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Abstract

Salmonella enterica serovar Panama, a causative agent of non-typhoidal salmonellosis

(NTS), is one of several serovars that causes invasive NTS disease (iNTS) in humans. S.

Panama is an understudied pathogen, with its pathobiology poorly understood. It is a pre-

dominant iNTS serovar in Australia, a high-income country with high rates of salmonellosis,

where S. Panama has been documented to have a high odds ratio (13.9–15.26) for causing

iNTS. This study investigates the genomic epidemiology and antimicrobial resistance pro-

files of all S. Panama isolates recovered in Victoria, Australia, between 2000 and 2021. We

examined the infection dynamics of S. Panama in seven isolates, representing the genetic

diversity of the study population. Two sub-lineages, encompassed within a previously

described Asian lineage, were identified. Multi-drug resistance (resistance to�3 drug clas-

ses) was detected in 46 (51.7%) Australian isolates. The plasmid-mediated colistin resis-

tance gene, mcr1.1, was detected in one Australian S. Panama isolate, carried by an IncI

plasmid previously reported in Salmonella and Escherichia coli isolates collected from poul-

try in South-East Asia. Examination of the intracellular replication dynamics of S. Panama

isolates demonstrated diverse phenotypes. In THP-1 derived macrophages, despite low

host cell uptake, S. Panama showed higher replication rates over time compared to S. enter-

ica serovar Typhimurium. However, a causative genotype could not be identified to explain

this observed phenotype. This study provides insights into the S. Panama isolates circulat-

ing in Australia over two-decades, finding that 78% were linked to international travel sug-

gesting importation in Australia. It shows MDR was common in this iNTS serovar, and

colistin resistance reported for the first time. It provides the first data on the host-pathogen

interactions of S. Panama in Australia, which will aid our collective understanding of the

pathobiology of S. Panama and iNTS serovars more broadly.
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Author summary

In Australia, non-typhoidal Salmonella (NTS) cases have been on the rise since the 1970s;

characterised by self-limiting enteritis, some NTS infections can result in systemic infec-

tions called invasive NTS disease. Salmonella enterica serovar Panama is a leading iNTS

serovar in Australia. This study characterised the genomic epidemiology of S. Panama,

identifying two lineages circulating in Australia over two decades and placing them within

a global context. It also investigated the antimicrobial resistance (AMR) mechanisms of S.

Panama, with multi-drug resistance commonly observed. Further, it identified the first

plasmid-mediated colistin-resistant S. Panama in Australia. We additionally examined the

characteristics of S. Panama-mediated host-pathogen interactions in both epithelial and

macrophage cells lines, providing the first insight into the infection dynamics of this

understudied pathogen. Thus, this study combines genomics and in vitro infection experi-

ments to understand the pathogenic behaviour of the neglected iNTS S. Panama.

Introduction

Non-typhoidal Salmonella (NTS) consists of over 2,600 serovars and commonly causes self-

limiting gastroenteritis [1–3]. It is estimated that NTS infections cause a disease burden of 94

million cases with 155,000 deaths per annum globally [2]. A subset of NTS serovars cause sys-

temic disease with prolonged febrile symptoms. These are known as invasive non-typhoidal

Salmonella (iNTS), with 77,500 deaths attributed to iNTS globally each year [4,5]. In human

disease, the invasive potential can differ across NTS serovars or even between lineages of a ser-

ovar [6–8]. Examples of iNTS serovars include S. Typhimurium, S. Enteritidis, S. Choleraesuis,

S. Dublin, S. Schwarzengrund, S. Heidelberg, S. Virchow, S. Infantis, and S. Panama [9]. Previ-

ous studies have largely focused on S. Typhimurium, S. Enteritidis and S. Dublin [10–16]. For

example, investigation into the genetic mechanisms associated with pathogenicity of S. Typhi-

murium ST313, which is the leading iNTS serovar in sub-Saharan Africa [17–20]. However,

the genomic epidemiology and host-pathogen interactions of other iNTS serovars, including

S. Panama, have not been well characterised to date [21–23].

Salmonella Panama is an iNTS serovar with a broad host range, associated with bloodborne

infections and meningitis in both children and adults [22]. In high-income countries (HICs),

S. Panama has frequently been epidemiologically linked to foodborne infections in humans via

pork derived food products and international travel [24–26]. Antimicrobial resistance (AMR)

is an emerging issue in S. Panama, with multidrug resistance (MDR; resistance to�3 drug

classes) detected in isolates linked to both Europe and Asia [21,27,28]. The global population

structure of S. Panama was recently described, defining multiple lineages with strong geo-

graphical associations; IncN plasmids were identified as a likely source for the spread of MDR

in recent European isolates [21]. S. Panama isolates collected in Australia were found to form a

sub-lineage with isolates from Asia, suggestive of an established lineage within the broader

geographical region [21].

In Australia, S. Panama has been identified in two epidemiological studies as one of the

leading iNTS serovars with a high odds ratio (13.9 and 15.26) for causing invasive infections

[28,29]. However, a detailed genomic investigation of S. Panama circulating in Australia has

yet to be undertaken. Moreover, the host-pathogen interactions that mediate S. Panama infec-

tion are poorly understood, with no prior study examining the pathobiology of this serovar.

Unbiased whole genome sequencing (WGS) of all cultured S. Panama isolates provides the
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opportunity to better understand the genomic epidemiology and evolution of this understud-

ied pathogen. Further, WGS based surveillance methods can be utilised to monitor the emer-

gence of AMR, a well-established global threat to public health [30–32]. Accordingly, we

performed WGS on all cultured S. Panama isolates in the state of Victoria, Australia over the

past two decades to better understand the S. Panama circulating over this period, and to char-

acterise the AMR mechanisms and plasmids within the population. We combined genomic

data with source of collection to infer the type of infection (invasive or gastrointestinal dis-

ease), to explore the in vitro infection dynamics of the serovar.

Methods

Ethics statement

Data were collected in accordance with the Victorian Public Health and Wellbeing Act 2008.

Ethical approval was received from the University of Melbourne Human Research Ethics

Committee (study number 1954615.3).

Data Source for Australian S. Panama isolates

The Microbiological Diagnostic Unit Public Health Laboratory (MDU PHL) is the bacterial refer-

ence laboratory for the state of Victoria, Australia. At MDU PHL Salmonella isolates were pheno-

typically characterised to determine serovars until the implementation of routine WGS in 2018.

For this study, the WGS sequencing data was generated for a total of 92 S. enterica isolates, col-

lected from human faecal or invasive (non-faecal) samples between 2000 and 2021. Duplicate S.

Panama isolates collected from the same patient within two weeks were considered to be the same

infection and were excluded from this study. Where available, reported travel data by country was

included. The sub-region for reporting was taken from the United Nations Geo scheme.

Isolate selection strategies of contextual isolates to confirm global

phylogeography of S. Panama

Paired end reads of S. Panama isolates were downloaded from the European Nucleotide

Archive (ENA) browser (https://www.ebi.ac.uk/ena/browser/home) (S1 Table). The rationale

for including publicly available WGS data was to place the S. Panama isolates collected in Aus-

tralia within the broader context of the global S. Panama population, and to determine if the

Australian S. Panama isolates clustered together as previous work suggested Oceania / South

East Asia isolates formed part of a lineage circulating in the region [21]. Public isolates were

included if short read data was available in January 2022. Only those from human infections

recorded between 2000 and 2021 were considered, since the Australian isolates in the current

study were collected in the same timeframe. The selection strategies for each public BioProject

were as follows:

i. PRJNA248792 (UK): Most isolates included in this BioProject belonged to multi-locus

sequence type (ST) 48, with some exceptions (single-locus variants of ST48 and novel multi-

locus variants (MLV) of ST48). All these non-ST48 isolates were initially selected to include

diversity in the dataset, with the novel MLV isolates removed after quality control. For the

ST48 isolates, all isolates from a particular year were considered if the year recorded�5 iso-

lates, otherwise five isolates/year were randomly sampled.

ii. PRJNA230403 (USA): Only those isolates that were sequenced by the Centers for Disease

Control (CDC) were considered. All isolates from a year were considered if the total num-

ber was�5; if>5, random sampling of 5 isolates/year was performed.
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iii. PRJNA543337 (Canada): Public Health Canada only recorded isolates from years 2015

and 2016 in this BioProject; 5 isolates/year were randomly selected from each year.

iv. PRJEB18998 (Ireland): All five S. Panama isolates were considered.

v. PRJNA203445 (USA): One S. Panama isolate from Thailand was considered for the global

dataset.

