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ABSTRACT Nontyphoidal Salmonella species are globally disseminated pathogens
and are the predominant cause of gastroenteritis. The pathogenesis of salmonellosis
has been extensively studied using in vivo murine models and cell lines, typically
challenged with Salmonella enterica serovar Typhimurium. Although S. enterica sero-
vars Enteritidis and Typhimurium are responsible for most of the human infections
reported to the Centers for Disease Control and Prevention (CDC), several other se-
rovars also contribute to clinical cases of salmonellosis. Despite their epidemiological
importance, little is known about their infection phenotypes. Here, we report the vir-
ulence characteristics and genomes of 10 atypical S. enterica serovars linked to mul-
tistate foodborne outbreaks in the United States. We show that the murine RAW
264.7 macrophage model of infection is unsuitable for inferring human-relevant dif-
ferences in nontyphoidal Salmonella infections, whereas differentiated human THP-1
macrophages allowed these isolates to be further characterized in a more human-
relevant context.

KEYWORDS Salmonella enterica, virulence, macrophages, pathogenicity, cytokines,
infection, Salmonella, whole-genome sequencing

almonella is a zoonotic pathogen that is responsible for illnesses on a global scale

and poses a significant burden to public health (1). Invasive salmonellae, such as the
host-restricted Salmonella enterica serovars Typhi and Paratyphi, cause fever in humans,
killing nearly 217,000 people in 2000 (2). Infection with nontyphoidal Salmonella (NTS),
such as S. enterica serovars Enteritidis and Typhimurium, results in gastroenteritis and
is estimated to cause 155,000 deaths annually (3). Approximately 5% of individuals
presenting with gastroenteritis following infection by NTS will develop bacteremia,
with increased risk among immunologically compromised individuals (4). These esti-
mates do not consider the emergence of invasive NTS (iNTS), which, instead of being
associated with diarrhea, is linked with many host risk factors that influence the
epidemiology of iNTS disease in Africa, including malaria, malnutrition among infants
and children, and HIV infection (5).

Salmonella species are nonfastidious bacteria that can survive outside the host in a
range of food matrices, under low-moisture conditions, and in food processing envi-
ronments. In humans, infection commonly occurs following the ingestion of contami-
nated food or water. Sources for contamination vary and can range from the presence
of the bacterium on the surface of raw produce to the shedding of Salmonella bacteria
in the fecal and urinary excretions of reservoir animals (6, 7).

Upon entering the host, salmonellae are challenged by a series of adverse condi-
tions, which include the low-pH environment of the stomach, the membrane-
disrupting properties of bile in the small intestine, and a battery of phagocytic host
immune cells, such as macrophages (8, 9). Salmonella has adapted to efficiently use
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mucosal carbohydrates and has an intrinsic resistance to inducible antimicrobials
produced by epithelial host cells during inflammation. This provides a competitive
growth advantage that can lead to intestinal colonization whereby S. enterica outgrows
host microbiota in the lumen of the inflamed intestine. This virulence strategy sup-
presses competing microbiota by host inflammatory responses and increases the
numbers of intestinal S. enterica bacteria (10). Deployment of a type lll secretion system
(T3SS) apparatus is fundamental to the pathogenesis of S. enterica and enables the
bacterium to translocate effector proteins into the host cell cytoplasm (11). The
acquisition of Salmonella pathogenicity island (SPI)-encoded virulence factors via hor-
izontal gene transfer followed by evolution has enabled this microorganism to exploit
a privileged replicative niche, avoiding the host innate immune system within intra-
cellular vesicles called the Salmonella-containing vacuole (SCV) (12, 13). The protection
afforded by the SCV allows Salmonella to thrive and sets in motion a cycle of infection
whereby the bacterium can proliferate and basolaterally reinfect epithelial cells, as well
as become engulfed by additional, localized phagocytic cells.

The importance of Salmonella in both clinical and public health settings has fueled
research into the virulence mechanisms and associated pathogenicity of this bacterium
(14, 15). Many of these studies use S. Typhimurium infection in mice as a model for
typhoid fever due to the similar pathology observed, which included intestinal and
extraintestinal lesions that frequently occur in human hosts infected with typhoidal
serovars (16). The in vitro transcriptome of S. Typhimurium has been characterized
extensively by sequencing-based methods (17, 18). Similarly, the ex vivo response of S.
Typhi and S. Typhimurium during infection of macrophages has also been elucidated
(19-21).

Although S. Typhimurium infection of mice results in symptoms that mimic human
typhoid fever, this serovar, along with S. Enteritidis, is predominantly associated with
gastroenteritis in humans. In mice pretreated with streptomycin, S. Typhimurium
causes acute colitis. This is similar to human intestinal disease induced by S. Typhimu-
rium in that it is predominantly colitic, with little or no inflammation in the ileum of the
lower intestines. Previous studies have shown that S. Typhimurium mutants lacking a
functional T3SS are unable to mount complete virulence in murine models of gastro-
enteritis (22-24). Despite the fact that more than 2,610 serovars of Salmonella have
been reported to date, few studies are available that describe the infections arising
from other S. enterica serovars (25-28). A large focus has been placed on two serovars,
S. Enteritidis and S. Typhimurium. Both are commonly associated with food poisoning
episodes and are frequently reported as the cause of most human infections reported
by the Centers for Disease Control and Prevention (CDC) in the United States.

In this study, we selected 10 isolates representing atypical Salmonella serovars with
confirmed links to foodborne outbreaks and evaluated the ability of these bacteria to
survive within macrophages using murine and human models of infection. We found
that the established murine macrophage model of infection was less suitable than the
human macrophage model to discern human-relevant differences between the iso-
lates. By investigating the whole genomes of all 10 atypical serovar isolates and
comparing regions known to be involved in the pathogenicity of Salmonella with those
identified in the S. Typhimurium serovar, we could begin to identify differences
between these isolates that could potentially explain their ability to cause a foodborne
outbreak. Together, these results are of significance to public health and highlight the
diversity encountered in environmental Salmonella serovars, which may not be fully
appreciated in studies focusing on reference isolates.

