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SUMMARY The ability of pathogenic bacteria to affect higher organisms and cause
disease is one of the most dramatic properties of microorganisms. Some pathogens
can establish transient colonization only, but others are capable of infecting their
host for many years or even for a lifetime. Long-term infection is called persistence,
and this phenotype is fundamental for the biology of important human pathogens,
including Helicobacter pylori, Mycobacterium tuberculosis, and Salmonella enterica. Both
typhoidal and nontyphoidal serovars of the species Salmonella enterica can cause persis-

tent infection in humans; however, as these two Salmonella groups cause clinically Citation Gal-Mor O. 2019, Persistent infection
distinct diseases, the characteristics of their persistent infections in humans differ and long-term carriage of typhoidal and
Lo . . . hoidal salmonellae. Clin Microbiol Rev
ignificantly. Here, followin neral summary of Salmonell hogenicity, h nontyp

*'9 .ce? ty .e e,. ofiowing a genera Su. a y.o sa .O ella pathogenicity, host 32:200088-18. https:/doi.org/10.1128/CMR
specificity, epidemiology, and laboratory diagnosis, | review the current knowledge 00088-18.

about Salmonella persistence and discuss the relevant epidemiology of persistence Copyright © 2018 American Society for

(including carrier rate, duration of shedding, and host and pathogen risk factors), the itaresisleez Al gt essiesl
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as well as genetic and phenotypic changes acquired during prolonged infection Published 28 November 2018
within the host. Additionally, | highlight differences between the persistence of ty-
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phoidal and nontyphoidal Salmonella strains in humans and summarize the current
gaps and limitations in our understanding, diagnosis, and curing of persistent Salmo-
nella infections.

KEYWORDS Salmonella enterica, bacterial evolution, enteric pathogens, gene
regulation, host-pathogen interaction, immunopathogenesis, pathogenicity islands,
persistence, virulence

INTRODUCTION

embers of the genus Salmonella are Gram-negative gammaproteobacteria that

are facultative intracellular human and animal pathogens and members of the
family Enterobacteriaceae (1). Initially, the genus Salmonella was characterized by its
ability to utilize citrate as a sole carbon source and lysine as a source of nitrogen as well
as its ability to yield hydrogen sulfide; however, Salmonella taxonomy is notoriously
confusing and has been changed over the years. Currently, the genus Salmonella is
classified into two species only, S. bongori and S. enterica. S. bongori is more primordial
evolutionarily and was separated from an Escherichia coli common ancestor about 100
million to 160 million years ago (2, 3). The horizontal genetic acquisition of Salmonella
pathogenicity island 1 (SPI-1), which is required for the ability of all salmonellae to
invade host intestinal epithelial cells and induce apoptosis in macrophages (4-6), marks
an important stage of Salmonella speciation (7). A later independent horizontal acqui-
sition of SPI-2 by S. enterica subsequent to its speciation from S. bongori happened
between 40.0 million and 63.4 million years ago (2, 7, 8) and is important for intracel-
lular survival and the systemic phase of infection (9, 10).

The later species, S. enterica, is further classified into subspecies, which include
Salmonella enterica subsp. enterica (subsp. 1), Salmonella enterica subsp. salamae (subsp.
I1), Salmonella enterica subsp. arizonae (subsp. lla), Salmonella enterica subsp. diarizonae
(subsp. lllb) (11, 12), Salmonella enterica subsp. houtenae (subsp. IV), and Salmonella
enterica subsp. indica (subsp. V), while the currently defined separate species S. bongori
was originally designated subsp. V (13). Determination of Salmonella subspecies was
first based on phenotypic differences and biochemical traits, such as carbon source
utilization, but was later confirmed by DNA-DNA hybridization (14), multilocus enzyme
electrophoresis and sequence analysis of housekeeping genes (2, 15, 16), as well as
microarray analysis (17). Another S. enterica subspecies is known as subsp. VI, which
was identified by Boyd and colleagues (18) using multilocus enzyme electrophoresis
data. Nonetheless, this subspecies is not distinguished by a unique biochemical profile
as for the other S. enterica subspecies.

Salmonella isolates are subtyped by the Kauffmann-White scheme (see below for
more details) according to three groups of surface structures expressed on the bacterial
lipopolysaccharide (LPS), flagella, and capsular polysaccharide (19). As of 2010, 22
antigenically distinct “serovars” or “serotypes” belonging to S. bongori have been
identified, together with 2,659 different serovars of the species S. enterica, of which
1,586 serovars belong to S. enterica subsp. | (20). Interestingly, most infections of
humans and warm-blooded animals are caused by S. enterica subsp. | serovars, while S.
bongori and other S. enterica subspecies are normally associated with infections of
cold-blooded animals, including reptiles and amphibians, and only occasionally infect
human hosts (Fig. 1). In fact, about 99% of all human Salmonella infections are caused
by S. enterica subsp. | serovars (21).

From a clinical point of view, different serovars belonging to S. enterica subsp. | can
be classified according to their host specificity and the disease that they cause in their
hosts. Most of the Salmonella enterica subsp. | serovars elicit localized self-limiting
inflammation of the terminal ileum and colon, which is known as gastroenteritis, in
healthy humans (22). These nontyphoidal Salmonella (NTS) serovars are also recognized
as “generalists” due to their ability to colonize and infect a broad range of animal
species that serve as their environmental reservoir. Often, animal infections by gener-
alist NTS are asymptomatic; however, some of these NTS serovars could cause symp-
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FIG 1 The evolutionary history and phylogenetic and host specificities of Salmonella. The currently accepted nomenclature
divides the bacterial genus Salmonella into two species, S. bongori, which was separated from an E. coli common ancestor
about 100 million to 160 million years ago, and S. enterica, which evolved from S. bongori between 40.0 million and 63.4 million
years ago. Both speciation events were facilitated by the horizontal acquisitions of Salmonella pathogenicity island 1 (SPI-1)
and SPI-2, respectively. The species S. enterica is further classified into 7 subspecies, including Salmonella enterica subsp.
enterica (subsp. 1), Salmonella enterica subsp. salamae (subsp. ll), Salmonella enterica subsp. arizonae (subsp. llla), Salmonella
enterica subsp. diarizonae (subsp. lllb), Salmonella enterica subsp. houtenae (subsp. IV), Salmonella enterica subsp. indica (subsp.
V1), and Salmonella enterica subsp. VII. S. enterica subsp. | contains 1,586 distinct serovars, many of which are associated with
infections of human and warm-blooded animals (shown in red boxes). S. bongori and other S. enterica subspecies are
frequently associated with infections of cold-blooded animals (shown in blue boxes). Examples of generalist serovars (S.
Typhimurium, S. Enteritidis, and S. Infantis), which are capable of infecting a broad range of hosts, and specialist serovars (S.
Typhimurium DT2, S. Gallinarum, S. Dublin, and S. Choleraesuis), which are host specific, are also indicated. Salmonella serovars
Typhi, Paratyphi, and Sendai are all human-specific serovars and the causative agents of enteric fever.

tomatic disease, which is dependent on the infecting serovar and the species, genetic
background, and immune status of the host. For example, S. enterica subsp. enterica
serovar Typhimurium (S. Typhimurium) can cause acute enteritis in pigs and cattle yet
causes systemic disease in susceptible mice and colonizes the intestines of adult
poultry asymptomatically (23-25).