DNA extraction and short read whole-genome sequencing

DNA extraction was performed as described by Sia et al., followed by generation of 2x150 bp

paired-end reads using Illumina NextSeq500/550 [31].

Quality controls and draft genome assembly

For the Illumina reads of each isolate, three QC parameters were considered: (i) minimum

estimated average genome coverage of>50, (ii) a Q score� 30, and (iii) taxonomic assign-

ment identified�40% of κ-mers as belonging to Salmonella enterica using Kraken v2.1.2 [33].

Draft genome assemblies were generated for all Australian and public S. Panama isolates using

SPAdes v3.15.2 with default parameters [34]; assemblies resulting in>500 contigs were

excluded from the dataset.

MLST and in silico serovar determination

In silico multi-locus sequence typing (MLST) was performed on all local and public draft

genomes with mlst v2.23.0 (https://github.com/tseemann/mlst), using the pubmlst database

‘senterica’. The Salmonella In Silico Typing Resource tool, SISTR v1.1.1 [35] was used to con-

firm the serovars from the draft assemblies of both Australian and public isolates.

Inferring the global maximum likelihood phylogeny

For inferring the global phylogeny, 89 Australian S. Panama isolates (that satisfied QC parameters

and were confirmed to be of the correct serovar in silico) were considered. Similarly, 73 public iso-

lates were considered from the following countries: United Kingdom (n = 40), United States of

America (n = 18), Canada (n = 9), Ireland (n = 5) and Thailand (n = 1). S. Panama ATCC 7378

(CP012346.1) was used as the reference strain since this was the only publicly available complete

genome for the serovar at the commencement of this study. The total 162 isolates were aligned to

the reference genome using Snippy v4.4.5 (https://github.com/tseemann/snippy) with default

parameters. Coordinates of phage regions were detected using the Phaster webtool (https://

phaster.ca/), with identified phage regions masked during construction of a core genome align-

ment [36,37]. Regions of recombination were identified using Gubbins v3.2.1 and removed to

generate the final alignment for phylogeny construction [38]. IQ tree v2.1.4 was used to construct

the serovar-level maximum likelihood (ML) tree, using a general time reversible (GTR) substitu-

tion model +Γ, inclusive of invariable constant sites and 1000 ultra-fast bootstrap replicates.

Bayesian Analysis of Population Structure (BAPS), a probability-based algorithm for clustering

genetically similar subpopulations, was run with 2 levels and 20 initial clusters to provide statistical

confidence for lineage identification using the R package RHierBAPS [39,40].

Inferring the local S. Panama phylogeny and estimating pairwise SNP

distances

80 Australian isolates belonging to lineages BAPS 3 and BAPS 4 were mapped to a complete

local reference isolate AUSMDU00067783, generated in this study (see selection of isolates
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and long read sequencing methods below), using Snippy v4.4.5 (https://github.com/tseemann/

snippy). The workflow for inferring the ML phylogeny was the same as described previously.

The core-genome alignment file for the local phylogeny was further used to determine the

pairwise SNP-distances using the tool snp-dists v0.8.2 (https://github.com/tseemann/snp-

dists) and was visualized with the ggplot2 v3.4.4 [41] package in RStudio v22.12.0.

The significance level for association of BAPS 3 and BAPS 4 with isolate source was deter-

mined using GraphPad Fischer’s exact test (two-tailed P value) online calculator (https://www.

graphpad.com/quickcalcs/contingency1/).

Characterisation of the AMR determinants

Genomes were screened for known AMR determinants using AbriTAMR v1.0.14 [32], with

NCBI’s AMR Finder Plus database v3.10.16 [42], and including the species parameter “Salmo-
nella” to detect species specific point mutations. The intrinsic efflux resistance genes mdsA
and mdsB were detected in silico in all isolates (S1 Table) and not considered for analyses. The

AMR profiles for the draft assemblies were visualised with the R package ComplexUpset v1.3.3

[43,44].

Detection of plasmid replicons

Draft genome assemblies were screened for known plasmid replicons using the PlasmidFinder

database in ABRicate v1.0.1 (https://github.com/tseemann/abricate) [45,46], with a minimum

percentage nucleotide identity of 90% and minimum coverage of 90%, in order to identify

functional plasmid replicons.

Isolate selection strategies of pairs of matches isolates for long read

sequencing and phenotypic characterisation

Considering AMR profiles, source (faecal or blood culture), population structure and year of

isolation, seven isolates were selected for long read sequencing with Oxford Nanopore Tech-

nologies (ONT). Two pairs from BAPS 3 and one pair from BAPS 4 were selected with respec-

tive AMR profiles, along with a colistin resistant invasive isolate from BAPS 3. For selecting

matched faecal and invasive pairs, AMR gene profiles were first matched between each pair,

with preference given to same year of isolation and sharing of the same immediate common

ancestor. The latter two criteria were relaxed for BAPS 4 isolate pair. Further details of the

selected isolates are provided in S1 Table.

Long read sequencing and complete genome assembly

The isolates were cultured overnight at 37˚C Luria-Bertani (LB) Miller agar, and DNA was

extracted using GenFind V3 according to the manufacturer’s instructions (Beckman Coulter)

using lysozyme and proteinase K without size selection. Sequencing libraries were made with

the SQK-NBD112.96 kit and sequenced on R10 MinION flow cells. Base-calling of the long

reads was performed using Guppy v.3.2.4, the inbuilt super accuracy base-caller of Nanopore

GridION X5. The approach for processing the ONT long read data was based upon Baines

et al. 2020 [47]. Porechop v0.2.4 (https://github.com/rrwick/Porechop) was used to perform

adaptor-trimming and demultiplexing, using default parameters except a minimum identity

percentage of 85% for barcode identification. The resulting long-reads were then filtered using

Filtlong v0.2.1 (https://github.com/rrwick/Filtlong) with the following parameters: i) reads

<1000 bp were excluded; ii) during read scoring, read quality and read length were given
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equal weighting, and; iii) a maximum of 460,000,000 bases were kept (equivalent to 100-fold

coverage for a 4.6 Mb genome).

Genome assembly was performed using the Dragonflye pipeline v1.0.13 (https://github.

com/rpetit3/dragonflye) with default parameters, and one round of short-read error correction

with Polypolish v.0.5.0 [48]. The genomes were annotated using Bakta v.1.6.1, specifying the

genus as Salmonella and setting a minimum contig length of 200 bp [49]. The AMR profiles

and plasmid replicons were confirmed to be the same as the matched draft genome assemblies

from short read data using the same approaches described above.

Comparison of MDR regions in complete genomes

The MDR regions of interest were extracted as Genbank files using Geneious Prime v2023.1.1

(https://www.geneious.com) from the annotated assemblies. Easyfig v2.2.5 was then used to

compare the similar gene regions and output pairwise alignment files [50]. These were then

plotted in R using the gggenomes v0.9.5.900 package to show the similarities between genetic

regions [51].

Characterisation of plasmid with colistin resistance mechanisms

To identify similar publicly available plasmids with colistin resistance mechanisms, the plas-

mid sequence of AUSMDU00067711 was screened against the NCBI database (nt) with blastn

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The top four hits were selected (AP018355.1,

OM038692.1, MN232197.1 and KU934209.1) which all had >99% query coverage and>90%

identity. MN232197.1 was annotated for this study using Bakta v.1.6.1 [49]. To visualise the

comparison of the identity of mcr-1.1 gene containing IncI2 plasmid from AUSMDU00067711

to public reference plasmids Blast Ring Image Generator (BRIG) v0.95 was used [52].

SNP and pangenome comparison of closely related faecal-invasive isolate

pairs

Snippy v4.4.5 (https://github.com/tseemann/snippy) was used to identify SNPs, insertions and

deletions between closely related faecal and invasive pairs. For the BAPS 3 pair, paired end

reads of AUSMDU00067873 were mapped to the complete genome of AUSMDU00068128.