RESULTS

In vitro characterization of the isolates. To simulate the host-specific challenges
ingested salmonellae encounter along the alimentary canal during infection in an in
vitro laboratory environment, isolates (Table 1) were characterized for their acid toler-
ance and swim/swarm motility (see Fig. S3 in the supplemental material). In addition,
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TABLE 1 Isolates used in this study

S. enterica serovar Strain Outbreak Location Yr of isolation Isolation source
Anatum CFSAN003959 Papaya Mexico 2012 Papaya

Bareilly CFSANO001111 Tuna India 2012 Tuna scrape, frozen
Cubana CFSAN002050 Alfalfa sprouts Arizona, USA 2012 Alfalfa sprouts
Heidelberg CFSAN002063 Chicken Washington, USA 2012 Clinical

Javiana CFSAN000905 Green onion Mexico 2009 Canal water
Montevideo CFSAN000264 Black pepper Rhode Island, USA 2010 Black pepper
Newport CFSAN003345 Eastern shore sampling Virginia, USA 2011 Goose feces
Saintpaul CFSAN004090 Jalapefio/serrano pepper Mexico 2008 Jalapefio pepper
Tennessee CFSAN001387 Peanut butter Georgia, USA 2007 Peanut butter
Typhimurium 14028S

Typhimurium ST4/74

Weltevreden CFSAN001415 Prison tuna Virginia, USA 2005 Tuna

differences in susceptibility to salts of the main acid constituents of bile were deter-
mined by MIC and minimum bactericidal concentration (MBC) assays.

The acid tolerance response of Salmonella is a complex defense mechanism em-
ployed by the pathogen to defend against the acid shock experienced in the stomach
(8). Increased numbers of cells for most isolates were recorded following 1 and 2 h of
growth at pH 2.5 before significant reductions in viable numbers occurred at 4 h (see
Fig. ST in the supplemental material). Motility has been suggested as a virulence
determinant with respect to invasion, with notable nonmotile and/or host-adapted
exceptions (29-32). After 24 h of incubation at 21°C, S. enterica serovar Bareilly
CFSANO001111 and S. enterica Javiana CFSAN000905 exhibited a reduced swim pheno-
type compared to that of S. Typhimurium ST4/74 (P <0.001) whereas S. enterica
Newport CFSAN003345 and S. enterica Saintpaul CFSAN004090 exhibited an increased
swim phenotype (P < 0.001). At 37°C, S. enterica Anatum CFSAN003959 and S. enterica
Tennessee CFSAN001387 exhibited a reduced swim phenotype after 8 and 24 h com-
pared to that of S. Typhimurium ST4/74 (P < 0.001) (see Fig. S2 in the supplemental
material). In the absence of glucose as a carbon source, no swarm motility was
observed for any of the isolates, regardless of temperature or incubation time (Fig. S2).
During digestion, contraction of the gallbladder releases bile into the small intestine.
Salmonella enterica Weltevreden CFSAN001415 showed a 2-fold difference in suscep-
tibility to sodium deoxycholate (DOC) in comparison to S. Typhimurium ST4/74, al-
though the MBC was comparable to those of the other isolates (see Table S1 in the
supplemental material).

Intracellular survival of atypical S. enterica serovars in murine and human
macrophages. Salmonella Typhimurium pathogenesis has been extensively studied in
vivo using murine models and ex vivo using murine cell lines (such as J774.2 and RAW
264.7). However, differences in the ability of Salmonella serovars to survive and repli-
cate within human macrophages are currently not well described (33). Differentiated
human monocyte cell lines (including THP-1 and U937) have been used to explore the
replication of S. enterica serovars Enteritidis and Typhimurium. Few studies describing
the bacterial replication in human macrophages of atypical NTS serovars have been
reported, despite their epidemiological importance and their contributions to clinical
cases of salmonellosis (33, 34).

To study the ability of the isolates to survive phagocytosis, infections were per-
formed using murine RAW 264.7 and differentiated human THP-1 macrophages by the
gentamicin protection assay adapted from previously described protocols (35-38).
Salmonella Typhimurium 14028S and ST4/74 were included as reference strains in all
infection assays. Infections were carried out at a multiplicity of infection (MOI) of 10:1.
Viable internalized bacteria were enumerated at 2, 4, 8, and 24 hours postinfection (hpi)
in RAW 264.7 macrophages and at 2, 4, 8, 24, and 168 hpi in THP-1 macrophages.

Of the 10 atypical serovars tested in this study, all isolates were found to persist
within RAW 264.7 macrophages for 24 hpi, with many of these serovar increasing in
number over the course of the infection. In the case of S. Weltevreden CFSAN001415,
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FIG 1 Survival of isolates following phagocytosis by RAW 264.7 and THP-1 macrophages, assessed by gentamicin protection assay. (A) Survival of isolates at
2, 4, 8, and 24 hours postinfection (hpi) following phagocytosis by RAW 264.7 macrophages and at 2, 4, 8, 24, and 168 hpi following phagocytosis by THP-1
macrophages, reported as log,, CFU/ml. (B) Survival of isolates at 4, 8, and 24 hpi following phagocytosis by RAW 264.7 macrophages and at 4, 8, 24, and 168
hpi following phagocytosis by THP-1 macrophages, reported as log, fold change compared to survival at 2 hpi. Results for isolates in the study correspond
to the mean of three independent assays (n = 3) with duplicate technical replicates. Results for reference Salmonella enterica serovar Typhimurium strains
14028S and ST4/74 correspond to the mean of six independent assays (n = 6) with duplicate technical replicates. (C) Survival at 2, 4, 8, 24, 48, 72, 96, 120, 144,
and 168 hpi of S. enterica Tennessee CFSAN001387, in comparison with S. Typhimurium ST4/74, following phagocytosis by THP-1 macrophages, reported as
log,, CFU/ml. (D) Survival at 4, 8, 24, 48, 72, 96, 120, 144, and 168 hpi of S. Tennessee CFSAN001387, in comparison with S. Typhimurium ST4/74, following
phagocytosis by THP-1 macrophages, reported as log, fold change compared to survival at 2 hpi. Results correspond to the mean of three independent assays
(n = 3) with triplicate technical replicates. The lower and upper hinges correspond to the 25th and 75th percentiles, with the whiskers extending £1.5 times
the range between first and third quartiles.

a 1-log,, decrease in intracellular bacteria between 2 and 24 hpi was recorded,
although this isolate was still recoverable. In contrast, S. Tennessee CFSAN001387
exhibited a 1-log,, increase in intracellular bacteria between 2 and 24 hpi. Similar
numbers of viable bacteria were recorded for S. Typhimurium 14028S and ST4/74
(Fig. 1A).

The highest and lowest mean CFU/ml values for all 10 atypical serovars are shown
(see Table S2 in the supplemental material). When the log, fold change was calculated,
the largest decreases were recorded for S. Weltevreden CFSAN001415, at 8 and 24 hpi
(Fig. 1B). Of note, S. Bareilly CFSAN001111 showed an unusual infection profile in that
it had the highest mean CFU/ml at 2 hpi, possibly indicative of increased invasiveness,
despite normalization of the infections by centrifugation of the cell culture plates. The
latter observation was maintained for all subsequent time points. However, the mean
CFU/ml values at 4, 8, and 24 hpi for S. Bareilly CFSAN001111 were lower than those for
other isolates.