A small subset of serovars known as “specialists” are capable of infecting and
colonizing only a very narrow range of hosts. For example, S. Typhi, S. Paratyphi A, S.
Paratyphi B, S. Paratyphi C, and S. Sendai, collectively known as typhoidal serovars, can
infect only humans and higher primates. Human infection with these typhoidal sero-
vars, which have developed in four phylogenetically independent clonal lineages (26),
results in a severe and potentially fatal disseminated septicemic infection called ty-
phoid or enteric fever rather than gastroenteritis (27). Other specialist serovars are
associated with systemic illnesses in other animal species. For instance, S. Gallinarum
and S. Pullorum, which cause fowl typhoid and septicemic disease in young birds
(pullorum disease), respectively, exhibit host specificity for poultry and aquatic birds
and are rarely associated with disease in mammalian hosts (28). Similarly, S. Typhimu-
rium phage type DT2 is frequently linked to septicemic infections in pigeons (29), and
S. Abortusovis causes septicemia and abortions in sheep. The third group of serovars
includes host-adapted serovars that are normally associated with a specific animal host,
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but occasional infections of humans may lead to an invasive septicemic disease similar
to bacteremia that develops following infections by typhoidal serovars (30, 31). Exam-
ples of such serovars are S. Choleraesuis, which causes disease in swine (32), and S.
Dublin, which accounts for high rates of mortality in young calves and causes fever,
reduced milk production, diarrhea, abortion, and sometimes death in adult cattle (33).
Salmonella phylogenetic and host specificities are summarized and illustrated in Fig. 1.

GLOBAL EPIDEMIOLOGY OF S. ENTERICA

The pathogen S. enterica is still a major cause of considerable burdens in both
developing and developed countries. The estimated annual prevalence of enteric fever
caused by all typhoidal serovars is over 27 million cases, resulting in more than 200,000
deaths worldwide (34). Enteric fever is generally endemic in developing countries in
areas that lack adequate sanitation and have a shortage of clean water, enabling
the spread of typhoidal salmonellae via the fecal-oral route. In the last years, the
occurrence of S. Paratyphi A infections is increasing, and in some counties, partic-
ularly those in Southeast Asia, this serovar is responsible for up to half of all enteric
fever cases (35, 36).

NTS salmonellosis results from infection by a wide range of zoonotic serovars and is
mainly (although not exclusively) transmitted by ingestion of contaminated food. While
typhoidal Salmonella infections affect primarily developing countries, NTS infections are
common in the developing as well as in the developed worlds, with an annual
estimated global burden of gastroenteritis due to Salmonella infection of 78.7 million
cases. Each year, 59,000 people die from NTS infections, most of them in developing
countries (37). In the United States alone, Salmonella accounts for about 1.4 million
human infections each year, leading to 116,000 hospitalizations and 600 deaths (38),
and the economic burden in the United States due to salmonellosis is estimated to be
US$3.66 billion per annum (39). In 2016, the incidences of culture-confirmed salmonel-
losis were 14.51 and 20.4 cases per 100,000 population in the United States and the
European Union, respectively. The top five most prevalent serovars in human illnesses
acquired in the United States during 2016 were, in decreasing order, S. Enteritidis, S.
Newport, S. Typhimurium, S. Javiana, and monophasic S. Typhimurium (S. 4,[5],12:i:—)
(40), and those in the European Union were S. Enteritidis, S. Typhimurium, monophasic
S. Typhimurium, S. Infantis, and S. Derby (41).

Most NTS infections in humans elicit self-limiting gastroenteritis, which is confined
to the terminal ileum and colon; however, more-serious complications, such as bacte-
remia, may result in about 5% of individuals infected with NTS (42). Invasive NTS can
further develop to focal infection, such as meningitis, and bone and joint infections.
Interestingly, several NTS, including S. Choleraesuis, S. Dublin, and 9,12:|,v:—, are more
likely to cause bacteremia than others (31, 43, 44), and recent reports showed substan-
tial differences in disease manifestations between different serovars (31, 45, 46). In
sub-Saharan Africa, invasive salmonellosis and bloodstream infections in both children
and adults are predominantly caused by S. Typhimurium sequence type 313 (ST313)
(47, 48), indicating various potentials of different NTS and strains to cause invasive
salmonellosis in humans. Besides serovar-dependent factors, extraintestinal salmo-
nellosis is also more likely to develop in risk groups such as immunocompromised
individuals, infants, the elderly, or patients with underlying conditions (31, 49).

The role of food-producing animals as a reservoir of NTS infections in humans has
been demonstrated repeatedly. For example, the clonal spread of a multidrug-resistant
(MDR) S. Infantis strain that has been observed in Israel since 2007 first emerged in the
poultry sector before it disseminated to humans (50). Similarly, the pandemic of S.
Enteritidis infections in the United Kingdom, which lasted over two decades, was linked
to poultry meat and eggs (25). In addition to consumption of contaminated food
products such as poultry, beef, pork, eggs, milk, seafood, and fresh produce, NTS
transmission can occur by person-to-person contact or by contact with pets such as
dogs, cats, rodents, reptiles, and amphibians (42, 51-53).
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CLINICAL SYMPTOMS AND COURSE OF TYPHOIDAL AND NONTYPHOIDAL
SALMONELLA INFECTIONS

As mentioned above, human infections with typhoidal or nontyphoidal serovars
result in very different diseases. Infection with NTS typically presents as acute gastro-
enteritis, which appears 4 to 72 h after infection. Symptoms include fever, chills, nausea,
vomiting, abdominal cramping, and diarrhea. In healthy individuals, NTS salmonellosis
is usually a self-limited disease that lasts 3 to 7 days without the need for medical
intervention (24, 54, 55). However, after convalescence, a small subset of patients may
develop chronic sequelae such as reactive arthritis or irritable bowel syndrome (56).
Moreover, in susceptible patients, NTS infection might spread systemically to other sites
in the body and cause febrile illness. Although this occurs more frequently in immu-
nocompromised patients, systemic dissemination of nontyphoidal Salmonella strains
can happen in otherwise healthy humans as well (57).

Contrary to NTS infections, typhoidal serovars elicit noninflammatory invasive dis-
ease resulting in transient primary bacteremia that may lack gastrointestinal symptoms
(58). Typhoid and paratyphoid fevers cannot be distinguished clinically, and both
become symptomatic usually 8 to 14 days after infection, although the incubation time
can vary greatly from 4 to 33 days, depending on the infectious dose (59, 60). Clinical
symptoms may last for up to 3 weeks, and fever (>39°C) is the most frequently
observed symptom characterizing enteric fever. Additional frequently seen symptoms
include headache, malaise, chills, anorexia, weight loss, abdominal pain, cough, and
rose spots on the chest. About 50% of patients develop gastroenteritis symptoms,
which include diarrhea, nausea, or vomiting, and about 25% of enteric fever patients
experience constipation. Occasionally, S. Typhi and S. Paratyphi infections may also
result in other infrequent clinical complications such as meningitis, septic arthritis, and
osteomyelitis (58, 61, 62).

