodes the resistance to nalidixic acid
and is intermediately resistant to ciprofloxacin. Both drugs have been listed as the
highest priority by the WHO in combatting antimicrobial resistance [48]. The qnrB19-
harbouring Sub-cluster 7.3 also carried chloramphenicol resistance, encoded by floR,

and tetracycline resistance encoded by tet(A).

The ST313-associated Cluster 3 in Colombia was pan-susceptible. Because the
ST313 isolates in Africa were multiply drug-resistant [5] and the Colombian ST313
isolates shared phenotypic similarities in antibiotic-susceptibility with the UK variant

and Lineage 3 of ST313 [49], we did the comparative genomic analysis detailed below.

Cluster 2 and Sub-cluster 7.3 had distinctive AMR profiles, representing the majority
of MDR S. Typhimurium isolates in Colombia, highlighted in Fig 2. The phylogeny and

evolution of these two (Sub-)clusters are shown below.

Although most of the antimicrobial resistance phenotypes were linked to gene
presence, the reduced susceptibility to ciprofloxacin of the Cluster 5 isolates was
associated with point mutations in the gyrA gene (GyrA p.S83F or p.D87Y). Cluster 5
was also resistant to ampicillin, chloramphenicol and tetracycline. Genomic evidence
suggests that Cluster 5 are be resistant to nalidixic acid (gyrA mutation) and
streptomycin (aac(3), aadA2 and aph), however this remains to be established

phenotypically.
Plasmid profile of Colombian S. Typhimurium

Important Salmonella phenotypes are encoded by plasmids, including resistance to
antibiotics and heavy metals, utilisation of carbon sources, and virulence factors [50].
Previous studies showed that ~90% S. Typhimurium isolates carried a ~90 kb
virulence plasmid, represented by the 94 kb pSLT in S. Typhimurium LT2 [51-54]. The
pSLT plasmid is confined to the Salmonella serovar Typhimurium, is transferred

vertically rather than horizontally [54, 55], and encodes the spv virulence operon which
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promotes proliferation within mammalian cells [53]. In the Colombian S. Typhimurium
isolates, the aligned percentage of the pSLT plasmid in each isolate was identified
using the read mapping method. The result shows that most of the Colombian S.
Typhimurium and monophasic S. Typhimurium isolates carried a pSLT or pSLT-like

plasmid, except Cluster 1 and Cluster 4 which lacked pSLT (Fig 3).
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Fig 3. The presence of the pSLT virulence plasmid and the distribution of small
plasmids in the Colombian S. Typhimurium isolates.
The maximum-likelihood tree is a linear version of the circular tree shown in Fig 1.
Clusters 2, 3 and sub-cluster 7.3 are highlighted on the tree. All clusters are shown
as a colour strip. The sequence coverage of the S. Typhimurium LT2 pSLT plasmid
and 14 other small plasmids in the S. Typhimurium isolates are shown in gradations

of Red. The names of the small plasmids followed an identical reference plasmid from
PLSDB, or according to the plasmid-derived pMLST designation.

17



To identify the non-pSLT plasmid profiles, circular contigs were extracted from each
genome and compared to the plasmid database PLSDB [26]. If a circular contig had
100% BLAST coverage against a reference plasmid from PLSDB, the contig was
named after the reference. If there was no completely aligned plasmid in PLSDB, the
plasmid was named in the form of “pCOT1_IncX1_158-JM”, where “pCOT1”
represents the “plasmid Colombian Typhimurium 17, followed by the pMLST type [28]
and the strain name. After the representative plasmids were identified, a heatmap was
drawn according to the aligned percentage of the mapped reads to plasmids carried

by each isolate.

We identified plasmids with 100% BLAST coverage against plasmids from other hosts,
including other genera such as E. coli or Klebsiella pneumoniae, or other Salmonella
serovars. The high similarity of plasmids suggested that the small plasmids had been
horizontally transferred. The GenBank entries of the reference plasmids were

summarised in S2 Table.

Two small plasmids that carried AMR genes were found in Sub-cluster 7.3. The
quinolone resistance gene gnrB19 was encoded by a ~2700bp ColRNAI plasmid,
which was 97.6% identical at the nucleotide level to pMK100, a 2,699bp plasmid that
had previously been identified in a Colombian Salmonella Infantis strain SO20,
sampled from retail chicken in 2004 (GenBank ID: HMO070379.1) [56]. The
chloramphenicol resistance gene floR was carried by a novel 4,284 bp plasmid
denoted as “pCOT7_GMR-S-276-JM”.