For the BAPS 4 pair, AUSMDU00068423 was used as reference to map AUSMDU00068404

reads. To compare the gene content between the pairs in each BAPS group, the complete

annotated genomes of each pair of isolates was used as input to Panaroo v1.3.3 that was used

with default parameters in conservative mode and—remove-invalid-genes [53].

Bacterial isolates and growth conditions

The seven bacterial isolates selected for ONT sequencing were also phenotypically character-

ised for bacterial replication (S1 Table). The S. Panama isolates and the S. Typhimurium

SL1344 reference strain were streaked on Luria-Bertani (LB) Miller agar and incubated at

37˚C overnight before being stored at 4˚C for up to two weeks. The S. Panama isolate

AUSMDU00068404 was consistently observed to have two distinct colony morphologies. One

colony type was observed to be larger and irregular (AUSMDU00068404 LCV) than the other

(AUSMDU00068404). Overnight cultures were grown by inoculating a single colony in 3ml of

LB Miller broth and incubating at 37˚C under shaking condition of 180 rpm. For inducing

type 3 secretion system 1 (T3SS1) expression, the protocol described by Klein et al. 2017 was

followed with minor modifications [54]. Briefly, 3% v/v overnight cultures were sub-cultured
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in 10ml LB Miller broth at 37˚C, 200 rpm for 3.5 hours, then used as the inoculum for the in
vitro infection experiments.

Phenotypic comparison of bacterial replication in epithelial and

macrophage cell lines

The S. Typhimurium SL1344 type strain was included as a non-invasive control strain for

comparing bacterial internalisation and survival in both epithelial and macrophage cell lines.

HeLa (ATCC CCL-2) epithelial human carcinoma cells were cultured in Dulbecco’s Modified

Eagle’s Media GlutaMAX (DMEM, Gibco) supplemented with 10% v/v heat inactivated fetal

calf serum (FCS, Gibco). THP-1 monocyte precursor cells were maintained in Roswell Park

Memorial Institute (RPMI) with 200 mM Glutamax supplemented with 10% v/v FCS. All cells

were maintained in 5% CO2 at 37˚C.

In vitro infections were performed based on the procedure described by Klein et. al. 2017

[54]. For HeLa infections, 5x104 cells/well were seeded in 24 well plates (Corning Costar) and

incubated at 37˚C, 5% CO2 for 18–24 hours. The cells were infected with T3SS1 induced bacte-

rial subculture at a multiplicity of infection (MOI) of 100 and incubated for 10 min under cell

growth conditions. The cells were then washed three times with Hank’s Buffered Salt Solution

(HBSS) followed by a 20 min incubation in fresh media. The media was replaced with DMEM

containing 10% v/v FCS and 100 mg/ml gentamicin (Pfizer), followed by a 30min incubation.

The end of this step marked the 1-hour post infection (h.p.i) timepoint. For the 5 h.p.i and 24

h.p.i, after 1 h.p.i, the culture media was replaced with DMEM supplemented with 10% v/v

FCS and 10 mg/ml gentamicin. At each timepoint, the host cells were lysed with sterile 0.2%

w/v sodium deoxycholate solution, and the lysates were collected for CFU estimation.

For THP-1 cells, 5x105 cells/well were differentiated with 10−8 M of phorbol 12-myristate

13-acetate (PMA) for 72 hours at 37˚C, 5% CO2 in 24 well plates. The remaining experimental

conditions were kept the same as HeLa infection except for bacterial MOI which was 20 for

these assays.

Bacterial quantification data was visualized using ggplot2 v v3.4.4 package [41] in RStudio

v22.12.0. To determine statistical significance levels, one way ANOVA with Dunnett’s multiple

comparison tests were performed using GraphPad Prism v10.0 Mac OS X, GraphPad Software,

Boston, Massachusetts USA, www.graphpad.com. For determining statistical significance lev-

els between AUSMDU00068404 variants in THP-1 macrophages, unpaired t-test with Welch’s

correction was performed using the same software.

Results

Multiple lineages of S. Panama were found to be circulating in Australia

over two decades

To first contextualise the Australian isolates in a broader global context, a maximum likelihood

(ML) phylogeny was initially inferred with a total of 165 isolates (S1 Fig). Two isolates from

the USA (SRR3047883 and SRR2968115, both ST3091) and one Australian isolate

(AUSMDU00038310 [ST48]) clustered on a long branch and were not considered further. The

global phylogeny was thus inferred from 162 S. Panama isolates including 89 Australian iso-

lates from the current study and 73 publicly available S. Panama genomes (Fig 1A, S1 Table

and S2 Fig). All S. Panama isolates either belonged to ST48 or were single locus variants of

ST48 (S1 Table, S3 Fig). Population clustering was assessed using BAPS [39,40]. Four BAPS

lineages were identified in the global S. Panama phylogeny (Fig 1A), with the 40 remaining iso-

lates not clustered in the ML tree (but reported as BAPS 5, S1 Table).
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https://doi.org/10.1371/journal.pntd.0012666.g001
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The resulting population structure was also consistent with the recent findings from Pulford

et al with the Australian isolates clustering together in the phylogeny [21], forming two sub-

clades represented by BAPS 3 and 4 (Fig 1). BAPS 1 consisted of isolates from three countries

from different geographical regions, while BAPS 2 was associated with isolates from the United

Kingdom and Ireland (Northern Europe), in addition to three Australian isolates; one with

reported travel to Northern Europe and two with no known travel (S1 Table). One isolate from

Thailand clustered in BAPS 4, this lineage (n = 18) was largely comprised of isolates from this

study with 93.75% (15/16) Australian isolates in BAPS 4 having reported travel to South-eastern

Asia, predominately Thailand. A total of 89.89% (80/89) of the Australian isolates belonged to

either BAPS 3 or BAPS 4, with 20% (16/80) of these forming part of BAPS 4, and the remaining

80% (64/80) clustered in BAPS 3. Travel patterns for the Australian isolates was similar between

the two groups, with both having reported travel to South-eastern Asia (Fig 1B and 1C), pre-

dominately Thailand (S1 Table). Although, we note that there may be unreported travel as well.

In order to have higher resolution of the Australian S. Panama population, a ML phylogeny

was inferred with the 80 Australian isolates belonging to BAPS 3 and BAPS 4, the two Austra-

lian sub-lineages of the C4 lineage previously identified [21], with a local Australian isolate,

AUSMDU00067783, used as the reference strain (Fig 1B). Invasive isolates, defined as those

collected from blood samples, were present in both lineages, with the respective proportions

being 43.75% (28/64) of isolates in BAPS 3 and 31.25% (5/16) of isolates in BAPS 4. Invasive

isolates were not observed to be limited to either lineage, determined using two-tailed Fischer’s

exact test (p = 0.7721). Differences in the temporal span of the two lineages circulating in Aus-

tralian were detected, BAPS 4 was comprised of S. Panama isolates collected between 2000 and

2012. In contrast, BAPS 3 isolates spanned the entire collection window, from 2000 to 2019,

with 54.69% (35/64) of isolates collected from 2013 onwards suggestive that this lineage has

replaced BAPS 4 (S1 Table). Pairwise SNP distances varied between the two lineages with a

wider distribution found in the older BAPS 4 lineage (median 55 pairwise SNPS, interquartile

range 45–91) (Fig 1D). BAPS 3 isolates were highly clonal with limited pairwise SNPs (median

37 SNPS, interquartile range 28–55) despite the two-decade time span.

Multidrug resistance (MDR) is highly prevalent in Australian S. Panama

population

AMR was common in the Australian isolates with known AMR mechanisms detected to at

least one drug class in 67.5% of isolates (54/80) (Fig 2 and S1 Table). Further, MDR profiles

were found in 56.25% (36/64) of BAPS 3 isolates and 62.5% (10/16) of BAPS 4 isolates. No

AMR mechanisms were detected that confer resistance to third-generation cephalosporins

(3GCs). Of note, resistance mechanisms to azithromycin (mphA) and colistin (mcr 1.1) were

detected in an invasive isolate, AUSMDU00067711 (BAPS 3). AUSMDU00067711 was

inferred to be resistant to seven additional drug classes and susceptible to 3GCs and carbape-

nems based on the identified resistome (S1 Table). Limited AMR determinants against cipro-

floxacin were found, with the qnrS1 gene, associated with reduced susceptibility [55],

identified in only two BAPS 3 isolates, AUSMDU00067711 and AUSMDU00066509. No point

mutations in the quinolone resistance determining regions (QRDRs) were identified in any of

the Australian S. Panama isolates (S1 Table).