Salmonella infection occurs through the fecal-oral route. Following the consumption
of food or beverage contaminated with the bacteria, both typhoidal and NTS salmo-
nellae attach to and invade the intestinal epithelium of the distal ileum (63). Salmonella
transport through the intestinal barrier occurs primarily via the specialized microfold
(M) cells found in the lymphoid structures known as Peyer’s patches (64) or by active
invasion of nonphagocytic cells, mediated by the “trigger” mechanism (65). Active host
cell invasion by Salmonella requires the function of the evolutionarily conserved type
Il secretion system (T3SS) encoded on SPI-1 and a large collection of injected effectors,
which are directly translocated into the host cell cytoplasm, facilitating cytoskeletal
rearrangements and disconnection of epithelial cell junctions (66-68). Active invasion
of NTS in the underlying lamina propria and expression of pathogen-associated mo-
lecular patterns (PAMPs) elicit in immunocompetent individuals a strong Th1 immune
response and the recruitment of a variety of bone marrow-derived phagocytes in an
interleukin-8 (IL-8)-dependent manner. This leads to phagocytosis of invading Salmo-
nella bacteria by neutrophils and macrophages and further recruitment of T and B cells.
Neutrophil recruitment, the generation of reactive nitrogen and oxygen species, anti-
microbial peptides, and the bactericidal activity of the phagocytes effectively limit the
dissemination of NTS to systemic sites and confine the infection to the lamina propria
of the terminal ileum and colon (69-71). Therefore, in immunocompetent patients,
most gastroenteritis cases caused by NTS are self-limiting and do not proceed beyond
the mucosa of the gastrointestinal tract.

In contrast, invasion of the intestinal mucosa by host-adapted typhoidal serovars
does not trigger a mucosal inflammatory response and often does not induce diarrheal
disease (72-74). The basically noninflammatory nature of enteric fever is associated
with marginal transmigration of neutrophils across the intestinal epithelium, as op-
posed to massive neutrophil recruitment during gastroenteritis caused by NTS (75).
Recent studies were able to demonstrate how differences in the regulation and
expression of SPI-1 and flagellum regulons in S. Typhi (60, 76-78) and S. Paratyphi A
(79-81) contribute to the noninflammatory response characterizing typhoidal infection
in comparison to the inflammatory-disease-causing NTS.
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FIG 2 The course of Salmonella infection. Disease caused by Salmonella occurs after ingestion of food or beverage contaminated with
the bacterium (1). After gaining access to the gut lumen, Salmonella bacteria can cross the apical pole of the epithelial barrier either
by a passive mechanism facilitated by dendritic cells that emit pseudopods between epithelial cells (2) or by invasion through the M
cells of Payer’s patches in the ileal portion of the small intestine (3). Active crossing of epithelial cells occurs as well and requires the
delivery of distinct effector proteins injected directly into host cells using a type Ill secretion system that is encoded by SPI-1, which
also triggers gut inflammation. In immunocompetent individuals, the induced inflammation limits the dissemination of NTS to
underlying tissues and systemic sites. However, invasive NTS in immunodeficient patients or typhoidal salmonellae are capable of
evading the immune system, enter subepithelial phagocytic cells such as macrophages, and survive within them. Phagocytic cells can
then transport Salmonella bacteria via the lymphatic system and disseminate the bacteria systemically (mainly to the liver, spleen, and
lymph nodes). Within the intracellular environment, Salmonella bacteria establish a specialized vacuole known as the Salmonella-
containing vacuole (SCV), which supports bacterial survival and replication (4 and 5). This stage requires the expression of SPI-2 genes,
which encode a second type lIl secretory system that allows injection of a different set of effectors from the SCV into the host cell
cytoplasm. The presence of Salmonella bacteria within the cells may lead to cytokine secretion, triggering inflammation and/or
programmed cell death (apoptosis) (6). Salmonella bacteria may also reseed into the gut by basolateral invasion (7 and 8), excretion
into the feces, and bacterial shedding. (Originally posted on http://galmor-lab.com/salmonella/.)

After crossing the intestinal mucosa via M cells, typhoidal salmonellae cause an
initially clinically undetectable infection and transient primary bacteremia in which
pathogens gain access to underlying lymphoid tissues and the bloodstream. At this
stage, typhoidal serovars reside and multiply within mononuclear phagocytes, spread
to the draining mesenteric lymph nodes (MLNs), and from there disseminate to
systemic tissues (82, 83). Following dissemination to systemic sites, salmonellae can
survive and multiply in phagocytes and epithelial cells of the liver, spleen, bone
marrow, and gallbladder (84-87). This intracellular growth requires a second T3SS
encoded by SPI-2 and a separate array of effector proteins translocated into host cells
(10, 88). Within host cells, salmonellae can then establish and maintain an intracellular
replicative niche called the Salmonella-containing vacuole (SCV). From systemic sites,
Salmonella can reseed the intestinal lumen, often through the bile ducts, and be shed
in the feces to the environment, ready to infect a new host. Figure 2 illustrates the
infection process of Salmonella.

LABORATORY DIAGNOSIS OF SALMONELLA INFECTIONS
Salmonella Diagnosis by Bacteriological Culture

Clinical symptoms associated with acute gastroenteritis caused by NTS infections are
often indistinguishable from those caused by other enteric bacterial pathogens, and
the gold standard for Salmonella diagnosis still requires isolation of the pathogen from
stool samples. In cases of invasive NTS infections that involve systemic dissemination,
the pathogen may also be isolated from the blood, lymph nodes, bone marrow, and
other systemic sites. Similarly, conclusive diagnosis of enteric fever requires the isola-
tion of typhoidal serovars from either the blood, bone marrow, urine, other sterile sites,
or stool. In suspected cases of enteric fever, blood and bone marrow should be sampled
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MacConkey HE Brilliant Green

FIG 3 Selective media for Salmonella diagnosis. E. coli strain R 27, S. Typhimurium SL1344 (STM), S. Typhi CT18 (STY),
and S. Paratyphi A 45157 (SPA) were plated on selective media, including MacConkey agar (catalog number
PD-032), Hektoen enteric (HE) agar (catalog number AGR-10407), XLD agar (catalog number PD-104), salmonella-
shigella (SS) agar (catalog number PD-046), brilliant green agar (catalog number PD-104), and CHROMagar
Salmonella plus (catalog number PD-409). All plates were obtained from Hy Laboratories Ltd. Plates were incubated
at 37°C for 18 to 24 h and imaged using a Pentax K5 camera. Note that S. Typhi and S. Paratyphi A do not create
black colonies on HE and SS agar due to low-level production (S. Typhi) or no production (S. Paratyphi A) of H.S.

in the first week of fever, and stool and urine should be sampled in the following weeks.
Since typhoidal salmonellae are present in small quantities in patient blood (<15
organisms/ml), the sensitivity of blood cultures is only 40% to 80% (89, 90), and taking
more than one blood specimen is recommended.

Different bacteriological media containing lactose and a pH indicator, such as
MacConkey agar, have been traditionally used for differentiation of the lactose-
nonfermenting salmonellae from other enteric pathogens such as Escherichia coli.
However, since other enteric pathogens such as Proteus spp. and Shigella spp. do not
ferment lactose as well, inoculation of stool specimens onto additional selective and
differential media is needed. Hektoen enteric (HE) and xylose-lysine-deoxycholate (XLD)
agars are considered selective, and both agars can detect hydrogen sulfide (H,S)
production (appears as black colonies) (Fig. 3), which is typical of most NTS. Additional
highly selective/differential agar media, including salmonella-shigella (SS), bismuth
sulfite, or brilliant green agar, may also be used. Nonetheless, since the latter media
sometimes inhibit the growth of some Salmonella species strains, it is recommended
that these media be used in combination with a less selective enteric agar medium,
such as MacConkey agar or eosin methylene blue (91).