The “pCOT7_GMR-S-276-JM” and pMK100 plasmids were partially aligned to some
Colombian S. Typhimurium genomes, visualised by varying shades of pink in the heat
map. In comparing the distribution of partially-aligned plasmids with the distribution of
floR and gnrB19 genes (Fig 2), it was possible that only the genome segments with
the AMR genes were retained in the bacterial genomes. Further inspection showed
that the floR and qnrB19 genes were integrated into linear contigs in multiple
genomes, which suggests the further evolution of the AMR genes after being

transferred into the genomes through small plasmids.
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The transmission history of three key clusters of S. Typhimurium

Three Colombian S. Typhimurium clusters were selected for further investigation of
transmission history: Cluster 2 and Sub-cluster 7.3 were selected on the basis of AMR
profiles and because they represented a significant part of the MDR isolates; Cluster
3 was selected to investigate association with the global ST313 isolates. Cluster 2 was
the most prevalent in the dataset, associated with MDR DT104. Sub-cluster 7.3 carried
quinolone and chloramphenicol resistance. Quinolone has been listed as the highest
priority by the WHO in combatting antimicrobial resistance (World Health Organization,
2017). Cluster 2 and Sub-cluster 7.3 included 77% (88/114) of the MDR strains.
Cluster 3 represented ST313 isolates, a sequence type associated with INTS disease

in sub-Saharan Africa.

To determine the geographical origin and infer the international transmission history
of the S. Typhimurium clusters, S. Typhimurium genomes that belonged to the same
HierCC clusters and originated from a variety of countries were downloaded from the

public Enterobase genome resource (https://enterobase.warwick.ac.uk/). Bayesian

analysis was used to estimate the dates of the nodes in the phylogenetic trees. The
transmission routes for the S. Typhimurium clusters were inferred by stochastic

mapping of the geographic origin of each isolate onto the tree [37].
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Fig 4. Temporal and geographic transmission history of the global S.
Typhimurium isolates belonging to three Colombian clades.

The clades with coloured backgrounds show three highlighted Colombian S.
Typhimurium clades from Fig 2 and Fig 3. The colours of tips and nodes
represent geographic locations. When a node has two colours, the percentage
of the colours represents the inferred likelihood of the node being associated
with two geographic locations. When the MRCA of a clade had >50% possibility
of being located in Colombia, the clade was designated as being transmitted in
Colombia shown by coloured backgrounds on the tree. The date range of the
introduction events is estimated from the year of the MRCAs before and after
transmission to Colombia. (A) Three introduction events (T1, T2 and T3) of
Colombian HC100_305 isolates. (B) A global HC100_20801 (ST313) lineage
and two introduction events (T1, T2) to Colombia. The analysis suggests that
ST313 L3 was introduced to Malawi from South Africa. The representative
isolate of ST313 L3 (BKQZM9) is labelled. (C) HC50_64733 originated from
Colombia and was introduced to Ecuador and sporadically transmitted to North
America and Europe. The important evolutionary events are labelled.
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Cluster 2 was associated with the phage type DT104 and the Enterobase HC100_305
cluster. DT104 caused a global epidemic in the 1990s and 2000s [35, 45, 46]. Due to
the high number of HC100_305 genomes in Enterobase (>6,000 genomes, accessed
04 Jan 2022) and the significant sampling bias (77.6% from Europe and the US), a
subset of public genomes from different countries was used to provide context for our
study. Samples from Europe, North America, and Asia were downloaded from a
previous study of the global transmission of DT104 [35]. The genomes of all Latin
America HC100_305 isolates were downloaded from Enterobase. In total, 158

publicly-available DT104 genomes were selected (S3 Table).

The data suggested that Cluster 2 isolates were transmitted to Colombia through three
independent introduction events: 1968-1975 from Asia, 1980-1984 from North
America, and 1992-1994 from Europe (Fig 4A, Fig 5A). The analysis indicated that
the ancestors of the Asian and North American HC100_305 isolates likely originated

from Europe over different time periods.

Cluster 3 (belongs to HC100_20801 cluster) is associated with S. Typhimurium
ST313, the sequence type linked to the iINTS disease in sub-Saharan Africa (SSA)
[57]. ST313 is divided into three SSA lineages and several UK and Brazilian lineages
[5, 6, 49, 58]. For our study, 87 contextual ST313 genomes were downloaded in the
HC100_20801 cluster from Enterobase (S3 Table). We found that the Colombian
ST313 isolates were closed related to the UK-ST313 [49] and the ST313 Lineage 3
identified in Malawi [6].. Other isolates from Africa, North America and South America
also belonged to the HC100_20801 cluster.
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A. Cluster 2 (HC100_305)

Fig 5. Inferred transmission routes of three Colombian clades on the world
map.