Multidrug resistance in the Australian S. Panama isolates was common with inferred resis-

tance to ampicillin, chloramphenicol, streptomycin, co-trimoxazole and tetracycline found in

46.25% (37/80) of the Australian BAPS 3 and BAPS 4 lineages (Fig 2). The most common

AMR profile was blaTEM-1 (ampicillin resistance), cmlA1 (chloramphenicol resistance),

aadA1-aadA2 (streptomycin resistance), dfrA12 and sul3 (co-trimoxazole resistance) and tet
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(A) (tetracycline resistance), that was detected in 26.25% (21/80) of the total isolates, all of

which were BAPS 3. Genes detected at lower frequencies that differed between the two popula-

tions were tet(B) (tetracycline) and blaTEM-103 (ampicillin) in BAPS 3 while 12 BAPS 4 iso-

lates carried strA-strB (aph(3”)-Ib;aph(6)-Id) genes (streptomycin).

Characterisation of mobile genetic elements mediating AMR in Australian

S. Panama

The prevalence of plasmids in the S. Panama data was first explored by screening plasmid rep-

licons in the draft assemblies. In BAPS 3, a total of eight different Inc types were detected, with
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https://doi.org/10.1371/journal.pntd.0012666.g002
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IncFIA and IncFIIB most frequently detected with both replicons found in 37.5% (24/64) of

BAPS 3 isolates (Fig 3A). Further, the presence of the IncFIA and IncFIIB replicons coincided

with the MDR profile of dfrA12-blaTEM-1-cmlA1-aadA1-aadA2-sul3-tet(A)-tet(B) in 20/24

isolates (S1 Table). In BAPS 4 there were fewer plasmid replicon types detected, with only five

Inc types observed in 2/16 BAPS 4 isolates. One invasive isolate, AUSMDU00068455, had five

plasmid replicons detected but only had tet(M) and strA-strB AMR genes (S1 Table). Thus, the

AMR profiles in BAPS 4 did not co-occur with plasmids replicons and suggested that the resis-

tance genes observed in this lineage may be chromosomal (Fig 3 and S1 Table).

We investigated the complete genomes of selected MDR isolates from BAPS 3 and BAPS 4

that had the same AMR profiles to characterise the carriage of AMR mechanisms in the S. Pan-

ama isolates (Fig 3B). Of the four isolates explored in detail, plasmid mediated MDR was lim-

ited to a single BAPS 3 isolate, AUSMDU00068128, that had two plasmid replicons detected

IncFIA and IncFIIB. The complete genome of AUSMDU00068128 was resolved from the long

read data (S1 Table) with a the chromosome (4,685,615 bp) and one plasmid (67,357). The

AMR genes were determined to be integrated into the chromosome of the remaining three

BAPS 3 isolates. The AMR genes in all isolates were carried across multiple cassettes, each cas-

sette flanked by insertion sequences (IS) and transposon elements. The dfrA12-aadA2-cm-
lA1-aadA1-sul3 cassette was common across all the isolates, sharing high sequence identity.

The intI1 coding region flanked the dfrA12 gene that suggests that the genes are located on a

Class 1 integron. The blaTEM-1 and tet(A) genes occurred separately.

Plasmid encoding mcr-1.1 in AUSMDU00067711 suggests possible

zoonotic link

Macrolide and colistin resistance genes were detected in AUSMDU00067711 (Fig 3 and S1

Table). Except for mcr-1.1 (colistin resistance), all other AMR mechanisms including mphA
(macrolide resistance) were found to be integrated into the chromosome. The mcr-1.1 gene

was carried on a 67 kb IncI2 plasmid (S4 Fig). To determine if this was a novel plasmid or if it

had been detected elsewhere, we explored publicly available data identifying highly homolo-

gous plasmids from three E. coli isolates collected from a human sample and two poultry sam-

ples (Accessions: OM038692.1, MN232197.1, AP018355.1) and one from S. Albany

(KU934209.1) collected from poultry (Fig 3C). All the parent isolates for these reference plas-

mids were from South-East Asia. The mcr-1.1 gene region was conserved between the

AUSMDU00067711 plasmid and the reference plasmids (Fig 3C) suggesting that this plasmid

is moving between species and serovars of Salmonella and different hosts.

S. Panama enters and replicates within macrophages but shows limited

entry in epithelial cells

To investigate if the BAPS 3 and BAPS 4 lineages vary in terms of intracellular replication in
vitro, we infected HeLa epithelial cells and differentiated THP-1 macrophage-like cells with

the selected S. Panama isolates (Fig 4). We further wanted to identify if the ability to infect and

replicate within host cells vary between closely matched faecal and invasive isolate pairs. Only

two out of seven S. Panama isolates entered epithelial cells, AUSMDU00068128 (BAPS 3, inva-

sive and MDR) and AUSMDU00068423 (BAPS 4, faecal and MDR) (Fig 4A, 4B and 4C).

scale at the bottom shows the genome scale in kilobases. (C) Comparison between the regions encoding mcr-1 (shown in dark red) and its

flanking genes in four IncI2 plasmids. The purple links between the sequences indicate the percentage identity between the gene regions in

the isolates. The scale at the bottom shows the genome scale in kilobases. Source panel on the left shows the associated host for each isolate,

with the icons created with BioRender.com.

https://doi.org/10.1371/journal.pntd.0012666.g003
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While AUSMDU00068128 (0.63 ± 0.28%) invaded epithelial cells to a level not significantly

different to S. Typhimurium SL1344 (1.36 ± 0.58%), its corresponding matched faecal isolate

AUSMDU00067873 did not enter HeLa cells. The entry of AUSMDU00068423

(0.069 ± 0.006%) was significantly lower (p = 0.001) than S. Typhimurium SL1344 (Fig 4C),
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Fig 4. S. Panama shows strain-specific features of interaction with both epithelial and macrophage-like human cell lines. HeLa cells (A, B, C) and

differentiated THP-1 cells (D, E, F) were infected with S. Panama belonging to BAPS 3 and BAPS 4 or S. Typhimurium at MOI 100 and 20 respectively. (A, D,

E) Each point indicates mean CFU/well per isolate at the three timepoints. (B, E, G) Each point indicates mean fold change in bacterial CFU/well of each
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way ANOVA with Dunnett’s comparisons test at 95% confidence interval. ** indicates p<0.01 and **** indicates p<0.0001. MOI multiplicity of infection, h.p.i

hours post infection, CFU colony-forming units.

https://doi.org/10.1371/journal.pntd.0012666.g004
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while its corresponding invasive isolate AUSMDU00068404 did not exhibit entry into epithe-

lial cells. Over 5 hours post infection (h.p.i) and 24 h.p.i, AUSMDU00068128 replicated to sig-

nificantly higher colony forming units (CFU) (2.5 x 105 ± 7.1 x104 CFU/ml at 5 h.p.i; 1.6 x 106

± 1.6 x 105 CFU/ml at 24 h.p.i) than S. Typhimurium SL1344 (p = 0.02 at 5 h.p.i; p<0.0001 at

24 h.p.i), while the CFU of AUSMDU00068423 (2.8 x 104 ± 5.1 x 103 CFU/ml at 5 h.p.i; 5.3 x

105 ± 6.6 x 104 CFU/ml at 24 h.p.i) was not significantly different to S. Typhimurium SL1344

(1.2 x 105 ± 1.8 x 104 CFU/ml at 5 h.p.i; 5.9 x 105 ± 1.2 x 105 CFU/ml at 24 h.p.i). Despite hav-

ing significantly lower percentage of internalisation at 1 h.p.i in comparison with S. Typhimur-

ium SL1344 (Fig 4C) (p = 0.01), AUSMDU00068423 had the highest replication rate over of 24

h.p.i in HeLa epithelial cells (73.10 ± 16.01-fold, p = 0.0003) (Fig 4B). The remaining matched

isolate pair from BAPS 3, AUSMDU00067783 (faecal and no AMR genes) and

AUSMDU00067801 (invasive and no AMR genes) did not enter HeLa cells.