Over the last 20 years, a range of chromogenic media for detection of Salmonella
spp. in stool samples has been developed. These media utilize enzyme substrates that
create a colored product following hydrolysis, hence resulting in colored colonies that
can be easily recognized against the background of the commensal gut flora. For
example, CHROMagar Salmonella is used for the isolation and differentiation of Salmo-
nella spp., which appear lilac on this medium, from other pathogens, which appear
blue, colorless, or inhibited on this medium (Fig. 3). The superior performance of
chromogenic media has been demonstrated in several studies that reported better
sensitivity and specificity over traditional selective/differential media used for Salmo-
nella isolation and detection (92-94).
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Putative Salmonella cultures that are lactose nonfermenters and/or H,S producers,
isolated on selective plates, are often subjected to a secondary screening test involving
subculturing of the suspicious Salmonella colonies onto triple-sugar iron (TSI) agar,
lysine iron agar (LIA), or Hy-Enterotest system tubes containing special culture medium
that permits the identification of Enterobacteriaceae. This second screen may be un-
necessary if a chromogenic medium is used as part of the initial culturing setup. Isolates
that yield reactions characteristic of Salmonella spp. on TSI agar and/or LIA are further
confirmed to the genus level using either a manual identification tool, such as the API
20E system, or an automated bacterial identification system, such as Vitek2, Phoenix,
MicroScan, or matrix-assisted laser desorption ionization-time of flight mass spectrom-
etry (MALDI-TOF MS) (see below) (91).

Identification of Salmonella spp. to the genus level when isolated from stool is
usually sufficient, and clinical laboratories are normally asked to submit these isolates
to a central public health reference laboratory for serovar typing. However, it is highly
recommended that the possibility of typhoidal infection be excluded, given the clinical
significance of these pathogens. To this end, S. Typhi can be discriminated from other
serovars by the typical weak H,S production seen on a TSI slant and a negative
ornithine decarboxylase reaction. Similarly, S. Paratyphi A is characterized by negative
H.,S (Fig. 3), lysine, and citrate reactions (91).

Salmonella Serotyping

Following the identification of S. enterica to the species level, further typing of the
isolated serovar is desired. Salmonella typing to the serovar level is usually carried out
at central reference laboratories. Since S. enterica is a highly diverse pathogen, and
more than 2,600 serovars have been characterized so far, Salmonella typing to the
serovar level is very useful for surveillance, epidemiological studies, and outbreak
investigations. For many decades, Salmonella subtyping has been routinely conducted
by serotyping, according to the White-Kauffmann-Le Minor scheme (95). In this
method, surface antigens are identified based on agglutination reactions with specific
antisera. According to this traditional serotyping scheme, a serovar is defined based on
the expression of somatic (O) and flagellar (H) antigens. A third group is a capsular
antigen (Vi) that is expressed by only a few S. enterica serovars, including S. Typhi and
S. Dublin (96). The somatic antigens are presented on the lipopolysaccharide (LPS)
envelope and are used to divide all S. enterica serovars into 46 serogroups (97) that,
together with 114 distinct flagellar antigens, define more than 2,600 different serovars
(20).

The expression of flagellar antigens, encoded by the fIiC and f]jB genes, occurs at two
stages, known as phase | (H1 antigens) and phase Il (H2 antigens). Expression of H1 and
H2 flagellar antigens is controlled by a phase variation mechanism (98-100), and
serovars that express two flagellin types are defined as diphasic, while those with only
one phase of flagellar antigens are called monophasic. Reporting of a Salmonella
serovar is conducted according to a conventional formula that comprises a sequential
list of the antigens O, H1, and H2 separated by colons. In cases where the Vi antigen is
present, it is indicated in brackets following the listing of the O antigens. S. enterica
serovar Typhi, for example, is reported as “9,12,[Vil:d:—,” where its O antigens are “9”
and “12,” the capsular antigen is “Vi,” “d” is the phase 1 H1 antigen, and the minus sign
indicates that since S. Typhi is monophasic, it does not express H2 antigens. S. enterica
serovar Heidelberg, which expresses the O antigens “1,” “4”, “12,” and sometimes “5";
the H1 antigen “r”; and the H2 antigens “1” and “2,” is reported as “1,4,[5],12:r:1,2."

Despite this method being considered the gold standard of Salmonella serotyping,
it is labor-intensive and time-consuming (typing of a single isolate requires a minimum
of 3 days) and fails to provide any information regarding the phyletic relationships and
population structures between same-serovar isolates. Thus, several molecular methods
to classify Salmonella serovars were developed to complement traditional serotyping.
Such molecular typing approaches include pulsed-field gel electrophoresis (PFGE) (101,
102); multilocus sequence typing (MLST), which is based on variation in the sequences
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of seven housekeeping gene fragments (103, 104); ribotyping (105); clustered regularly
interspaced short palindromic repeat (CRISPR) typing (106, 107); as well as other
molecular methods. Since several comprehensive reviews about molecular Salmonella
typing approaches have been published in the last few years (108-111), and because
more-modern next-generation sequencing methods are now emerging (see below),
which are expected to replace these techniques in the near future, | do not further
discuss these techniques here.

Serological Diagnosis of Enteric Fever

Serodiagnosis of typhoid fever has been performed for more than a century using
the Widal tube agglutination test. In this procedure, killed Salmonella serovar Typhi and
Paratyphi A bacteria are detected with serum that measures agglutinating antibodies
to the LPS (O) and flagellar (H) antigens. The efficacy of the Widal test is controversial,
as it is considerably limited by poor sensitivity and by cross-reactivity with other
Salmonella serovars, resulting in a low predictive value for typhoid fever (112, 113).
Furthermore, infections with non-Salmonella pathogens, including malaria, dengue,
and brucellosis, were also shown to lead to cross-reactivity in regions where enteric
fever is endemic (113). In spite of these flaws, due to its low cost and simplicity, the
Widal test is still commonly used as a diagnostic test in regions that lack advanced
laboratory infrastructure (114).

Other currently commercially available enteric fever point-of-care diagnostic tests
include Typhidot and Typhidot-M, which test IgM and/or IgG antibodies against a
50-kDa outer membrane protein antigen in a dot blot enzyme-linked immunosorbent
assay (ELISA) format, and Tubex, which measures antibodies against S. Typhi LPS
antigen by quantifying interference of binding between 09 monoclonal antibodies and
LPS-coupled magnetic particles (115, 116). Several other enteric fever rapid diagnostic
tests were recently reviewed (117) and are not discussed further. Overall, the diagnostic
accuracy for enteric fever using the currently available enteric fever rapid diagnostic
tests was evaluated by a meta-analysis to have only moderate sensitivity (69 to 85%)
and specificity (79 to 90%), and the authors of that study concluded that the moderate
sensitivity and specificity of these tests do not justify their replacement of blood culture
for enteric fever diagnosis and that there is an urgent need to develop rapid diagnostic
tests for typhoid fever with better performance (116, 117). Thus, laboratory diagnosis of
typhoid fever is still dependent mostly on the detection of bacteria in the blood by PCR
(see below) or culture, despite its limited sensitivity.