Compared to S. Typhimurium ST4/74, significant differences were observed in the
infection profile of specific isolates at individual time points (see Table S3 in the
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supplemental material). Time courses longer than 24 h were not possible in RAW 264.7
macrophages, as this resulted in cell death or proliferation of the macrophages them-
selves that would skew the MOI. Although differences between these isolates were
observed in RAW 264.7 macrophages, the inability to consistently extend the time
course of the assay beyond 24 hpi limited the utility of this ex vivo murine model to
discern any further differences in the ability of the isolates to survive and persist
following phagocytosis. To mitigate this limitation and differentiate the isolates in a
human-relevant context, additional assays were carried out in differentiated THP-1
macrophages.

Of the 10 atypical serovars tested in this study, all isolates persisted within THP-1
macrophages for 24 hpi, with the majority exhibiting no significant changes in viable
numbers up to this time point. As with RAW 264.7 macrophages, the only excep-
tion noted when infecting THP-1 macrophages was recorded for S. Weltevreden
CFSAN001415, which exhibited a 1-log,, decrease in mean CFU/ml between 2 and 24
hpi but remained recoverable. Upon extending this assay beyond 24 h to 168 hpi,
equivalent to 7 days, all strains except for S. Anatum CFSAN003959 and the S. Typhi-
murium 14028S and ST4/74 reference strains were recoverable, with the majority
exhibiting a 2-log,, decrease in intracellular bacteria. Exceptions to this were noted
for S. enterica Cubana CFSAN002050, S. enterica Heidelberg CFSAN002063, and S.
Tennessee CFSAN001387, all of which showed a 1-log,, decrease in intracellular
bacteria between 2 and 168 hpi, with S. Tennessee CFSAN001387 displaying the
smallest decrease of all the isolates. Conversely, S. Weltevreden CFSAN001415 demon-
strated the largest decrease in bacterial cell numbers at 168 dpi, but unlike S. Anatum
CFSAN003959 and both S. Typhimurium 14028S and ST4/74 reference strains, it could
still be recovered at the end of the assay (Fig. 1A).

The highest and lowest mean CFU/ml values among the 10 study isolates are
shown (Table S2). In THP-1 macrophages, S. Weltevreden CFSAN001415 had the lowest
mean CFU/ml values at 24 and 168 hpi of the recoverable isolates, as observed by the
log, fold change (Fig. 1B). As observed in RAW 264.7 macrophages, S. Tennessee
CFSAN001387 had the highest mean CFU/ml value at 24 hpi, as well as at 168 hpi, in
THP-1 macrophages. Compared to S. Typhimurium ST4/74, significant differences were
observed in the infection profiles of specific isolates at individual time points (Table S2).

Fewer significant differences were observed between isolates compared to S. Ty-
phimurium ST4/74 infection in human THP-1 macrophages versus murine RAW 264.7
macrophages, further highlighting the potential unsuitability of the murine model for
inferring human-relevant differences between isolates in NTS infection. Overall, the
viable intracellular bacteria recorded at later time points, including at 24 hpi, was
significantly higher in RAW 264.7 than THP-1 macrophages. Bacterial cell numbers
reached as high as 1 X 107 mean CFU/ml in RAW 264.7 macrophages for some atypical
serovars, compared with values that did not exceed 1 X 10> mean CFU/ml in THP-1
macrophages for all isolates. This 2-log,, difference supports our observations showing
the inability of RAW 264.7 macrophages, compared with that of THP-1 macrophages, to
clear infecting bacteria.

The viability of both murine and human macrophages following infection with each
of the selected bacterial isolates was measured using colorimetric assays to measure
extracellular glucose 6-phosphate (G6P) and lactate dehydrogenase (LDH) activities
compared with those of uninfected control macrophages. No significant differences
were observed in host cell viability following an MOI of 10:1 (see Fig. S4 and S5 in the
supplemental material). This is in agreement with recent studies that used flow
cytometry-based techniques to quantify apoptosis in macrophages infected with dif-
ferent Salmonella strains (33, 39).

As S. Tennessee CFSANO01387 was noted to be the most proliferative isolate in
THP-1 macrophages, exhibiting the lowest reduction in viable intracellular bacteria
between 2 and 168 hpi, further assays were performed to directly compare to S.
Typhimurium ST4/74, with CFU being enumerated at 2, 4, 8, 24, 48, 72, 96, 120, 144, and
168 hpi. This was done to determine when S. Typhimurium ST4/74 was no longer
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FIG 2 Significant RAW 264.7 chemokine and proinflammatory cytokine release following infection with isolates compared to that following S. Typhimurium
ST4/74 infection. Increased release of chemokine and proinflammatory cytokine proteins by RAW 264.7 macrophages at 1, 2, 4, 8, and 24 hpi with isolates
compared to that following infection with S. Typhimurium ST4/74, as determined by one-way analysis of variance (ANOVA). Values correspond to adjusted
probability (P) as determined by post hoc analysis of significance using Tukey’s range test. Differences were deemed significant by arbitrary cutoffs at P < 0.05,
0.01, and 0.001. Quantification was determined using a multiplex magnetic bead-based enzyme-linked immunosorbent assay (ELISA) and the Luminex 200
XMAP platform (see Table S7 in the supplemental material).

recoverable compared with S. Tennessee CFSANO001387. Salmonella Typhimurium
ST4/74 exhibited an overall 1-log,, reduction between 2 and 48 hpi, with an additional
2-log,, reduction in viable bacteria by 72 h. After 96 and 120 hpi, S. Typhimurium
ST4/74 was barely detected and was unrecoverable at 144 and 168 hpi. In comparison,
S. Tennessee CFSANO001387 exhibited an overall 1-log,, reduction between 2 and 168
hpi, similar to that in the previous infections (Fig. 1C and D). Differences between these
two isolates were significant at multiple individual time points (see Table S4 in the
supplemental material).

Host response to atypical S. enterica infection by murine and human macro-
phages. As there were notable differences exhibited by these Salmonella serovars in
their ability to replicate and survive within murine and human macrophages, the host
response to infection was investigated by quantifying proinflammatory cytokine and
infection-relevant chemokine release using standard immunoassay protocols.

In RAW 264.7, increased CCL2 and CCL3 chemokine release was observed at 4, 8, and
24 hpi with S. Tennessee CFSAN001387 and S. Weltevreden CFSAN0O01415 compared to
that in uninfected control macrophages. When comparing infection with these 10
atypical serovars (Table 1) to that with S. Typhimurium ST4/74, increased proinflam-
matory cytokine (including interleukin 6 [IL-6], IL-10, and tumor necrosis factor [TNF])
and chemokine (including CCL2, CCL3, and CXCL10) release was observed (Fig. 2; see
also Table S5 and Fig. S6 in the supplemental material).