All the S. Panama isolates were taken up by THP-1 macrophage-like cells, however levels of

uptake were isolate specific. Except for AUSMDU00068128 (BAPS 3, invasive and MDR),

uptake of the other S. Panama isolates was significantly lower than S. Typhimurium SL1344

(p<0.0001) (Fig 4D and 4H). In concordance with the patterns seen in HeLa cells,

AUSMDU00068128 showed the highest internalisation among the S. Panama isolates

(4.77 ± 0.59%), followed by AUSMDU00068423 (0.37 ± 0.26%). At 24 h.p.i, all isolates except

AUSMDU00068128 (BAPS 3), AUSMDU00068423 (BAPS 4) and AUSMDU00068404 (BAPS

4) showed significant intracellular replication, while intracellular SL1344 levels were constant

(Fig 4D, 4E, 4F and 4G and S2 Table). AUSMDU00067801 (BAPS 3) showed the lowest inter-

nalisation (0.0033 ± 0.0012%), but the highest fold change of replication over 24 h.p.i

(41.91 ± 3.89-fold) (Fig 4H and 4F).

Interestingly, AUSMDU00068404 (BAPS 4, invasive and MDR) showed variations with

regards to colony morphology, with a large colony variant (LCV) co-occurring with medium

sized colonies. Neither variant showed entry into epithelial cells. In THP-1 cells, the

AUSMDU00068404 LCV showed a trend towards higher uptake (0.033 ± 0.0019%) than its

other colony morphology variant, AUSMDU00068404 (0.019 ± 0.0052%) (p = 0.15) (Fig 4H).

Both AUSMDU00068404 variants showed comparable CFU/ml at 24 h.p.i. although the LCV

appeared less capable of intracellular replication across this time course (Fig 4E and 4G).

Genomic comparison of closely related faecal and invasive isolate pairs that

differed in phenotype

From the host cell internalisation experiments, two pairs of closely related faecal and invasive

isolates (details of selection in Methods) showed phenotypic difference between isolates in

each pair. The first matched pair was BAPS 3 MDR isolates AUSMDU00067783 (faecal) and

AUSMDU00068128 (invasive). The second matched pair was BAPS 4 MDR isolates

AUSMDU00068423 (faecal) and AUSMDU00068404 (invasive). To identify genomic content

that differs between the matched isolates, and potentially identify the genetic basis for the

observed differences in phenotype, we used both reference-based and pangenome approaches.

The matched BAPS 3 isolates were found to be highly genetically similar. These two isolates

were both collected in 2013, had the same AMR and plasmid replicon profile (S1 Table) and

clustered together in the phylogeny. AUSMDU00067873 only had two SNPs compared to

AUSMDU00068128, one in a non-coding region and a missense mutation in the RNA chaper-

one hfq, and one deletion in a non-coding region. Both isolates were very similar in genome

size, with AUSMDU00067873 an assembled chromosome of 4,719,131 bp and single plasmid

of 35,101 bp. Comparative pangenome analysis of this pair of isolates found 4472 genes were

shared between the two isolates, only differing by four genes. AUSMDU00067873 had three
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unique genes, two IS transposase, IS4-like and IS26-like, and a gene annotated as a DDE

domain-containing protein. The remaining gene in AUSMDU00068128 was annotated as

phosphate starvation-inducible protein PhoH (S3 Table).

The matched BAPS 4 isolates had more genetic diversity detected compared to the BAPS 3

isolates. These isolates were isolated from two different years (2009 for AUSMDU00068423

and 2007 for AUSMDU00068404) but had the same AMR and plasmid replicon profiles, and

clustered in the phylogeny (S1 Table). A total of 58 nucleotide differences were detected

between AUSMDU00068404 to AUSMDU00068423. This included three deletions, 14 synon-

ymous mutations, 28 missense mutations and one nonsense mutation detected in coding

regions (S4 Table). The majority of the SNPs were in metabolic genes, and of note was the

C260A mutation (Ala87Asp) in the Salmonella pathogenicity island (SPI) 1 type III secretion

system invasion protein gene iagB. The two isolates different in the size and number of plas-

mids in their complete genomes. AUSMDU00068423 had only a single chromosome

(4,730,227 bp) while AUSMDU00068404 had a chromosome (4,702,124 bp) and three small

plasmids (7,630 bp, 3,356 bp and 2,596 bp). Pangenome analysis found 4374 core genes and 48

accessory genes that differed between the isolates (12 in AUSMDU00068404 and 36 in

AUSMDU00068423). These accessory genes consist of regulatory genes, metabolic genes, IS

elements and hypothetical coding regions (S4 Table).

Discussion

S. Panama is an emerging iNTS serovar that has been associated with foodborne outbreaks.

This study builds on the emerging evidence for the circulation of different lineages of S. Pan-

ama in different geographical regions [21–23,27]. We identified two sub-lineages of S. Panama

collected in Australia, belonging to the previously described Asia/Oceania lineage [21]. The

Australian isolates were predominantly from cases that had reported travel to Southern-east-

ern Asia. Hence, international travel is a key epidemiological risk factor for S. Panama infec-

tions in Australia, in particular to South-East Asia. As such, these two lineages responsible for

S. Panama in Victoria over two-decades likely reflects the S. Panama circulating in the broader

surrounding geographical region [21]. BAPS 3 has been the dominant sub-lineage in the Aus-

tralian population, appearing to have displaced BAPS 4 from 2013 onwards.

Similar to isolates reported from Asia, both Australian sub-lineages were associated with

MDR to older antimicrobials, with >50% of the isolates possessing genetic determinants for

resistance [21,22,26,28]. MDR in S. Panama is common in the Oceania and South-East Asian

regions, consistent with studies of other NTS serovars from the region, reflecting the likely

introduction to Australia from returned travellers [56–59]. Of note, the MDR profile observed

in this study was not restricted to plasmids, with our analyses of the completed genomes find-

ing integration of these AMR genes into the chromosome of some isolates, movement sup-

ported by independently mobile cassettes. This suggested that a selective pressure, favouring

maintenance of MDR through chromosomal integration, is acting on the S. Panama popula-

tion. Sulfonamide resistance was mediated by sul3 which is not frequently detected in NTS

[60–62] and was mobilised into the chromosome on a class 1 integron, which also carried

dfrA12, cmlA1, aadA1 and aadA2 (Genbank Accession EF051037.1). This mobile element has

been previously identified in other NTS serovars, including S. Rissen that were isolated from

pork and unknown food products in Portugal [63]. The presence of cross-species plasmids

and diversity of plasmid replicon genes observed in the study population demonstrates that S.

Panama is readily able to acquire and retain AMR-containing mobile elements.

The movement of plasmids between members of the Enterobacterales has been well-estab-

lished [64,65]. Here an Australian isolate of S. Panama was shown to possess a single IncI
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plasmid harbouring a colistin resistance gene, mcr1.1, that was homologous to IncI plasmids

detected in other serovars of Salmonella and E. coli collected from poultry in the South-East

Asian and Oceanic regions. While directionality of plasmid transfer is unable to be inferred

from the current data, this does provide additional evidence for the ongoing emergence of

drug resistance underpinned by plasmids moving within and between bacterial species with

broad host ranges, including livestock animals. A key challenge to identifying the spread of

AMR via the food supply chain is the lack of S. Panama data from food sources and livestock.

To further explore dissemination of AMR through food products, livestock and humans,

future studies comprising a ‘One Health’ approach to sampling strategies are required [66].

This study provides the first data on the host-pathogen interactions of S. Panama. We

examined the ability of multiple faecal and invasive isolate pairs from both sub-lineages to

enter and replicate in both epithelial and macrophage-like cell lines and observed higher repli-

cation of S. Panama inside macrophages. These in vitro infection experiments demonstrated

that individual isolates interact differently with host cells. Importantly, no phenotype was

clearly associated with the invasive isolates. Rather, all isolates demonstrated a capacity for rep-

lication in macrophage-like cells and this may be a trait that reflects the potential for develop-

ment of iNTS. Studies have shown that invasive variants of S. Typhimurium, such as S.