PCR-Based Molecular Methods for Salmonella Detection

Microbiological culture has excellent specificity; however, this approach has lower
sensitivity and often requires 24 to 72 h of incubation for result interpretation. Hence,
molecular approaches for Salmonella identification characterized by high sensitivity
and a short turnaround time have been developed. PCR-based assays have been
clinically validated for diagnosis of gastrointestinal NTS infection (118), invasive NTS
infection (119), and typhoidal Salmonella infection in the blood of patients with enteric
fever (reviewed in reference 120) and are increasingly being used for diagnosis of
Salmonella infections. Lin and associates successfully demonstrated the feasibility of a
bacterial enrichment culture-based real-time PCR for detection and screening of NTS
infection in children presenting with diarrhea. Enrichment culture-based real-time PCR
reached 85.4% sensitivity and 98.1% specificity, in comparison to 53.7% sensitivity and
100% specificity for detection with routine bacterial culture methods (118). Tennant et
al. have shown that PCR based on the O and H antigen-encoding genes was 100%
sensitive and specific in identifying S. Typhimurium and other serovars using purified
isolate DNA as a template, demonstrating that a PCR-based method could support
surveillance of invasive disease caused by NTS (119). Although the sensitivity of PCR for
the detection S. Typhi and S. Paratyphi in blood samples is variable (120), several studies
have reported a sensitivity of over 90% in PCR assays used to detect typhoidal
salmonellae in blood culture, even without an enrichment step (121-124). Similarly,
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100% sensitivity was reported for bone marrow samples that tested positive for
Salmonella (125), and successful results (95.4% sensitivity) have also been reported for
the efficacy of nested PCR targeting the flagellin gene (fliC) to detect S. Typhi in urine
(126) and blood (127) samples. Other useful Salmonella-specific genes that were used
for Salmonella detection in clinical samples include the S. Typhi Vi capsular gene viaB
(128), hilA (a regulatory gene controlling the expression of SPI-1 genes) (129), the
tetrathionate genes ttrC-ttrA (130, 131), the 23S rRNA gene (132), and the CS54
island-borne gene ratA (133).

Recently, a few PCR-based multiplex detection panels have been marketed. These
platforms allow direct identification of gastrointestinal pathogens, including Salmo-
nella, in clinical stool specimens and include the bioMérieux Biofire Filmarray system
(134), the BD Max system (135), the Savyon Diagnostics gastrointestinal infection panel
(GIP) (136), the Luminex xTAG system (136), and Allplex gastrointestinal panel assays
(137). These panels allow markedly improved turnaround times compared with culture-
based methods; however, Salmonella culturing is still required for serovar classification
and susceptibility testing. Since the experience with these newly developed panels is
still rather limited, confirmatory testing prior to reporting of Salmonella infection with
these kits is still recommended. In addition, a significant level of experience and a
sufficient volume of tests should be accumulated before considering the replacement
of traditional Salmonella identification methods with a single molecular/commercial
test.

Salmonella Diagnosis by MALDI-TOF MS

Recently, MALDI-TOF MS arose as a rapid and robust method for microbial identi-
fication and diagnosis. The usage of mass spectrometry for identification and typing of
bacteria was recently reviewed (138, 139), and therefore, it is only briefly summarized
here. MALDI-TOF MS-based instruments allow identification of pathogens by ionizing
extracted molecules of whole bacterial cultures without a specific protease digestion
step (in contrast to liquid chromatography-tandem mass spectrometry [LC-MS/MS]).
The bacterial culture is normally treated with a strong solvent, such as formic acid or
acetonitrile, and extracted molecules (mainly ribosomal proteins) are analyzed on a
MALDI platform for mass spectrometry detection. Laser energy that is being shot on the
extracted proteins generates ions that travel through a flight tube within a specific
time, which is dependent on their mass-to-charge ratio (m/z) (140). Signals (resulting in
mass spectral peaks) from mass spectrometry analysis are next compared against a
manufacturer-provided database (spectrum library) containing mass spectrometry pat-
terns of designated bacteria that create a unique proteomic fingerprint of well-
characterized reference strains. The Clinical and Laboratory Standards Institute (CLSI)
recently reported microbiology guideline methods for the identification of cultured
microorganisms using MALDI-TOF MS (guideline M58) (141), and commercial MALDI-
TOF MS performs well for the identification of salmonellae to the genus level. Both the
Bruker Biotyper and bioMérieux Vitek MS systems are MALDI-TOF MS systems that were
FDA approved for in vitro Salmonella identification. Nonetheless, the currently available
systems and databases cannot identify Salmonella to the serovar level (142), and the
bioMérieux Vitex MS system presents a manufacturer’s recommendation for confirma-
tory testing when Salmonella identification is made. Because of the short time to
results, comfort of operation, and cost-effectiveness associated with MALDI-TOF iden-
tification, many laboratories have begun to apply MALDI-TOF MS analysis, rather than
performing additional screening tests (e.g., TSl agar and/or LIA), and MALDI-TOF MS can
be performed on colonies picked directly from the selective media (e.g., XLD, SS, and
HE media) according to the FDA-approved package insert (143, 144). With the increas-
ing popularity of MALDI-TOF MS-based approaches, improved detectability, and more
user-friendly instrumentation and software, MS will surely become more dominant in
Salmonella identification and typing in the not-far future.
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Salmonella Typing Using Next-Generation Sequencing

In recent years, significant improvements in DNA and genome sequencing technol-
ogies, sharp decreases in sequencing costs, and the development of tools and bioin-
formatics pipelines for sequence assembly and comparative genomics analyses have
made whole-genome sequencing (WGS) of bacterial genomes an affordable and ad-
vantageous approach for Salmonella typing. Noticeably, this approach offers the high-
est genomic resolution possible and discriminatory power for even highly genetically
close strains, which is lacking in conventional subtyping methods. In the last 5 years or
so, the number of sequenced Salmonella genomes has been growing exponentially,
largely due to the implementation of high-throughput genomic sequencing by the FDA
(145), PulseNet International (146), the Wellcome Trust Sanger Centre (147), and Public
Health England (148). As a result, WGS-based analysis is becoming the method of
choice by public health laboratories for bacterial pathogen characterization and sub-
typing for epidemiological studies. This approach is also very useful in studying cases
of persistent and recurrent infections (149-154).

The currently used sequencing platforms typically generate millions of short se-
quences of 100 to 600 bp, known as “reads,” for a single bacterial genome. The
obtained reads can then be further connected (assembled) into longer sequences
known as “contigs” and are annotated using various assembler algorithms and tools,
such as Velvet (155), SPAdes (156), or SOAPdenovo2 (157). More and more assembled
Salmonella genomes are being deposited in the public domains, and the number of
Salmonella genomes that have been deposited as short-read sets currently exceeds
110,000 (158).

One frequently used approach for exploiting WGS data is the identification of single
nucleotide polymorphisms (SNPs) that diverge between even closely related isolates.
SNP analysis utilizes nucleotide changes at specific positions in the bacterial genome to
discriminate between strains. Often, SNPs (particularly those that are synonymous) are
stable in the bacterial genome and therefore can be used to reveal the evolutionary
history of a specific bacterium, distinguish between isolates, and trace outbreaks. These
are analyzed by comparing the sequence data from isolates of interest against a
reference genome, while nucleotides that vary within the data set are identified in a
process known as “SNP calling.” This approach was successfully applied for studying
phylogenetic relationships and disease outbreak investigations (159-161). SNP analyses
were also used to determine the phylogenetic relationship between longitudinal
isolates from patients who were persistently infected with S. Typhimurium (154).
Nevertheless, differences in assembly pipelines and references genomes used can pose
difficulties in the standardization of SNP-based analyses across laboratories.