The sample size of S. Typhimurium genomes from each country is shown in
coloured bubbles. The lines show the likely transmission routes. The inferred
years of introduction to Colombia are labelled with red text boxes. The dotted
lines show sporadic transmissions.
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The geographic distribution of the isolates identified HC100_20801 as an ST313
cluster that has been transmitted globally. The phylogenetic analysis revealed that the
common ancestor of HC100_20801 originated in Europe, specifically in the UK.
Subsequently, HC100_20801 was disseminated to Africa, North America, and South
America independently. The previously reported Malawian ST313 Lineage 3 was part
of the Africa clade [6] and was estimated to be introduced to Malawi from South Africa
between 1980-1993.

The Colombian ST313 Cluster 3 isolates, together with the Brazil ST313, formed the
South American clade. Two introduction events to Colombia occurred concurrently:
ST313 isolates arrived from Brazil between 1990-2000, while the ST2936 isolates
(single-locus variants of ST313) arrived from Brazil or Paraguay between 1988-2001
(Fig 4B, Fig 5B).

The Sub-cluster 7.3 carried a characteristic gnrB19 gene that encodes resistance to
quinolone. Previously, four Salmonella enterica isolates, including two S. Uganda, one
S. Infantis and one S. 6,7:d:-, have been reported to carry a plasmid-mediated qnrB19
gene in Colombia [56], Sub-cluster 7.3 is the first report of qnrB19-harbouring S.
Typhimurium isolates in this country. The cluster also carried the chloramphenicol-

resistance gene floR.

We used the Enterobase database to put the Colombian Sub-cluster 7.3 into a global
context by comparison with the HC50 64733 cluster. According to the
phylogeographic analysis, the HC50_64733 cluster originated in Colombia and was
subsequently transmitted to Ecuador between 2009-2014. Several additional
independent sporadic transmission events to the United States and Europe were
identified through the analysis (Fig 4C, Fig 5C).

The invasive potential of the S. Typhimurium lineages

This study focused on the genomes of S. Typhimurium isolates that cause
bloodstream infection, a disease that poses a more urgent public health challenge
than gastroenteritis [59]. However, the lack of animal models that faithfully recapitulate
human invasive infection [60] has prevented meaningful experimental comparisons
between the bloodstream and gastrointestinal isolates in the context of INTS disease.

Consequently, the abilities of the S. Typhimurium isolates from different phylogenetic
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clusters to cause invasive infections is unclear. This study shows that most of the
bloodstream infections in Colombia are caused by ST19, a sequence type generally

associated with gastroenteritis in other parts of the world [17].

To compare the invasive potential of S. Typhimurium from each HC100 cluster, a
machine learning model was used to calculate the “invasiveness index”, based on the
level of degradation of 196 predictor genes from invasive serovars [39]. A high
invasiveness index is a signal that bacteria are adapting to an extraintestinal lifestyle.
S. Typhimurium ST313, which includes the lineages L1, L2 and L3, is in the process
of adaptation to systemic infection and has higher invasiveness indices than ST19 [6,
39]. The invasiveness index data in this study are detailed in S1 Table and

summarised in Fig 6.
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Fig 6. The invasiveness index of 7 major Colombian HC100 clusters.
The 7 Colombian HC100 clusters are defined in Figure 1. Number of isolates
in each group: Cluster 1 (n=10), Cluster 2 (n=75), Cluster 3 (n=5), Cluster 4
(n=14), Cluster 5 (n=7), Cluster 6 (n=31), and Cluster 7 (n=70). The central
line in the box plot represents the median value (50th percentile), the box limits
denote the 25th and 75th percentiles, the whiskers extend by 1.5 times the
interquartile range and individual points represent outliers. The plot is made
with R package ggplot2 [41].

25



The important S. Typhimurium cluster in Colombia, Cluster 3 (ST313) had the highest
invasiveness index (median=0.191, s.d.=0.011) (Fig 6). The value was similar to the
invasiveness index of ST313 Lineage 3 in Malawi [6], consistent with other Malawian

isolates belonging to the same HC100 cluster.

Cluster 5 showed the second highest invasiveness index (median=0.158, s.d.=0.015),
with a value higher than that of the ST313 Lineage 1 (median = 0.129, s.d. = 0.008)
and Lineage 2 (median = 0.134, s.d. = 0.006) [6]. Cluster 5 is the monophasic S.

Typhimurium ST19 cluster with multiple drug resistances.

The invasiveness indices of the remaining five clusters, including the DT104-
associated Cluster 2, were around 0.1, which is comparable to ST19 isolates from our
previous study (median = 0.110, s.d.=0.017) [6]. The result is consistent with the report
that the proportion of DT104 isolates that cause either blood infection or gastroenteritis

is similar to other non-invasive Salmonella serovars [61].