Typhimurium ST313, or monophasic variants of the same serovar, show increased survival in

macrophages possibly linked to reduced programmed cell death activation in the host cell

[15,56]. S. Typhimurium ST313 also induces reduced secretion of proinflammatory cytokines

which may aid in its immune evasion and dissemination inside the human host [15]. Addi-

tionally, another iNTS, S. Dublin that is commonly found in cattle, has been shown to induce

less cell death of bovine macrophages [13]. Interestingly, the S. Panama isolates that entered

THP-1 cells with greater efficiency did not replicate as much as those with lower internalisa-

tion. This may a link between bacterial load and host cell response. Characterisation of host

cell death induced by S. Panama and its regulation of host immune response will provide valu-

able insights into mechanisms of iNTS infections.

A 2018 outbreak study from Taiwan by Feng et al. showed high internalisation and survival

of S. Panama isolates in macrophages in vitro compared to S. Typhimurium. However, they

only investigated two isolates [23]. In this study, only AUSMDU00068128, an invasive isolate

from BAPS 3 entered both cell types in comparable numbers to S. Typhimurium and survived

better over time. But corresponding faecal isolate AUSMDU00067873 did not enter epithelial

cells and showed restricted entry into macrophages. Genetic comparison between

AUSMDU00067873 and AUSMDU00068128 revealed few SNP and gene content differences,

which shows they are closely related despite their different phenotypes in HeLa cells. The four

ORFs divergently encoded by these isolates do not provide insight into the genetic basis for

these different phenotypes. However, it is possible that the missense mutation within Hfq

could influence the post-transcriptional regulation of SPI-1 [67–69]. Future studies exploring

the proteome of these two isolates may provide further insight into their distinct host-patho-

gen interactions. AUSMDU00068423, a faecal isolate from BAPS 4 entered HeLa cells at much

lower numbers but showed similar replication to S. Typhimurium, while its corresponding

invasive isolate did not invade HeLa cells. This BAPS 4 isolate pair had a higher number of

SNPs and gene content compared to the divergent BAPS 3 pair. These differences are likely

because these isolates do not share the same immediate common ancestor in the phylogeny.

While a missense point mutation was detected in iagB, its encoded effector IagB acts as an

accessory SPI-1 gene and is not essential for SPI-1 regulation [70]. Given these observations, it

would be pivotal to investigate the regulation of S. Panama effectors that are responsible for

host cell entry and intracellular bacterial replication to shed more light on its pathogenesis.
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Future work could further explore the differences in pangenome content, including potential

structural variation in the genomes which was beyond the scope of this study.

This study provides detailed insights into the evolution and genomic epidemiology of clini-

cal isolates of S. Panama circulating in Victoria, Australia over a two-decade period. This

unbiassed sampling approach is a key strength of the study, enabling insights into S. Panama

in the region over an extended time. While source of isolation (blood or faecal) was available

for the S. Panama data, additional health information including co-morbidities of the patients

was not available which is a limitation of the study. Given the source of collection did not cor-

relate with phenotypic data, host factors are likely to play an important role in the ability of S.

Panama to cause iNTS, with all faecal isolates potentially able to cause invasive infections. This

is consistent with other iNTS serovars with studies of ST313 S. Typhimurium previously dem-

onstrating the importance of host factors in iNTS [16,17]. This is an avenue for future work of

other iNTS serovars, including S. Panama, to further explore the infection biology through

integration of genomic and molecular microbiology. This research provides a foundation to

understand the pathogenesis of a highly invasive but understudied NTS serovar that is preva-

lent in Australia and worldwide.
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18. Kumwenda B, Canals R, Predeus AV, Zhu X, Kröger C, Pulford C, et al. Salmonella enterica serovar

Typhimurium ST313 sublineage 2.2 has emerged in Malawi with a characteristic gene expression sig-

nature and a fitness advantage. microLife. 2024;5: uqae005. https://doi.org/10.1093/femsml/uqae005

PMID: 38623411

19. Martins IM, Seribelli AA, Ribeiro TRM, Silva P da, Lustri BC, Hernandes RT, et al. Invasive non-typhoi-

dal Salmonella (iNTS) aminoglycoside-resistant ST313 isolates feature unique pathogenic mechanisms

to reach the bloodstream. Infect, Genet Evol. 2023; 116: 105519. https://doi.org/10.1016/j.meegid.

2023.105519 PMID: 37890808

20. Pulford CV, Perez-Sepulveda BM, Canals R, Bevington JA, Bengtsson RJ, Wenner N, et al. Stepwise

evolution of Salmonella Typhimurium ST313 causing bloodstream infection in Africa. Nat Microbiol.

2021; 6: 327–338. https://doi.org/10.1038/s41564-020-00836-1 PMID: 33349664

21. Pulford CV, Perez-Sepulveda BM, Ingle DJ, Bengtsson RJ, Bennett RJ, Rodwell EV, et al. Global diver-

sity and evolution of Salmonella Panama, an understudied serovar causing gastrointestinal and inva-

sive disease worldwide: a genomic epidemiology study. bioRxiv. 2024; 2024.02.09.579599. https://doi.

org/10.1101/2024.02.09.579599

22. Pulford CV, Perez-Sepulveda BM, Rodwell EV, Weill F-X, Baker KS, Hinton JCD. Salmonella enterica

Serovar Panama, an Understudied Serovar Responsible for Extraintestinal Salmonellosis Worldwide.

Infect Immun. 2019; 87: e00273–19. https://doi.org/10.1128/iai.00273-19 PMID: 31262982

23. Feng Y, Chen C-L, Chang Y-J, Li Y-H, Chiou C-S, Su L-H, et al. Microbiological and genomic investiga-

tions of invasive Salmonella enterica serovar Panama from a large outbreak in Taiwan. J Formos Méd

Assoc. 2022; 121: 660–669. https://doi.org/10.1016/j.jfma.2021.07.002 PMID: 34294499

24. Authority EFS, Control EC for DP and. The European Union Summary Report on Trends and Sources

of Zoonoses, Zoonotic Agents and Food-borne Outbreaks in 2012. EFSA J. 2014; 12. https://doi.org/

10.2903/j.efsa.2014.3877

25. Bonardi S, Bruini I, Bolzoni L, Cozzolino P, Pierantoni M, Brindani F, et al. Assessment of Salmonella

survival in dry-cured Italian salami. Int J Food Microbiol. 2017; 262: 99–106. https://doi.org/10.1016/j.

ijfoodmicro.2017.09.016 PMID: 28982061

26. Lee JA. Recent trends in human salmonellosis in England and Wales: the epidemiology of prevalent

serotypes other than Salmonella typhimurium. J Hyg. 1974; 72: 185–195. https://doi.org/10.1017/

s0022172400023391 PMID: 4595088

27. Matsushita S, kawamura M, takahashi M, yokoyama K, konishi N, yanagawa Y, et al. Serovar-Distribu-

tion and Drug-Resistance of Salmonella Strains Isolated from Domestic and Imported Cases during

1995–1999 in Tokyo. Kansenshogaku Zasshi. 2011; 75: 116. https://doi.org/10.11150/

kansenshogakuzasshi1970.75.116 PMID: 11260877

28. Williamson DA, Lane CR, Easton M, Valcanis M, Strachan J, Veitch MG, et al. Increasing Antimicrobial

Resistance in Nontyphoidal Salmonella Isolates in Australia from 1979 to 2015. Antimicrob Agents Ch.

2018; 62: e02012–17. https://doi.org/10.1128/AAC.02012-17 PMID: 29180525

29. Parisi A, Crump JA, Stafford R, Glass K, Howden BP, Kirk MD. Increasing incidence of invasive nonty-

phoidal Salmonella infections in Queensland, Australia, 2007–2016. Plos Neglect Trop D. 2019; 13:

e0007187. https://doi.org/10.1371/journal.pntd.0007187 PMID: 30883544

30. WHO. WHO Bacterial Priority Pathogens List, 2024: bacterial pathogens of public health importance to

guide research, development and strategies to prevent and control antimicrobial resistance.