Alternative WGS-based approaches are whole-genome multilocus sequence typing
(wgMLST) and core genome multilocus sequence typing (cgMLST), which are basically
an extended concept of the traditional MLST method (162) allowing genome-wide
gene-by-gene comparisons between isolates of interest. While wgMLST uses the entire
genome and requires the assembly of a pangenome allele database that contains
genes present in all isolates, cgMLST schemes balance between the number of analyzed
loci and the highest possible resolution by including common loci harbored by the
majority of isolates (usually 95% to 99% of all genes present across the studied
population). An important strength of this approach is that both wgMLST and
cgMLST schemes are shared among laboratories using online databases and pipe-
lines, such as EnteroBase (http://enterobase.warwick.ac.uk) (158) and PGAdb-builder
(http://wgmlstdb.imst.nsysu.edu.tw/) (163). These platforms allow users to upload WGS
data to generate wgMLST or cgMLST profiles and to perform cluster analysis of these
profiles. This methodology provides high-resolution and reproducible isolate typing
and has been successfully implemented for analyzing disease clusters, evolutionary
relationships between isolates, and outbreak investigations (164-167).

Importantly, WGS data can be used not only for outbreak investigations and
evolutionary relationship studies but also for Salmonella serotyping. New Web-based
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tools such as SegSero (www.denglab.info/SeqSero) were developed for determining in
silico Salmonella serotypes using high-throughput genome sequencing data. SeqSero
can use both raw sequencing reads and genome assemblies and is based on databases
of Salmonella serotype determinants (rfb gene cluster and fliC and fljB alleles) (168).
Another Web-based serotyping tool is the Salmonella in silico typing resource (SISTR)
(https://Ifz.corefacility.ca/sistr-app/) for typing and subtyping draft Salmonella genome
assembilies, which is also able to integrate sequence-based typing analyses for MLST,
ribosomal MLST (rMLST), and cgMLST. The SISTR tool was shown to provide serovar
prediction using a genoserotyping approach with an accuracy of over 94.6% on a data
set comprised of 4,188 finished genomes and WGS draft assemblies (169). Serovar
prediction is also offered by EnteroBase (158).

There is no doubt that WGS-based platforms and pipelines will continue to develop,
while more and more Web-based pipelines for genome assembly and analysis will
become the new gold standards for clinical and public health practices. These tech-
niques will allow a rapid, cost-effective, and consistent approach to the study of
phylogenetic relationships, evolutionary origins, population structures, and epidemio-
logical tracing that will eventually replace traditional serotyping and subtyping ap-
proaches.

PERSISTENCE, CARRIAGE, REINFECTION, AND RECURRENT INFECTION

The ability of pathogenic bacteria to infect higher organisms and cause infectious
disease is one of the most dramatic characteristics of microorganisms. However, the
interaction of a host and a disease-causing bacterium can result in different outcomes.
Although most Salmonella infections are short-term episodes, a certain fraction of
Salmonella infections in humans can lead to persistent infection or prolonged carriage
of this pathogen. A comprehensive understanding of these phenomena is highly
important not only from a public health point of view (as these carriers serve as
biological reservoirs) but also for a more complete understanding of Salmonella biology
and its complex interactions with the host. Therefore, from here on, this review focuses
on long-term infection by Salmonella and comparison of this phenomenon between
typhoidal and NTS serovars.

One possible outcome of a host-pathogen interactions is clearance, which happens
if the pathogen is unable to colonize (establish an infection) and grow in the host or
if the host is able to actively eradicate the invading pathogen by the function of the
innate and adaptive immune systems. Nevertheless, if the pathogen is not cleared, it
will colonize one or more niches of the host. Pathogen colonization may be transient
or maintained for a prolonged period. Long-term sustainability or stable colonization
by the pathogen in its host is referred to as “persistence.” In this state, the pathogen is
not fully cleared, but its growth is kept in check by the host immune system, which
restricts its infection to a privileged niche. Pathogen colonization may subsequently
inflict a damage or pathological response in the host, and in this case, disease
symptoms develop. If pathogen persistence in the host is asymptomatic, this host-
pathogen relationship is known as “carriage.” In the carriage state, the pathogen
persists in the host without causing any apparent signs of active disease; nonetheless,
carrier individuals are often contagious, and their carried pathogen can be transmitted
to naive hosts, establishing a new infection cycle. Because carriers are asymptomatic,
identification of carriers is difficult and poses a potential public health concern.

Carriage of Salmonella and other pathogens can be temporary (convalescent) or
chronic (permanent). Most confusingly, different studies have determined different
periods to distinguish between temporary and chronic carriage of Salmonella. Some
reports referred to temporary carriage as asymptomatic shedding that lasts up to 3
months (170, 171), while others set the time limit as 12 months (172, 173). Similarly,
while chronic or permanent carriage was defined as Salmonella excretion for more than
3 months (170, 171), others defined chronic carriage only for cases in which shedding
lasts for more than 12 months (172, 173). Hence, the entire field can benefit from
more-consistent terminology that should be used not only for Salmonella infections but
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also for infections by other enteric pathogens. Therefore, | suggest adopting a border-
line of 12 months to distinguish between temporary and chronic carriage of enteric
pathogens in humans.

Symptomatic persistence of a pathogen may cause continuous expression of pa-
thology or discontinuous disease. Relapsing episodes of a disease originating from a
single infection event is called “recurrence,” and this state is distinguished from a
different scenario of “reinfection,” in which the same host is repeatedly infected by the
same agent on independent occasions. The above-mentioned scenarios represent
different and distinct encounters with the host and are expected to involve different
host and pathogen mechanisms. In this review, | focus on long-term infections caused
by typhoidal and nontyphoidal serovars that can lead to recurrence (symptomatic
disease) and carriage (asymptomatic disease) in the human host.

CARRIAGE RATE AND DURATION OF SHEDDING IN TYPHOIDAL AND
NONTYPHOIDAL SALMONELLA INFECTIONS

Today, it is widely accepted that asymptomatic S. Typhi carriage may develop
following acute typhoid fever convalescence or even subsequent to a subclinical
infection. Robert Koch, the famous German microbiologist and the founder of modern
bacteriology, was the first to articulate the nontrivial idea that a disease might originate
from nonsick infected people and applied this notion to typhoid fever epidemiology.
Koch endorsed this idea on 28 November 1902 during a scientific meeting in Berlin,
Germany, and accurately predicted that the main reservoir of S. Typhi is humans who
are symptom-free yet secrete live pathogens (174). At about the same time, the concept
of S. Typhi carriage by asymptomatic individuals was practically demonstrated in reality
by two persons, known as “Typhoid Mary” in the United States and “Mr. N” in England.
In the early 20th century, Mary Mallon (Typhoid Mary) worked as a cook at different
households in the New York City metropolitan area. Mary Mallon was the first known
asymptomatic carrier of S. Typhi in the United States, and during her work, she infected
51 to 57 people in nine different epidemics (175, 176). One more example of an
asymptomatic S. Typhi carrier was “Mr. N,” who was employed as a milker and cowman
in southeast England and was found accountable for a 207-case outbreak of typhoid
fever, which peaked in the year 1899 and continued until 1909 (177). Following Koch's
concept, J. C. G. Ledingham reported in 1910 that 55 of 482 patients (11%) with acute
typhoid fever excreted S. Typhi up to 6 weeks after convalescence, while 8 patients
(1.6%) continued to excrete the bacteria for more than 3 months (170), emphasizing
that S. Typhi shedding could extend beyond clinical recovery from symptomatic
typhoid fever. Another large study that was published in 1948 and included 417 cases
of typhoid fever over a period of 28 years found that 11.9% of the patients became
temporary carriers, while 3.5% were chronic carriers of S. Typhi (171). A later compre-
hensive work showed very similar results and reported that up to 10% of convalescing
untreated S. Typhi-infected patients continued to shed S. Typhi bacilli in the feces or
urine up to 3 months after the resolution of acute illness. A clinically significant
percentage (1 to 4%) of individuals infected with S. Typhi became asymptomatic
chronic carriers, who kept shedding 10 to 107° S. Typhi bacteria per g of stool for more
than 12 months (172, 178). Some chronic carriers will continue to periodically excrete
high levels of these bacteria in their stools and urine for decades, in the absence of
clinical symptoms (171, 178). Interestingly, up to 25% of S. Typhi carriers do not report
any stage of acute disease and possibly have developed only subclinical infection by S.
Typhi (27, 170, 178).