In THP-1, increased proinflammatory cytokine (including CXCL8, IL-1B, IL-6, and TNF),
cytokine (including CSF2, IL-1A, IL-12B, and VEGFA), and chemokine (including CCL2,
CCL3, CCL4, and CXCL10) release was recorded at 8, 24, and 168 hpi across a selection
of these isolates in comparison with that in uninfected control macrophages. As with
RAW 264.7 macrophages, when comparing infection with the 10 atypical serovars in
this study to S. Typhimurium ST4/74 in THP-1 macrophages, significant increased
proinflammatory cytokine and chemokine release was observed, further differentiating
the isolates by the innate host response (Fig. 3 and Table S5).
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FIG 3 Significant THP-1 chemokine, cytokine, and proinflammatory cytokine release following infection with isolates compared to that following S.
Typhimurium ST4/74 infection. Increased release of chemokine, cytokine, and proinflammatory cytokine proteins by THP-1 macrophages at 1, 2, 4, 8, 24, and
168 hpi with isolates compared to that following infection with S. Typhimurium ST4/74, as determined by one-way ANOVA. Values correspond to adjusted
probability (P) as determined by post hoc analysis of significance using Tukey's range test. Differences were deemed significant by arbitrary cutoffs at P < 0.05,
0.01, and 0.001. Quantification was determined using an electrochemiluminescence-based ELISA method and the Sector Imager 2400 platform (Meso Scale
Discovery) (Table S7).

Salmonella serovar Heidelberg CFSAN002063 stimulated the release of CCL3, CSF2,
CXCL8, CXCL10, IL-1A, IL-1B, IL-6, IL-12, and TNF to levels in excess of those observed
for S. Typhimurium ST4/74, particularly at 8 hpi and from 4 to 168 hpi with respect to
TNF (see Fig. S7 in the supplemental material). In the gentamicin protection assays, it
was noted that although both S. Tennessee CFSAN001387 and S. Weltevreden
CFSANO001415 could be recovered at 168 hpi from THP-1 macrophages, these two
isolates exhibited different infection profiles. The former displayed the smallest
reduction in viable intracellular bacteria over the time course of the infection,
whereas the latter displayed the largest reduction in viable numbers. This can be
accounted for in the overlapping yet contrasting cytokine profile of THP-1 macro-
phages following infection with these isolates. Salmonella Tennessee CFSAN001387
and S. Weltevreden CFSANO001415 stimulated the release of CCL3, CCL4, IL-1A, IL-6,
IL-12B, and TNF to levels higher than those observed for S. Typhimurium ST4/74
(Fig. 4). In addition, S. Weltevreden CFSAN001415 stimulated the release of CCL2,
CXCL10, CSF2, and IL-1B, triggering a broader response than that observed for S.
Tennessee CFSAN001387 (Fig. 4).

Overall, the human macrophages mounted a much greater proinflammatory re-
sponse to infection in comparison to that in the murine model (Fig. 4). A homolog of
the human CXCL8 gene is absent in mice. However, the murine Cxc/T gene codes for a
functionally homologous protein (40). In this study, the latter was not released from
infected RAW 264.7 macrophages at the levels observed for CXCL8 in THP-1 macro-
phages. As all infections were carried out in pure macrophage cultures, the true effect
of the observed chemokine release cannot be fully appreciated in this experimental
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FIG 4 Chemokine, cytokine, and proinflammatory cytokine release from infected RAW 264.7 and THP-1 macrophages. Release of chemokine (A), cytokine
(B), and proinflammatory cytokine (C) targets by RAW 264.7 and THP-1 macrophages following infection with isolates, reported as log,, pg/ml. Cells
colored white correspond to time points not assayed with respect to protein or cell line. Quantification was determined as described in the “Cytokine

quantification” section of Materials and Methods (Table S7).

model, as the activation and/or recruitment of other phagocytic cells in a coculture
population or in an in vivo environment would have an impact on bacterial survival.

Distribution and similarity of SPI proteins from atypical S. enterica serovars in
comparison to S. Typhimurium ST4/74. Whole-genome sequencing was used to
facilitate a comparative analysis of all 10 atypical serovar isolates to elucidate the
genetic variation among them, with particular focus on virulence determinants and SPI
locus gene content (41, 42). Sequencing was performed using the Illlumina MiSeq and
Pacific Biosciences RS Il sequencing platforms. De novo assemblies were performed on
these data, and the N, length for lllumina-sequenced assemblies ranged from 403 to
763 kbp, with an average Ny, length of 586 kbp (see Table S6 in the supplemental
material). These genome sequences were used to determine the relationships between
the isolates to identify key differences that may explain the phenotypes observed in the
previous experiments. Genetic diversity was characterized by amino acid sequence
similarity, which was used to identify SPI regions that were highly conserved between
these isolates despite the broad range of serovars, in addition to distinct variable
regions and/or the absence of key effector proteins in specific isolates (Fig. 5; see also
Fig. S8 in the supplemental material).

SPI-1 and its associated T3SS have been extensively implicated in Salmonella viru-
lence and in the ability of this pathogen to invade host eukaryotic cells, trigger
inflammation, and transport effector proteins (43, 44). Sequence variation at the amino
acid level in comparison to S. Typhimurium ST4/74 was greatest in the AvrA, OrgB, SptP,
SipD, InvB, and SL2883 proteins. Several SPI-1encoded genes were absent in many of
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the atypical serovars but present in S. Typhimurium ST4/74, although not yet fully
characterized (Fig. 5).

The AvrA protein has been previously shown to be crucial, playing a role in the
inhibition of the antiapoptotic NF-«kB pathway (45). In S. Typhimurium 14028S, S.
Anatum CFSANO003959, S. Javiana CFSAN000905, and S. Newport CFSAN003345, AvrA
showed differences at the amino acid sequence level that may affect its ability to
function as a protease (46). SptP is a tyrosine phosphatase involved in the inhibition of
Raf activation and the subsequent MAP kinase pathway (47). Its identification here is
consistent with the phenotype observed for S. Heidelberg CFSAN002063 that stimu-
lated high levels of TNF release at 4, 8, 24, and 168 hpi in THP-1 macrophages. Many
proteins that are SPI-1 associated in S. Typhimurium ST4/74, including STM2901,
STM2902, STM2903, SL2883, STM2904, and STM2905, showed mixed conservation,
being either highly similar in the majority of isolates or unidentifiable (in the cases of
S. Anatum CFSANO003959, S. Javiana CFSAN000905, and S. Newport CFSAN003345).