PLOS NEGLECTED TROPICAL DISEASES Genomic epidemiology and host-pathogen interactions of Salmonella Panama

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012666 November 20, 2024 19 / 21

https://doi.org/10.3389/fcimb.2019.00420
http://www.ncbi.nlm.nih.gov/pubmed/31998655
https://doi.org/10.1186/s12879-017-2628-x
https://doi.org/10.1186/s12879-017-2628-x
http://www.ncbi.nlm.nih.gov/pubmed/28778189
https://doi.org/10.1371/journal.pntd.0003394
http://www.ncbi.nlm.nih.gov/pubmed/25569606
https://doi.org/10.1038/s41467-019-11844-z
http://www.ncbi.nlm.nih.gov/pubmed/31537784
https://doi.org/10.1101/gr.091017.109
http://www.ncbi.nlm.nih.gov/pubmed/19901036
https://doi.org/10.1093/femsml/uqae005
http://www.ncbi.nlm.nih.gov/pubmed/38623411
https://doi.org/10.1016/j.meegid.2023.105519
https://doi.org/10.1016/j.meegid.2023.105519
http://www.ncbi.nlm.nih.gov/pubmed/37890808
https://doi.org/10.1038/s41564-020-00836-1
http://www.ncbi.nlm.nih.gov/pubmed/33349664
https://doi.org/10.1101/2024.02.09.579599
https://doi.org/10.1101/2024.02.09.579599
https://doi.org/10.1128/iai.00273-19
http://www.ncbi.nlm.nih.gov/pubmed/31262982
https://doi.org/10.1016/j.jfma.2021.07.002
http://www.ncbi.nlm.nih.gov/pubmed/34294499
https://doi.org/10.2903/j.efsa.2014.3877
https://doi.org/10.2903/j.efsa.2014.3877
https://doi.org/10.1016/j.ijfoodmicro.2017.09.016
https://doi.org/10.1016/j.ijfoodmicro.2017.09.016
http://www.ncbi.nlm.nih.gov/pubmed/28982061
https://doi.org/10.1017/s0022172400023391
https://doi.org/10.1017/s0022172400023391
http://www.ncbi.nlm.nih.gov/pubmed/4595088
https://doi.org/10.11150/kansenshogakuzasshi1970.75.116
https://doi.org/10.11150/kansenshogakuzasshi1970.75.116
http://www.ncbi.nlm.nih.gov/pubmed/11260877
https://doi.org/10.1128/AAC.02012-17
http://www.ncbi.nlm.nih.gov/pubmed/29180525
https://doi.org/10.1371/journal.pntd.0007187
http://www.ncbi.nlm.nih.gov/pubmed/30883544
https://doi.org/10.1371/journal.pntd.0012666


31. Sia CM, Baines SL, Valcanis M, Lee DYJ, Silva AG da, Ballard SA, et al. Genomic diversity of antimicro-

bial resistance in non-typhoidal Salmonella in Victoria, Australia. Microb Genom. 2021; 7: 000725.

https://doi.org/10.1099/mgen.0.000725 PMID: 34907895

32. Sherry NL, Horan KA, Ballard SA, Silva AG da, Gorrie CL, Schultz MB, et al. An ISO-certified genomics

workflow for identification and surveillance of antimicrobial resistance. Nat Commun. 2023; 14: 60.

https://doi.org/10.1038/s41467-022-35713-4 PMID: 36599823

33. Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence classification using exact alignments.

Genome Biol. 2014; 15: R46. https://doi.org/10.1186/gb-2014-15-3-r46 PMID: 24580807

34. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: A New Genome

Assembly Algorithm and Its Applications to Single-Cell Sequencing. J Comput Biol. 2012; 19: 455–477.

https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599

35. Yoshida CE, Kruczkiewicz P, Laing CR, Lingohr EJ, Gannon VPJ, Nash JHE, et al. The Salmonella In

Silico Typing Resource (SISTR): An Open Web-Accessible Tool for Rapidly Typing and Subtyping Draft

Salmonella Genome Assemblies. Plos One. 2016; 11: e0147101. https://doi.org/10.1371/journal.pone.

0147101 PMID: 26800248

36. Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. PHAST: A Fast Phage Search Tool. Nucleic Acids

Res. 2011; 39: W347–W352. https://doi.org/10.1093/nar/gkr485 PMID: 21672955

37. Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y, et al. PHASTER: a better, faster version of the

PHAST phage search tool. Nucleic Acids Res. 2016; 44: W16–W21. https://doi.org/10.1093/nar/

gkw387 PMID: 27141966

38. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD, et al. Rapid phylogenetic analy-

sis of large samples of recombinant bacterial whole genome sequences using Gubbins. Nucleic Acids

Res. 2015; 43: e15–e15. https://doi.org/10.1093/nar/gku1196 PMID: 25414349

39. Cheng L, Connor TR, Sirén J, Aanensen DM, Corander J. Hierarchical and Spatially Explicit Clustering

of DNA Sequences with BAPS Software. Mol Biol Evol. 2013; 30: 1224–1228. https://doi.org/10.1093/

molbev/mst028 PMID: 23408797

40. Tonkin-Hill G, Lees JA, Bentley SD, Frost SDW, Corander J. RhierBAPS: An R implementation of the

population clustering algorithm hierBAPS. Wellcome Open Res. 2018; 3: 93. https://doi.org/10.12688/

wellcomeopenres.14694.1 PMID: 30345380

41. Wickham H. ggplot2. Wiley Interdiscip Rev: Comput Stat. 2011; 3: 180–185. https://doi.org/10.1002/

wics.147

42. Feldgarden M, Brover V, Gonzalez-Escalona N, Frye JG, Haendiges J, Haft DH, et al. AMRFinderPlus

and the Reference Gene Catalog facilitate examination of the genomic links among antimicrobial resis-

tance, stress response, and virulence. Sci Rep. 2021; 11: 12728. https://doi.org/10.1038/s41598-021-

91456-0 PMID: 34135355

43. Lex A, Gehlenborg N, Strobelt H, Vuillemot R, Pfister H. UpSet: Visualization of Intersecting Sets. IEEE

Trans Vis Comput Graph. 2014; 20: 1983–1992. https://doi.org/10.1109/TVCG.2014.2346248 PMID:

26356912

44. Krassowski M. ComplexUpset 2020. Available: https://doi.org/10.5281/zenodo.3700590.

45. Carattoli A, Hasman H. PlasmidFinder and In Silico pMLST: Identification and Typing of Plasmid Repli-

cons in Whole-Genome Sequencing (WGS). Methods Mol Biol. 2019; 2075: 285–294. https://doi.org/

10.1007/978-1-4939-9877-7_20 PMID: 31584170

46. Carattoli A, Zankari E, Garcı́a-Fernández A, Larsen MV, Lund O, Villa L, et al. In Silico Detection and

Typing of Plasmids using PlasmidFinder and Plasmid Multilocus Sequence Typing. Antimicrob Agents

Ch. 2014; 58: 3895–3903. https://doi.org/10.1128/AAC.02412-14 PMID: 24777092

47. Baines SL, Silva AG da, Carter GP, Jennison A, Rathnayake I, Graham RM, et al. Complete microbial

genomes for public health in Australia and the Southwest Pacific. Microb Genom. 2020; 6. https://doi.

org/10.1099/mgen.0.000471 PMID: 33180013

48. Wick RR, Holt KE. Polypolish: Short-read polishing of long-read bacterial genome assemblies. PLoS

Comput Biol. 2022; 18: e1009802. https://doi.org/10.1371/journal.pcbi.1009802 PMID: 35073327

49. Schwengers O, Jelonek L, Dieckmann MA, Beyvers S, Blom J, Goesmann A. Bakta: rapid and stan-

dardized annotation of bacterial genomes via alignment-free sequence identification. Microb Genom.

2021; 7: 000685. https://doi.org/10.1099/mgen.0.000685 PMID: 34739369

50. Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome comparison visualizer. Bioinformatics. 2011; 27:

1009–1010. https://doi.org/10.1093/bioinformatics/btr039 PMID: 21278367

51. Hackl T, Ankenbrand M, van Adrichem B (2024). gggenomes: A Grammar of Graphics for Comparative

Genomics. R package version 1.0.1. Available: https://github.com/thackl/gggenomes.

