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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 Incl
plasmid previously reported in Salmonella and Escherichia coliisolates 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. PRINA230403 (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. PRINA543337 (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. PRINA203445 (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 k-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 +T', 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 AUSMDUO00067783, 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/contingencyl/).

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 AUSMDUO00067711 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,
OMO038692.1, 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 AUSMDUO00067873 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
(AUSMDUO00068404). 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% CO, at 37°C.

In vitro infections were performed based on the procedure described by Klein et. al. 2017
[54]. For HeLa infections, 5x10* cells/well were seeded in 24 well plates (Corning Costar) and
incubated at 37°C, 5% CO, 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, 5x10° cells/well were differentiated with 10~® M of phorbol 12-myristate
13-acetate (PMA) for 72 hours at 37°C, 5% CO, 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
(AUSMDUO00038310 [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).

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012666 November 20, 2024 7/21


http://www.graphpad.com/
https://doi.org/10.1371/journal.pntd.0012666

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

—— 1 ®
B 9]
BAPS AUSMDUO00068404 :

[ ]
$
R AUSMDU00068423 §
|| 3 s
3
2 ]
Bioproject L— %
PRJEB18998 @
| PRINA203445 E fj
Il PRJUNA230403 i z
PRJNA248792
PRJNA543337 — §
Reference —
This study —1 8
— e
Country ©
@ Australia S
@® Canada 8
© lIreland [ ]
@ Thailand H
@ United Kingdom 9
@ USA RAuernDuoooenam e
_1e-05 IAOSMDUG0067783 @
e
$
@
BAPS 8
South-eastern Asia W3 | —|_? 8
M4 L %
Eastern Asia, Source AUSMDU00068128
South—aastem Asia I O faecal AT é
@ invasive 8
Southern Asia Travel _|—_ é
c © South-eastern Asia o
5 PY Eastern Asia, ) %
S Asia South-eastern Asia @
= @ Southern Asia g
3 Asia — ®
z @ Unknown destination L @
= Northern Europe © No known travel — é
North — g H
aqrthern erica, Latin [ ]
America ancﬁtﬁne Caribbean Eﬁ S 3
D AUSMDU00067711 @  ©
South America o 150
2
3
Unknown destination I % 100
o
=
»
No known travel & 50
g
0 20 40 60 s
No. of Isolates o o

Fig 1. Maximum likelihood phylogenies of Salmonella Panama isolates from Australia and pairwise SNP distances. (A) Maximum likelihood (ML) tree of
162 S. Panama isolates including both Australian and publicly available contextual isolates. The reference was S. Panama ATCC 7378 (CP012346.1)
(highlighted with red arrow). BAPS lineages were determined using RHierBAPS and are shown as coloured blocks on the tree. Tree tips indicate if the isolates
were curated from public BioProjects or are from this study. The circular heatmap shows the country of isolation of the samples, as indicated by the inset
legend. Scale indicates SNPs substitutions per unit branch length. (B) Local ML phylogeny of 80 Australian isolates belonging to BAPS groups 3 and 4 were
mapped to the local reference AUSMDU00067783. The linked heatmap in greyscale shows the distribution of faecal and invasive isolates and the coloured
blocks of the tree highlight the two BAPS groups. The coloured heatmap shows the travel history linked with each isolate. The travel sub-regions are assigned
according to the UNGeo scheme. (C) The panel shows on the x-axis number of isolates out of 89 Australian isolates that are associated with travel in each
subregion indicated on the y-axis. (D) Pairwise SNP distances of the BAPS lineages 3 and 4 were visualised as violin plots with box plot inset in each plot
showing the median and interquartile range of the pairwise SNP distances.

https://doi.org/10.1371/journal.pntd.0012666.9001
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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,
AUSMDUO00067783, 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). AUSMDUO00067711 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 gnrSI 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),
aadAl-aadA2 (streptomycin resistance), dfrA12 and sul3 (co-trimoxazole resistance) and tet
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Fig 2. Upset plot demonstrating the antimicrobial resistance (AMR) gene profiles found in Australian S. Panama isolates. The y-axis bars show the total
number of isolates harbouring a particular resistance gene. The stripe colours in the body of the plot correspond to the drug classes shown in the index, to
which the respective genes belong. The stacked x-axis bars denote the total number of isolates from BAPS lineages 3 and 4 which have the specific combination
of AMR genes, shown by the connected dots in the plot body.

https://doi.org/10.1371/journal.pntd.0012666.9002

(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”)-1b;aph(6)-1d) 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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Fig 3. Characterisation of plasmid-mediated AMR in the Australian S. Panama. (A) In each panel for the Australian isolates in BAPS
lineages 3 (n = 64) or 4 (n = 16), the x-axis indicates the total number of isolates carrying each plasmid Inc type shown in the y-axis. (B) The
AMR genes are indicated in dark red while the insertion sequences (ISs) and transposases are shown in yellow. The purple blocks between the
sequences indicate the degree of identity between the gene regions across the isolates. The red double line in the AUSMDU00068404
sequence indicates the deletion of a 405 Kb non-identical gene region to fit the sequence to a comparable scale with the other sequences. The

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012666 November 20, 2024 11/21


https://doi.org/10.1371/journal.pntd.0012666

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

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

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-aadAl-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-
[A1-aadAl-sul3 cassette was common across all the isolates, sharing high sequence identity.
The intIl 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
AUSMDUO00067711 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).
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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
sample with respect to 1 h.p.i. (C, H) Bars indicate mean percentage of CFU/well internalised at 1 h.p.i with respect to inoculum CFU for each isolate. The
symbols indicate individual data points of the respective parameter for each sample. All experiments were performed in technical duplicates for three
independent biological replicates per isolate. Error bars indicate +/- standard deviation of biological replicates. Statistical significance was determined by one-
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

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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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 10° + 7.1 x10* CFU/ml at 5 h.p.i; 1.6 x 10°
+ 1.6 x 10° 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 10* + 5.1 x 10* CFU/ml at 5 h.p.i; 5.3 x
10° + 6.6 x 10* CFU/ml at 24 h.p.i) was not significantly different to S. Typhimurium SL1344
(1.2x10° £ 1.8 x 10* CFU/ml at 5 h.p.i; 5.9 x 10° + 1.2 x 10° 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, AUSMDUO00067783 (faecal and no AMR genes) and
AUSMDUO00067801 (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,
AUSMDUO00068128 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
AUSMDUO00068128 (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 (SI Table) and
clustered together in the phylogeny. AUSMDU00067873 only had two SNPs compared to
AUSMDUO00068128, one in a non-coding region and a missense mutation in the RNA chaper-
one hfg, 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 1S26-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
AUSMDUO00068423). These accessory genes consist of regulatory genes, metabolic genes, IS
elements and hypothetical coding regions (54 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, cmlAl, aadAl 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 Incl
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plasmid harbouring a colistin resistance gene, mcrl.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 AUSMDUO00068128, 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
AUSMDUO00067873 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. AUSMDUO00068423, 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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