Perspective and Conclusions

This study focused on genome data derived from Salmonella Typhimurium isolates
responsible for bloodstream infections in Colombia. Unlike iNTS disease in Africa, only
a small fraction of Colombian bloodstream infections were caused by ST313. The

majority (90.8%) of the bloodstream isolates were S. Typhimurium ST19.

In Africa, ST313 was responsible for the majority of INTS infections. For example, in
Malawi, only 5.6% of the iINTS-associated S. Typhimurium isolates were ST19, while
94.4% were ST313 or ST313 single-locus variants [6]. However, in this study, the
majority of bloodstream infection isolates in Colombia were ST19. Two globally
epidemic S. Typhimurium clusters, the DT104-associated cluster (Cluster 2) and the
LT2-related cluster (Cluster 7) were associated with bloodstream infection before 2010
and after 2010, respectively. The two ST19 clusters exhibited a relatively low
invasiveness index (Fig 6). In contrast, relatively few ST313 (HC100_20801, n=5) and
monophasic ST19 (HC100_1343, n=7) isolates with high invasiveness indexes were
identified.

In sub-Saharan Africa, highly invasive S. Typhimurium ST313 lineages target

immunocompromised individuals such as infants suffering from malaria or malnutrition
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or adults with HIV [62]. We hypothesised that Colombia has a significantly lower
incidence of INTS than in SSA [63] because the Latin American country has fewer

vulnerable immunocompromised people.

2021 data from www.unaids.org (accessed Feb 2023) was used to compare the

proportion of immunocompromised adults in Colombia with SSA. The estimated rate
of HIV infection among 15-49 year-old adults in Colombia was 0.5%, significantly lower
seen in SSA countries like Malawi (7.7%) or Uganda (5.2%). Here. We investigated
iINTS isolates ranging from an earlier period (1997 to 2017); unfortunately, data
regarding the HIV status of individual Colombian patients were not available due to

data confidentiality issues.

We speculate that the high incidence of INTS and the prevalence of S. Typhimurium
ST313 in SSA reflects a combination of two factors that are absent from Colombia: the
genetic adaptation of S. Typhimurium ST313 lineage 2 to the extraintestinal lifestyle

and the vulnerability of the human population.

On the African continent, the dissemination and replacement of iNTS lineages was
associated with AMR status. For instance, the replacement of the African S.
Typhimurium ST313 lineage L1 by L2 during 2001-2004 was linked to acquisition of
the cat chloramphenicol resistance gene [5]. In contrast, the disparate bloodstream-
associated S. Typhimurium clusters we identified in Colombia had a variety of
antimicrobial resistance patterns. The seven clusters did not share a particular AMR

genes

It has been established that Salmonella serovars have been distributed worldwide via
the food chain [46, 64, 65]. Consequently, we conducted an investigation to identify
potential food exports responsible for the international spread of the HC50 64733
cluster from Colombia. Poultry makes up 45.5% of Colombia's animal product exports
to Ecuador, according to data from MIT's Observatory of Economic Complexity

(https://oec.world/en/profile/country/col). We speculate that the transmission of

Salmonella from Colombia to Ecuador could be linked to the movement of poultry

products.

With the development of industrial food production and international logistics in recent
decades, the transmission of salmonellosis has become an international issue [66-68].

Genomic data from developing countries such as Colombia suggest that the local
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Salmonella lineages are either a consequence of global transmission or represent the
initiation of a transmission chain to other countries. The utilization of public databases,
such as Enterobase allowed us to track Salmonella lineages between countries.
However, we note that the genomic data present in Enterobase exhibits significant
sample bias, skewed towards genomes that originate from gastroenteritis-associated
Salmonella from high-income countries in the EU and North America. In future,
international collaborations are needed to build capacity and to improve the

sequencing capabilities of LMICs [7].

Supporting information

S1 Table.
The metadata and accession numbers of the Colombian Salmonella Typhimurium

used in this study.

S2 Table.
The metadata and accession numbers of the contextual Salmonella Typhimurium

genomes and reference plasmids.

S3 Table.
The metadata and accession numbers of the global Salmonella Typhimurium

genomes downloaded from Enterobase.

S4 Fig.

The detailed Raxml tree showing monophasic Typhimurium isolates identified
from 3 different methods: experimental serovar identification, the in-silico prediction
by SISTR, and the presence or absence of the fljAB genes. The branch length was
shown in numbers. Branches with bootstrap values less than 80 were marked

in red.
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