PLOS NEGLECTED TROPICAL DISEASES Genomic epidemiology and host-pathogen interactions of Salmonella Panama

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012666 November 20, 2024 20 / 21

https://doi.org/10.1099/mgen.0.000725
http://www.ncbi.nlm.nih.gov/pubmed/34907895
https://doi.org/10.1038/s41467-022-35713-4
http://www.ncbi.nlm.nih.gov/pubmed/36599823
https://doi.org/10.1186/gb-2014-15-3-r46
http://www.ncbi.nlm.nih.gov/pubmed/24580807
https://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1371/journal.pone.0147101
https://doi.org/10.1371/journal.pone.0147101
http://www.ncbi.nlm.nih.gov/pubmed/26800248
https://doi.org/10.1093/nar/gkr485
http://www.ncbi.nlm.nih.gov/pubmed/21672955
https://doi.org/10.1093/nar/gkw387
https://doi.org/10.1093/nar/gkw387
http://www.ncbi.nlm.nih.gov/pubmed/27141966
https://doi.org/10.1093/nar/gku1196
http://www.ncbi.nlm.nih.gov/pubmed/25414349
https://doi.org/10.1093/molbev/mst028
https://doi.org/10.1093/molbev/mst028
http://www.ncbi.nlm.nih.gov/pubmed/23408797
https://doi.org/10.12688/wellcomeopenres.14694.1
https://doi.org/10.12688/wellcomeopenres.14694.1
http://www.ncbi.nlm.nih.gov/pubmed/30345380
https://doi.org/10.1002/wics.147
https://doi.org/10.1002/wics.147
https://doi.org/10.1038/s41598-021-91456-0
https://doi.org/10.1038/s41598-021-91456-0
http://www.ncbi.nlm.nih.gov/pubmed/34135355
https://doi.org/10.1109/TVCG.2014.2346248
http://www.ncbi.nlm.nih.gov/pubmed/26356912
https://doi.org/10.5281/zenodo.3700590
https://doi.org/10.1007/978-1-4939-9877-7%5F20
https://doi.org/10.1007/978-1-4939-9877-7%5F20
http://www.ncbi.nlm.nih.gov/pubmed/31584170
https://doi.org/10.1128/AAC.02412-14
http://www.ncbi.nlm.nih.gov/pubmed/24777092
https://doi.org/10.1099/mgen.0.000471
https://doi.org/10.1099/mgen.0.000471
http://www.ncbi.nlm.nih.gov/pubmed/33180013
https://doi.org/10.1371/journal.pcbi.1009802
http://www.ncbi.nlm.nih.gov/pubmed/35073327
https://doi.org/10.1099/mgen.0.000685
http://www.ncbi.nlm.nih.gov/pubmed/34739369
https://doi.org/10.1093/bioinformatics/btr039
http://www.ncbi.nlm.nih.gov/pubmed/21278367
https://github.com/thackl/gggenomes
https://doi.org/10.1371/journal.pntd.0012666


52. Alikhan N-F, Petty NK, Zakour NLB, Beatson SA. BLAST Ring Image Generator (BRIG): simple pro-

karyote genome comparisons. BMC Genom. 2011; 12: 402. https://doi.org/10.1186/1471-2164-12-402

PMID: 21824423

53. Tonkin-Hill G, MacAlasdair N, Ruis C, Weimann A, Horesh G, Lees JA, et al. Producing polished pro-

karyotic pangenomes with the Panaroo pipeline. Genome Biol. 2020; 21: 180. https://doi.org/10.1186/

s13059-020-02090-4 PMID: 32698896

54. Klein JA, Powers TR, Knodler LA. Phagocytosis and Phagosomes, Methods and Protocols. Methods

Mol Biol. 2016; 1519: 285–296. https://doi.org/10.1007/978-1-4939-6581-6_19

55. Vien LTM, AbuOun M, Morrison V, Thomson N, Campbell JI, Woodward MJ, et al. Differential Pheno-

typic and Genotypic Characteristics of qnrS1-Harboring Plasmids Carried by Hospital and Community

Commensal Enterobacteria. Antimicrob Agents Chemother. 2011; 55: 1798–1802. https://doi.org/10.

1128/aac.01200-10 PMID: 21282449

56. Ingle DJ, Ambrose RL, Baines SL, Duchene S, Silva AG da, Lee DYJ, et al. Evolutionary dynamics of

multidrug resistant Salmonella enterica serovar 4,[5],12:i:- in Australia. Nat Commun. 2021;12: 4786.

https://doi.org/10.1038/s41467-021-25073-w

57. The HC, Pham P, Thanh TH, Phuong LVK, Yen NP, Le S-NH, et al. Multidrug resistance plasmids

underlie clonal expansions and international spread of Salmonella enterica serotype 1,4,[5],12:i:- ST34

in Southeast Asia. Commun Biol. 2023;6: 1007. https://doi.org/10.1038/s42003-023-05365-1

58. Sriyapai P, Pulsrikarn C, Chansiri K, Nyamniyom A, Sriyapai T. Molecular Characterization of Cephalo-

sporin and Fluoroquinolone Resistant Salmonella Choleraesuis Isolated from Patients with Systemic

Salmonellosis in Thailand. Antibiotics. 2021; 10: 844. https://doi.org/10.3390/antibiotics10070844

PMID: 34356765

59. Woh PY, Yeung MPS, Goggins WB, Lo N, Wong KT, Chow V, et al. Genomic Epidemiology of Multi-

drug-Resistant Nontyphoidal Salmonella in Young Children Hospitalized for Gastroenteritis. Microbiol

Spectr. 2021; 9: 10.1128/spectrum.00248-21. https://doi.org/10.1128/spectrum.00248-21 PMID:

34346743

60. Antunes P, Machado J, Sousa JC, Peixe L. Dissemination of Sulfonamide Resistance Genes (sul1,

sul2, and sul3) in Portuguese Salmonella enterica Strains and Relation with Integrons. Antimicrob

Agents Chemother. 2005; 49: 836–839. https://doi.org/10.1128/aac.49.2.836–839.2005

61. Guerra B, Junker E, Helmuth R. Incidence of the Recently Described Sulfonamide Resistance Gene

sul3 among German Salmonella enterica Strains Isolated from Livestock and Food. Antimicrob Agents

Chemother. 2004; 48: 2712–2715. https://doi.org/10.1128/aac.48.7.2712–2715.2004

62. Mąka Ł, Maćkiw E, Ścieżyńska H, Modzelewska M, Popowska M. Resistance to Sulfonamides and Dis-

semination of sul Genes Among Salmonella spp. Isolated from Food in Poland. Foodborne Pathog Dis.

2015; 12: 383–389. https://doi.org/10.1089/fpd.2014.1825 PMID: 25785781

63. Antunes P, Machado J, Peixe L. Dissemination of sul3-Containing Elements Linked to Class 1 Integrons

with an Unusual 30 Conserved Sequence Region among Salmonella Isolates. Antimicrob Agents Che-

mother. 2007; 51: 1545–1548. https://doi.org/10.1128/aac.01275-06 PMID: 17283193

64. Kim Y-J, Seo K-H, Kim S, Bae S. Phylogenetic Comparison and Characterization of an mcr-1-Harboring

Complete Plasmid Genome Isolated from Enterobacteriaceae. Microb Drug Resist. 2022; 28: 492–497.

https://doi.org/10.1089/mdr.2021.0164 PMID: 35180355

65. Matlock W, Lipworth S, Chau KK, AbuOun M, Barker L, Kavanagh J, et al. Enterobacterales plasmid

sharing amongst human bloodstream infections, livestock, wastewater, and waterway niches in Oxford-

shire, UK. eLife. 2023; 12: e85302. https://doi.org/10.7554/eLife.85302 PMID: 36961866

66. Thorpe HA, Booton R, Kallonen T, Gibbon MJ, Couto N, Passet V, et al. A large-scale genomic snap-

shot of Klebsiella spp. isolates in Northern Italy reveals limited transmission between clinical and non-

clinical settings. Nat Microbiol. 2022; 7: 2054–2067. https://doi.org/10.1038/s41564-022-01263-0

PMID: 36411354

67. Abdulla SZ, Kim K, Azam MS, Golubeva YA, Cakar F, Slauch JM, et al. Small RNAs Activate Salmo-

nella Pathogenicity Island 1 by Modulating mRNA Stability through the hilD mRNA 30 Untranslated

Region. J Bacteriol. 2022; 205: e00333–22. https://doi.org/10.1128/jb.00333-22 PMID: 36472436

68. Mouali YE, Gaviria-Cantin T, Sánchez-Romero MA, Gibert M, Westermann AJ, Vogel J, et al. CRP-

cAMP mediates silencing of Salmonella virulence at the post-transcriptional level. PLoS Genet. 2018;

14: e1007401. https://doi.org/10.1371/journal.pgen.1007401 PMID: 29879120
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