Since S. Typhi is a human-restricted pathogen, these chronic carriers are thought to
serve as its natural reservoir, necessary for the existence of this pathogen in the human
population (179), and therefore, the persistence phenotype is of special concern from
a public health point of view.

Asymptomatic carriage of S. Paratyphi A and B is less well described than that of S.
Typhi, but a recent study that was conducted in Nepal suggested a similar incidence of
persistence for Salmonella serovars Typhi and Paratyphi A in regions of endemicity
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(180). Vogelsang and Boe, who monitored 1,055 paratyphoid B patients for over
28 years, found similar rates of carriage as for S. Typhi-infected patients, with about 11%
and 2% of patients being temporary and chronic carriers, respectively (171). As in the
case of S. Typhi infections, the role in outbreaks of food handlers who are chronic S.
Paratyphi A carriers is dominant. This was recently demonstrated in an unusual out-
break of 37 cases of paratyphoid A in young Israeli travelers who visited Nepal. The
source of the outbreak was most likely a Jewish New Year dinner that the travelers all
consumed at the same establishment in the city of Pokhara, which was probably
contaminated by one of the food handlers who worked in the venue (181, 182).

In contrast to the well-documented incidents of persistent S. Typhi infections,
long-term NTS infections are far less well studied, and the occurrence of NTS carriers in
the general population is rather vague. Infections by NTS in healthy humans usually
produce only a brief symptomatic iliness. Thus, to define a persistent NTS infection, one
must first determine the duration of a “normal” short-term NTS infection. This issue was
addressed by Sirinavin and colleagues, who reported in 2003 that 98.8% (254 of 257)
of adults infected with NTS had eradicated their initial NTS infection within 12 days
from the first positive stool sample (183, 184). Eradication of S. Typhimurium within
12 days postexposure was also reported in 18 asymptomatic carriers in a S. Typhimu-
rium food-associated outbreak in Kanagawa, Japan, while clearance of the pathogen
within 25 days was reported in symptomatic but antibiotic-untreated patients (185).
Similar results were obtained in a survey that included 3,000 asymptomatic adults from
16 hotels in Bangkok, Thailand. This study identified 142 persons (4.7%) who were
infected and shed NTS bacilli in their stool, which were cleared within 21 to 28 days
(183). However, these periods were shorter than those in a previous study that reported
that the median duration of NTS shedding was about 5 weeks (172). These discrepan-
cies most likely reflect variations in the infecting serotype, age, and sex of the studied
population and antibiotic treatment, which were all shown to affect the shedding
period (see below).

In a cross-sectional study that involved 1,002 healthy schoolchildren in India, the
NTS carriage rate from a single stool sample was found to be 1% (186). A meta-analysis
of 32 studies that included 2,814 patients from 10 countries who were infected with
NTS also found that persistent excretion beyond 12 months occurred in <1% of the
subjects (172). In a recent retrospective study that included 48,345 culture-confirmed
NTS cases that occurred in Israel between 1995 and 2012, we found that at least 2.2%
of all reported cases of salmonellosis were long-term infections that persisted 30 days
or more, with a median persistence period of 55 days (154). Since the persistence
period was determined using the documented time intervals between at least two
positive cultures, the actual time of persistence is expected to be even longer. Impor-
tantly, in contrast to S. Typhi, lifelong persistence of NTS was not found, and the
maximal identified time of NTS carriage was 8.3 years. The majority (93%) of the
persistently infected patients were immunocompetent, and 65% were symptomatic
with relapsing diarrhea, suggesting a persistent manifestation, distinct from the known
asymptomatic carriage of typhoidal Salmonella (154).

HOST AND PATHOGEN FACTORS AFFECTING SALMONELLA PERSISTENCE

Multiple studies have shown that both the age and the sex of patients play a critical
role in S. Typhi persistence (171, 178). In a 27-year-long study that included 32 chronic
carriers, it was demonstrated that 75% and 90% of all S. Typhi and S. Paratyphi B chronic
carriers, respectively, were women (171). Ames and Robins reported that the overall
prevalence of S. Typhi carriage in women (3.8%) is almost 2-fold higher than that in
men (2.1%) and that while only 0.3% of patients younger than 20 years old developed
S. Typhi carriage, this percentage increased to 10% in the 50- to 59-year-old group
(187).

As with S. Typhi, the rate of carriage of NTS was reported to be higher (up to 69%)
in women than in men in multiple studies (172, 173, 188). Age was also found to play
a crucial role in the duration of NTS shedding. In patients younger than 5 years old, the

January 2019 Volume 32 Issue 1 e00088-18

Clinical Microbiology Reviews

cmr.asm.org 14

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://cmr.asm.org
http://cmr.asm.org/

Persistence of Salmonellae

median duration of shedding was 7 weeks, whereas in older children and adults, the
median period of excretion was much shorter and lasted for only 3 to 4 weeks (172).
Many later studies confirmed that among children and infants, the excretion duration
is significantly prolonged (189-191). Moreover, children are likely to shed higher
numbers of NTS cells, which can reach 10° to 107 organisms per g of feces, while adults
tend to excrete much lower numbers of 102 to 103 salmonellae per g of stool (192).

In contrast to the extended shedding time in children (temporary carriers), chronic
carriage of both typhoidal and nontyphoidal serovars is normally associated with
adulthood, and individuals aged 50 years and older are more likely to become long-
term carriers (171, 173, 178, 187, 193). A conceivable explanation for this discrepancy
is that while salmonellae are cleared more slowly from the digestive system of young
children, long-term persistence takes place in the gallbladder, possibly on gallstones,
which are rare in children (194, 195). Indeed, gallbladder abnormalities and especially
cholelithiasis (gallstones) were found to be significant risk factors for carriage of
typhoidal serovars (171, 194, 196) and possibly of NTS (173). The prevalence of
gallstones has been found to be up to 90% in S. Typhi carriers (197), and in an area
of endemicity, 3.5% of patients who were subjected to cholecystectomy were infected
with S. Typhi in their gallbladder (180). Another possible explanation for the longer
temporary persistence in children younger than 5 years old might be the less-well-
developed microbiota characterizing children in comparison to the more complex
microflora in the adult intestines.