SPI-2 and its associated T3SS contributes to the ability of Salmonella to translocate
effectors across the membrane of the SCV when the bacterium is internalized in
epithelial cells and macrophages (48, 49). The integral function of SPI-2 for intracellular
survival can be observed by the degree of amino acid sequence conservation across all
atypical serovars (Fig. 5). As these isolates were implicated in multistate foodborne
outbreaks and, as demonstrated above, are capable of surviving within both RAW 264.7
and THP-1 macrophages, this observation is consistent with the expressed phenotype
and raises the question as to whether potential differences in the expression of some
or all of these genes may further explain the differences shown in intracellular survival.
Sequence variation at the amino acid level in comparison to S. Typhimurium ST4/74
was greatest in SsaB, SseB, SseC, and SseD. Loss of the effector protein SsaB (SpiC) has
been shown to promote defective virulence phenotypes due to an inability to trans-
locate all SPI-2 effectors (50). This may explain the observed infection phenotype in S.
Anatum CFSANO003959, the only isolate among the 10 atypical serovars studied that
was unrecoverable at 168 hpi in THP-1 macrophages, as it had the lowest amino acid
sequence similarity for SsaB.

SseBCD proteins function as a translocon that facilitates the secretion of effector
proteins by intracellular Salmonella (51). Both S. Cubana CFSAN002050 and S. Tennes-
see CFSAN001387 display differences in all three SseBCD proteins, with S. Tennessee
CFSANO001387 being least similar at the amino acid sequence level compared to S.
Typhimurium ST4/74. Salmonella serovar Tennessee CFSAN001387 was shown in this
study to survive within THP-1 macrophages significantly better than S. Typhimurium
ST4/74.

High levels of similarity to S. Typhimurium ST4/74 were observed for SPI-3 across the
isolates, with the exception of the complete loss or major differences in STM3752, SugR,
and RhuM, as reported previously (41). SPI-4 and its associated type | secretion system
(T1SS) have been implicated in adhesion, contributing to intestinal inflammation in animal
models (52, 53). S. Newport CFSAN003345 and S. Weltevreden CFSAN001415 exhibited low
levels of amino acid sequence similarity to S. Typhimurium ST4/74 with respect to SiiE,
which has been shown to be important for persistent infection in macrophages (54). SPI-5
encodes many SPI-1 and SPI-2 T3SS targeted effector proteins. Sequence variation was
observed for CopR, PipA, STM1089, and STM1093 in multiple isolates, with mutations in
PipA having previously been implicated in enteric salmonellosis (55).

DISCUSSION

Studies aimed at elucidating the host response to NTS serovars, including S. Enteritidis
and S. Typhimurium, have been largely facilitated by the availability of ex vivo cell culture
and in vivo murine infection models. This study focused on atypical serovars of this genus,
utilizing isolates cultured from foodborne outbreaks, the majority of which are frequently
listed in the top 20 serovars reported annually by the CDC as responsible for laboratory-
confirmed human cases of salmonellosis (https://www.cdc.gov/nationalsurveillance/
salmonella-surveillance.html).

April 2020 Volume 88 Issue 4 €00353-19

Infection and Immunity

jaiasm.org 10


https://www.cdc.gov/nationalsurveillance/salmonella-surveillance.html
https://www.cdc.gov/nationalsurveillance/salmonella-surveillance.html
https://iai.asm.org

Atypical Salmonella enterica Serovars in Murine and Human Infection Models

A number of in vitro experiments were performed that were designed to mimic the
immediate challenges faced by Salmonella enterica upon entering a human host
following the consumption of contaminated food sources, namely, tolerance to low pH
and to bile, which are encountered in the stomach and lower intestine, respectively.
Across the board for the panel of atypical Salmonella serovar isolates that were assayed,
minimal differences were observed in the ability to survive low pH, with significant
reductions in viable CFU recorded at 4 h (Fig. S1). In the context of an in vivo infection,
this represents sufficient acid tolerance in the majority of cases, as food will begin to
pass to the lower intestines, where the remaining Salmonella bacteria that have
survived will focus on outgrowing the host microbiota. With respect to bile tolerance,
the only significant difference that was observed among the study isolates was the
increased susceptibility to DOC of S. Weltevreden CFSAN001415 compared to that of
other isolates (Table S1). Salmonella serovar Weltevreden has begun to emerge as a
dominant foodborne pathogen with global distribution (28, 57). However, this bile
susceptibility, coupled with characteristically minimal antibiotic resistance characteris-
tics for this serovar, may explain the limited number of outbreaks observed compared
to those caused by more virulent S. Heidelberg isolates.

The ability of these atypical S. enterica serovar isolates to survive within macro-
phages was assayed using both murine 264.7 and human THP-1 cell line models of
infection. In the murine model of infection, the most notable difference observed for
bacterial viability was a 1-log,, reduction in CFU/ml for S. Weltevreden CFSAN001415
between 2 and 24 hpi (Fig. 1A). This was in contrast to results for S. Tennessee
CFSAN001387, which represented the largest increase in the number of viable inter-
nalized bacteria; these two isolates exhibited the extremes of variability among the
panel of isolates in this model of infection (Fig. TA). It was not possible to consistently
perform infections with a time course longer than 24 hpi for the RAW 264.7 cell line,
which limited the utility of this model to study long-term intracellular survival of
Salmonella isolates.

To remedy this limitation with a view to gaining a more relevant appreciation of any
potential phenotypic differences, further gentamicin protections assays were per-
formed using the human THP-1 differentiated macrophage cell line. In this ex vivo
model of infection, it was possible to extend the time course beyond 24 hpi to 168 hpi
(7 days postinfection), allowing for the viable intracellular CFU to be tracked closely for
both S. Typhimurium ST4/74 and S. Tennessee CFSAN001387 (Fig. 1C). The environ-
mental isolate S. Tennessee CFSAN001387 survived with the human THP-1 macro-
phages for up to 168 hpi, and an overall 1-log,, reduction in CFU relative to 2 hpi was
recorded. This was not the case for S. Typhimurium ST4/74, which could only be
recovered at decreased numbers for the 120 hpi time point and was no longer detected
following the lysis of viable THP-1 macrophages at 144 and 168 hpi, indicating that the
infection had been cleared in this closed system (Fig. 1D).

An aspect of the host response to infection that was further investigated as part of
this study was the release of proinflammatory cytokines and infection-relevant chemo-
kines from infected macrophages. When assaying these targets from infected murine
RAW 264.7 macrophages, statistically significant increased release of CCL2 and CCL3
chemokines along with several proinflammatory cytokine targets was observed follow-
ing infection with S. Typhimurium ST4/74 relative to uninfected macrophage controls,
congruent with existing literature. Of interest from this study was that similar increases
were observed to a much greater degree from both S. Tennessee CFSAN001387 and S.
Weltevreden CFSANO01415 compared with those observed in infection by the refer-
ence strain S. Typhimurium ST4/74 (Fig. 2 and Table S5).

Taking into consideration that a homolog for the important macrophage chemokine
CXCL8 is absent from the innate immune system of mice, further experiments were
performed to quantify the proinflammatory cytokine and infection-relevant chemokine
release from infected human THP-1 macrophages using supernatants from the cell
culture infections carried out in this study (Fig. 3). It was observed that a much broader
response to infection with the panel of atypical Salmonella enterica serovar isolates was
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mounted by the human macrophages, especially with respect to a number of proin-
flammatory cytokine targets (Fig. 4). Of note, S. Heidelberg CFSAN002063 stimulated
the release of the most targets, representing a statistically significant increase relative
to that in infection with S. Typhimurium ST4/74, especially at 4 and 8 hpi. This may
begin to explain the much larger number of foodborne outbreaks by this serovar that
result in hospitalizations compared with the other atypical serovars included in this
study, as well as the clinical manifestation, which is reported from these cases as being
a more violent illness rather than the gastroenteritis caused by other Salmonella
enterica serovars. Whereas other isolates from the atypical serovars included in this
study managed to fly under the radar of the host innate immune system, causing
minimal or no difference in proinflammatory cytokine or infection-relevant chemo-
kine release compared to that in uninfected macrophage controls or S. Typhimu-
rium ST4/74 infection, S. Weltevreden CFSAN001415 triggered a broader response
among infected human THP-1 macrophages. This led to a statistically significant
increase in the release of several proinflammatory cytokines, especially at later time
points in the infection course, such as 168 hpi. This is notable because S. Welte-
vreden CFSANO001415 exhibited the largest decrease in the number of viable
intracellular bacteria between 2 and 168 hpi (of the isolates that could still be
recovered) compared with S. Tennessee CFSAN001387, which exhibited the smallest
decrease in viable intracellular CFU, suggesting that a much greater immune
response is mounted against S. Weltevreden, leading to the infection being cleared
at a greater rate (Fig. 1B, 3, and 4).

One limitation of the experimental infections performed as part of this study was
that pure cultures of macrophage cell lines, both RAW 264.7 and THP-1, were used. It
would be prudent to include coculture infection models with multiple cell lines as
future work in this area, given that a number of chemokine signals were released from
the infected macrophages, which have been shown in previous literature to be
involved in recruiting other host cell types to the site of infection. This limitation may
also influence the results obtained for the proinflammatory cytokine and infection-
relevant chemokine data, as this closed cell culture system does not represent the true
turnover of these signal markers in an in vivo system. For longer incubation periods, to
limit the manipulation of the infected macrophages, this could lead to a local accu-
mulation of a given cytokine target beyond what is typically observed in an in vivo
infection.

A comparative analysis of the underlying genetic differences that may be harbored
by these isolates was performed following whole-genome sequencing. These analyses
focused on known virulence determinants of the Salmonella genus, namely, a panel of
SPIs. Both SPI-1 and SPI-2 harbor a T3SS, and several differences in these loci were
identified among the genomes of the atypical S. enterica serovar isolates compared
with the S. Typhimurium ST4/74 reference genome (Fig. 5A and B). In SPI-1, the
protease AvrA showed amino acid-level differences, with <90% sequence similarity
compared with S. Typhimurium ST4/74, which could explain why this isolate, along with
the reference strains S. Typhimurium 14028S and ST4/74, could not be recovered from
long-term infections in human THP-1 macrophages (Fig. 1C and 5A). A number of
isolates, which included S. Cubana CFSAN002050, S. Javiana CFSANO00905, S. enterica
serovar Montevideo CFSAN000264, S. Tennessee CFSAN001387, and S. Weltevreden
CFSANO001415, showed the greatest genetic diversity among the SseBCD proteins,
which encode a translocon facilitating the secretion of effector proteins by phagocy-
tosed Salmonella. These isolates were frequently among those that exhibited interest-
ing infection phenotypes by way of long-term survival and/or an increased response to
infection by the human macrophages, as determined by proinflammatory cytokine and
infection-relevant chemokine release. These loci and the observed phenotypes suggest
a number of hypotheses that would warrant further investigation as to their potential
relatedness.

These data allowed identification of a number of statistically significant phenotypic
differences, as well as of the underlying genetic diversity, among the isolates relative to
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the S. Typhimurium reference strains that could potentially explain their differing and
increased ability to survive within macrophage infection models or to cause an in-
creased innate immune response. These experiments have highlighted the potential
unsuitability of the widely used murine RAW 264.7 macrophage infection model to infer
human-relevant distinctions between isolates. We have shown that for NTS serovars,
differences in the inflammatory response of human macrophages can further differen-
tiate these microorganisms in a manner that was not possible with murine macro-
phages (Fig. 3). In the case of specific proinflammatory cytokines such as TNF, RAW
264.7 macrophages responded to infection with S. Typhimurium 14028S and ST4/74, S.
Tennessee CFSAN001387, and S. Weltevreden CFSAN001415, whereas THP-1 macro-
phages displayed a broader proinflammatory response to the range of serovars studied
(Fig. 4).

Furthermore, the reference strains S. Typhimurium 14028S and ST4/74 that are often
included in in vitro research emerged as the biological outliers in many respects with
regard to their infection phenotype (Fig. 1). It is possible that these “outlier” charac-
teristics explain why S. Typhimurium and S. Enteritidis are so successful at infecting
individuals and causing foodborne outbreaks, as together these serovars represent the
majority of NTS illnesses. It would be advantageous for Salmonella to not cause a
self-limiting illness in its host, as can be seen with commensal serovars of Salmonella
enterica found in poultry that do not necessarily lead to illness. In contrast with this
“under the radar” strategy, we saw many examples in this study where S. Heidelberg
CFSAN002063 induced such a flagrant proinflammatory response that the prospects for
a prolonged illness where the bacteria can engage in a long-term intracellular lifestyle
among host epithelial cells is limited. These can be seen from the clinical manifestations
of S. Heidelberg, which typically represent severe gastroenteritis over a shorter times-
pan than that caused by more “benign” serovars of Salmonella. Similarly, the advan-
tages of the biological “outlier” characteristics observed in S. Typhimurium can be seen
to a lesser extent in both S. Tennessee CFSAN001387 and S. Weltevreden CFSAN001415
when considering their infection profiles and associated host responses. Both isolates
could be recovered following long-term infection past the point that S. Typhimurium
14028S and ST4/74 were recoverable. In the case of S. Tennessee CFSAN001387, this
isolate represented the lowest decrease in the number of viable intracellular bacteria
between 2 and 168 hpi and induced a lesser proinflammatory cytokine and infection-
relevant chemokine response than that of S. Weltevreden CFSAN001415, which pre-
sented a much broader host immune response and exhibited the greatest decrease in
the number of viable intracellular bacteria between 2 and 168 hpi.

These data suggest more differences than previously acknowledged for S. enterica
serovars, with broad implications for public health. In agreement with this notion,
potential key differences were identified in established virulence determinants of
Salmonella, such as SPI gene content, which may begin to bridge the gap between the
observed phenotypes and the underlying genotypes following further study into these
generated hypotheses. Further work will be required to understand the full scope of
other potential targets within the genomes of these isolates, such as the accessory gene
content unique to individual strains, many of which are currently poorly characterized.

MATERIALS AND METHODS

Bacterial isolates and culture methods. All Salmonella isolates were stored at —80°C in lysogeny
broth (LB) broth (Sigma-Aldrich) supplemented with 15% (vol/vol) glycerol. Working cultures were
prepared by streaking isolates and restreaking individual colonies onto Mueller-Hinton (MH) agar
(Sigma-Aldrich). Individual colonies from restreaked isolates were used to inoculate 5ml MH broth
(Sigma-Aldrich) and grown overnight at 37°C with orbital shaking at 200 rpm. Overnight cultures were
then used in the subsequent experiments as detailed below.

Acid resistance. The ability to survive in a low-pH culture medium was assessed for isolates as
described previously (58). Briefly, bacterial cultures were individually grown overnight (18 h) without
shaking in 5 ml buffered MH broth (morpholineethanesulfonic acid [MES] hydrate, 2% [wt/vol], pH 5)
containing 0.4% (wt/vol) glucose at 37°C. A volume of 333 ul of overnight culture was centrifuged at
10,000 rpm for 10 min. The supernatant was removed, and the cell pellet was recovered and resuspended
in 2ml prewarmed, buffered MH broth (MES hydrate, 2% [wt/vol], pH 2.5) containing 0.4% (wt/vol)
glucose and incubated at 37°C in a 24-well plate. Time point measurements were taken at 0 h (before
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acidification), 1, 2, and 4 h postacidification. At each time point, 10 ul of the culture was diluted in
1,990 ul of maximum recovery diluent (MRD) medium (Oxoid) in a fresh 24-well plate and incubated for
30 min at room temperature to allow the bacteria to recover. Samples were then decimally diluted in
phosphate-buffered saline (PBS; Sigma-Aldrich), and 100-ul aliquots of these dilutions were plated
directly onto LB agar. Agar plates were incubated for 18 h at 37°C before enumeration of the CFU.

Motility assays. Swim and swarm motility were assessed for isolates as described previously (58).
Briefly, swim motility plates (MH broth containing 0.3% [wt/vol] agar) were stab inoculated. Swarm
motility plates (MH broth containing 0.6% [wt/vol] agar) were inoculated by spotting 1 ul of overnight
culture. Inoculated plates were then incubated at 21°C (ambient room temperature) for 8 and 24 h and
at 37°C for 8 h. The diameter of visible colony spread was measured in mm from three directions and the
average value recorded.

Tolerance to bile salts. The MIC and MBC values for sodium deoxycholate (DOC) and sodium cholate
was determined for isolates using the broth dilution method according to Clinical and Laboratory
Standard Institute (CLSI) guidelines adapted from the protocol as described previously (59).

Bacterial growth curves. The growth of isolates in LB broth was assessed using a Multiskan FC
microplate photometer (Thermo Fisher Scientific). Measurements were taken every 15 min over 24 h of
the optical density at 620 nm (ODg,,). The instrument was kept at 37°C with shaking during kinetic
intervals.

Preparation of bacterial inoculum for infection. The MIC and MBC for gentamicin (CN) were
determined for isolates using the broth dilution method according to CLSI guidelines. Isolates were
classified as susceptible or resistant according to the lower working concentration of 20 ug/ml used in
the gentamicin protection assays detailed below.

Inoculum stocks for each isolate were prepared by streaking and restreaking individual bacterial
isolates onto LB agar. Individual colonies from restreaked isolates were taken and used to inoculate 5 ml
LB broth before growth overnight at 37°C with orbital shaking at 200 rpm. Overnight cultures were
centrifuged at 5,500 relative centrifugal force (RCF) for 10 min. The supernatant was discarded, and the
bacterial cell pellet was resuspended in 5 ml PBS before centrifugation again at 5,500 RCF for 10 min.
Finally, the pellet was resuspended in 5ml of PBS solution (15% [vol/vol] glycerol) before aliquoting
(250 pl/microcentrifuge tube) and freezing at —80°C. Representative inoculum stocks for each isolate
were decimally diluted in PBS, and 100-ul aliquots of the dilutions were plated onto LB agar. Agar plates
were incubated for 18 h at 37°C before enumeration of CFU.

Ex vivo gentamicin protection assay. The ability to survive and proliferate following phagocytosis
by murine RAW 264.7 (Sigma-Aldrich) and human THP-1 (Sigma-Aldrich) macrophages was assessed for
gentamicin-susceptible isolates adapted from protocols described previously using S. Typhimurium
14028S and ST4/74 as reference strains (36, 60).

RAW 264.7 macrophages were grown in antibiotic-free Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma-Aldrich) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS; Sigma-
Aldrich) and incubated at 37°C in a humidified atmosphere with 5% CO,. THP-1 monocytes were grown
in antibiotic-free RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% (vol/vol) heat-inactivated
FBS and incubated at 37°C in a humidified atmosphere with 5% CO,. Cell viability was assessed using
trypan blue and a TC20 automated cell counter (Bio-Rad).

Cells were subcultured, and 1 ml was directly seeded into 24-well plates at a density of 1 X 10°
cells/ml per well. THP-1 monocytes were differentiated to adherent macrophages by supplementing
media with 20 ng/ml phorbol 12-myristate 13-acetate (PMA) for 5 days.

Prior to infection, inoculum stocks for each bacterial isolate to be assessed were diluted in complete
medium to 1 X 108 bacteria/ml for an MOI of 10:1 and incubated at 37°C for 1 h. Macrophages were
washed 3 times with 1 ml Hanks’ balanced salt solution (HBSS) before 1 ml of the bacterial suspension,
prepared as outlined above, was added to each well; 1 ml of complete medium was added to uninfected
control wells. These 24-well plates were centrifuged at 300 RCF for 5 min at room temperature (21°C)
before incubation at 37°C with 5% CO, for 1 h to allow for phagocytosis.

Following phagocytosis, the cells were washed 3 times with 1 ml HBSS. A volume of 1 ml complete
medium supplemented with 100 ng/ml gentamicin was added to each well before incubation at 37°C
with 5% CO, for 1 h to kill external bacteria. After 1 h, cells were washed 3 times with 1 ml HBSS. Another
volume of 1 ml of complete medium supplemented with 20 ng/ml gentamicin was then added to each
well before incubation at 37°C with 5% CO, until the desired time points.

Cultures were processed at each time point by washing the cells 3 times with 1 ml HBSS before 1 ml
1% (vol/vol) Triton X-100/PBS solution was added to the infected cells prior to incubation at room
temperature for 10 min. Lysed supernatants were decimally diluted in PBS, and 100-ul aliquots of the
dilutions were plated onto LB agar. Agar plates were incubated for 18 h at 37°C before enumeration of
the CFU.

Relative viability assay for RAW 264.7 and THP-1 macrophages by glucose-6-phosphate
dehydrogenase and lactate dehydrogenase. Relative viability of infected macrophages was deter-
mined by comparison to uninfected control cells using the Vybrant cytotoxicity assay kit (Life Technol-
ogies) and Pierce LDH cytotoxicity assay kit (Life Technologies) to measure extracellular glucose-6-
phosphate dehydrogenase (G6PD; EC 1.1.1.49) and lactate dehydrogenase (LDH; EC 1.1.1.27) activity in
cell culture supernatants according to manufacturer’s instructions. All samples and standards were
assayed in duplicate.

Cytokine quantification. A panel of proinflammatory cytokines and infection-relevant chemokines
were quantified from the supernatants of infected RAW 264.7 and THP-1 macrophages. For RAW 264.7
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supernatants, targets were quantified at 0 h (before infection) and at 1, 2, 4, 8, and 24 hpi. For THP-1
supernatants, targets were quantified at 0 h (before infection) and at 1, 2, 4, 8, 24, and 168 hpi.

RAW 264.7 cytokine/chemokine release was measured using a multiplex magnetic bead-based
kit (Life Technologies) and the 200 xMAP platform (Luminex). Similarly, THP-1 cytokine/chemokine
release was measured using an electrochemiluminescence-based V-PLEX kit (Meso Scale Discovery)
and the Sector Imager 2400 platform (Meso Scale Discovery). The measured levels of many targets
were below the range of detection in RAW 264.7 supernatant samples and for the purposes of this
study were recorded at the lower level of detection for the assay used when comparing to S.
Typhimurium ST4/74 infection or infected THP-1 macrophages. Assays were performed according to
the manufacturer’s protocol for cell culture supernatant samples. All samples and standards were
assayed in duplicate.

Bacterial whole-genome sequencing. Whole-genome sequencing was carried out as described
previously (61). Briefly, genomic DNA (gDNA) was purified from overnight cultures of bacterial isolates
grown in Trypticase soy broth (TSB; Becton, Dickinson) incubated at 37°C using the DNeasy blood and
tissue kit (Qiagen). Libraries were prepared using 1ng gDNA with the Nextera XT kit (lllumina) and
sequenced using the MiSeq platform (lllumina) with a v2 kit (2 X 250 bp).

For single-molecule real-time (SMRT) sequencing on the PacBio RS Il platform, libraries using 6 ug
gDNA were sheared to a size of 10kb using g-Tubes (Covaris Inc., Woburn, MA) according to the
manufacturer’s instructions. The SMRTbell 10-kb template libraries were constructed using a DNA
template prep kit 1.0 with the 10-kb insert library protocol (Pacific Biosciences, Menlo Park, CA) and
sequenced using P4-C2 chemistry on three SMRT cells with a 240-minute collection protocol along with
Stage Start.

Whole-genome assembly and annotation. For Illumina MiSeq data, Jellyfish (version 2.2.6) was
used to generate a k-mer spectrum before inspection of the quality of the reads using FastQC (version
0.11.5) (62, 63). Error correction was performed using BFC (version r181) (64). A relaxed sliding window
trim for an average Phred quality score of 10 was performed using Trimmomatic (version 0.36) before the
genomes were de novo assembled with SPAdes (version 3.9.0) using the default k-mer size selection and
the automatic coverage cutoff threshold (65, 66). The quality of the subsequent assemblies was assessed
using Bandage (version 0.8.0) and QUAST (version 4.3) (67, 68). Contigs were excluded from the assembly
if they were shorter than 200 bp.

Analysis of the PacBio data was implemented using SMRT Analysis version 2.3.0. The best de novo
assembly was established with the PacBio Hierarchical Genome Assembly Process (HGAP) version 3.0
program using the continuous long reads from the three SMRT cells. The assembly outputs from HGAP
produced circular contiguous sequences with overlapping regions at the end that can be identified using
dot plots in Gepard (version 1.40) (69). Genomes were checked manually for even sequencing coverage.
Afterwards the interim consensus sequence was used to determine the final consensus and accuracy
scores using the Quiver consensus algorithm (70).

All sequences and assemblies are publicly available, with accession numbers provided where
appropriate, and were submitted for annotation using the NCBI Prokaryotic Genome Automatic Anno-
tation Pipeline (PGAP) (71).

Sequence analysis. Salmonella pathogenicity island (SPI) gene content for isolates was compared to
that of S. Typhimurium ST4/74. Homologous amino acid sequences for each protein were identified and
generated using BLAST+ (version 2.4.0) and Biopython (version 1.68) (72-74). Amino acid sequence
similarity was assessed using a Needleman-Wunsch global alignment through the EMBOSS analysis
software (version 6.6.0) (75).

Pangenome analysis. To limit bias among different annotation tools for downstream analyses,
additional annotation of all isolates included in this study was performed using Prokka (version 1.11)
(76-83). Presence or absence of protein sequences from all strains was determined using the pangenome
pipeline Roary (version 3.6.6) (84-87) (see Fig. S9 in the supplemental material). Visualization of the
pangenome data was performed using Anvi‘o (version 2.0.2) (88, 89).

Statistics. The R statistical computing environment was used for all statistical analyses (90, 91).
Multiple comparisons for normally distributed data were performed by one-way analysis of variance
(ANOVA) where appropriate, and post hoc analysis of significance was assessed by Tukey’s range test.

Data availability. Accession numbers for raw sequencing data are in Table S6 in the supplemental
material. Whole-genome sequencing data have been deposited in the Sequence Read Archive (SRA).
Individual run accession numbers (SRR) for demultiplexed isolate data are listed in Table S6.
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