Interestingly, when it boils down to persistence, not all NTS are alike. Several
independent studies have shown that various NTS may result in different durations of
persistence (154, 185, 191). S. Typhimurium, for example, was found to cause a
significantly shorter excretion period than other NTS (198), and in a meta-analysis, it
was shown that the median duration of S. Typhimurium shedding (for 1,124 patients in
14 studies) was 7 days shorter than the duration of shedding in patients who were
infected with other serovars (1,294 subjects from 16 studies) (172). Moreover, we
recently showed that certain NTS tend to cause persistent infections more frequently
than others and that the prevalence of Salmonella serovars Mbandaka, Bredeney,
Infantis, and Virchow among cases of persistent salmonellosis in Israel was significantly
higher than their prevalence in sporadic short-term infections. In contrast, the fre-
quency of persistence of Salmonella serovars Typhimurium and Enteritis was found to
be lower than expected, based on their occurrence among sporadic infections (154).

An additional factor that is expected to play a major role in Salmonella persistence
is antibiotic therapy. Longer persistence of NTS infection was found in patients treated
with antibiotics, including ampicillin, chloramphenicol, neomycin, and streptomycin
(185, 188, 199-201). Noteworthy, a similar effect of antibiotic treatment was also
demonstrated in the mouse model. Antibiotic treatment prior to mouse infection
enhanced the occurrence of gut inflammation and increased gastrointestinal bacterial
loads in both the chronic model (202) and the acute infection mouse model (203).
Moreover, the administration of a single dose of antibiotic to chronically infected mice
that were not shedding detectable amounts of Salmonella bacteria reactivated Salmo-
nella excretion and induced a “supershedder” phenotype, in which a subset of infected
mice shed high numbers of bacteria (>108 CFU/qg) in their feces (202). These observa-
tions in both humans and mice demonstrate that dysbiosis of the intestinal microbiota
due to antibiotic therapy is a significant risk factor for persistence and that the intestinal
microbiota is an important player in modulating persistent Salmonella infections.

The protective activity of the gut microbiota against pathogen colonization is
expected to occur by multiple mechanisms, including direct inhibition of gut coloni-
zation of pathogens, nutrient depletion, and stimulation of the immune response (204).
The contribution of the microbiota to NTS gut colonization was further demonstrated
using a mouse model of gastroenteritis (streptomycin-pretreated mice). Mice that
harbored a low-complexity gut flora failed to clear S. Typhimurium infection from the
gut lumen, and clearance of the pathogen was reached only by transferring a normal
complex microflora to the microbiota-deficient mice (203). These results suggested
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that, besides inhibition of pathogen colonization, the microbiota may facilitate patho-
gen clearance.

SITE OF PERSISTENCE BY TYPHOIDAL AND NONTYPHOIDAL SALMONELLA
SEROVARS

Long-term persistence and shedding of salmonellae in the stool and urine require
the establishment of extraintestinal infection in a permissive niche. Dissemination of
invasive Salmonella bacteria enables the pathogen to access the gallbladder, and the
biliary tract and the gallbladder are considered to be the primary persistence sites of S.
Typhi during chronic carriage (194, 205). As mentioned above, gallstones and chronic
inflammation of the gallbladder (cholecystitis) are thought to facilitate persistence in
this site, and about 90% of chronically infected carriers were diagnosed with gallstones
(197). Several reports have shown that Salmonella can adhere to and form a biofilm on
cholesterol, which is the main component of gallstones (194, 206). Moreover, individ-
uals with preexisting biliary diseases, including common bile duct stones, are at a
higher risk of becoming carriers (194, 196). These observations support the notion that
chronic carriage of S. Typhi is facilitated by biofilm formation on cholesterol gallstones
and that the gallbladder comprises its main persistence site (205). Persistence of S.
Paratyphi A in the gallbladder has also been reported (180, 207), indicating that
persistence in this site is not specific to S. Typhi only.

Infection of the biliary tract and the gallbladder is likely to occur through seeding
from the liver during the acute phase of the disease, when typhoidal serovars dissem-
inate within macrophages to systemic sites. In a murine model of chronic infection, it
was shown that S. Typhimurium persistence occurs in the gallbladder lumen and
epithelium (84, 86). Using this model, colonization of the gallbladder by S. Typhimurium
induced a localized inflammatory response mediated by neutrophils that were re-
cruited to the gallbladder lumen (86).

Two possible models could be considered to explain S. Typhi shedding from the
gallbladder. The first model suggests that the main persistence niches are Salmonella
biofilms attached to gallstones. Detachment of bacteria from the cholesterol gallstone
biofilm promotes entry to the ileum via the common bile duct, followed by excretion
in the stool and urine (194). An alternative model proposes that salmonellae can either
grow to high numbers extracellularly in the gallbladder lumen or invade the gallblad-
der epithelium and replicate there without further crossing the lamina propria and
mucosa (86). A host caspase-1-dependent response to these epithelium-replicating
bacteria results in cell death and apical release of the proinflammatory cytokine IL-18,
compromising epithelial integrity. Infected gallbladder epithelial cells disintegrate from
the monolayer (epithelial sloughing) and burst, releasing intracellular bacteria into the
gallbladder lumen, which from there are secreted to the intestine together with the bile
(86, 208).

Nevertheless, the gallbladder is most likely not the sole niche of S. Typhi persistence,
as suggested by the clinical observation that even though cholecystectomy signifi-
cantly improves cure rates, it does not always lead to the clearance of the pathogen in
human carriers (209). Additional clinical evidence demonstrated that other systemic
tissues, including the liver (210), biliary tree, and bone marrow (211), can also serve as
persistence sites for typhoidal Salmonella. Urinary carriage mainly in patients with
abnormalities of the urinary tract and kidneys was also reported as a possible persis-
tence niche (194, 206, 212). Furthermore, chimpanzees infected orally with S. Typhi
exhibited 50 days of persistence of the bacterium in the mesenteric lymph nodes
(MLNs) (213), suggesting another possible site for typhoidal persistence.

In contrast to S. Typhi, much less is known about the persistence sites of NTS, and
their putative persistence in the gallbladder is not clear. Musher and Rubenstein
reported in 1973 that gallstones were documented in about 40% of NTS carriers (173);
however, in our recent study, abnormalities in the biliary tract were not found to be
associated with prolonged NTS infections (154), suggesting additional NTS persistence
sites other than the gallbladder. Indeed, in pigs, the highest level of persistent salmo-
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nellae was found in tonsils and jejunal and ileocecal lymph nodes, while no bacteria
were isolated from the muscle, spleen, or liver, indicating that lymph nodes are the
main persistence site in the porcine host (214, 215).

A murine model used to study S. Typhimurium infection suggested that infected
hemophagocytic macrophages provide a survival niche during NTS persistence at
8 weeks postinfection (216-218). Hemophagocytic macrophages are phagocytes that
ingest nonapoptotic cells of the hematopoietic lineage, and these results propose that
splenic hemophagocytes might serve as a permissive niche for NTS persistence. Overall,
it seems that while the gallbladder is the main persistence site for typhoidal Salmonella,
NTS may persist in additional sites, including the lymph nodes, possibly while inhab-
iting hemophagocytic macrophages.

SALMONELLA PERSISTENCE IN NONHUMAN HOSTS

Salmonella persistence and asymptomatic carriage are common in many animals,
including food-producing livestock and domestic pets. These animals are often the
sources of NTS food-borne outbreaks. Poultry are some of the most significant envi-
ronmental reservoirs for Salmonella enterica serovars (219). Chickens can be infected
either with host-specific Salmonella serovars, such as S. Pullorum and S. Gallinarum,
which cause a typhoid-like systemic disease in chickens, or with a wide range of NTS,
most of which are carried in the animal’s intestinal tract asymptomatically. A recent
survey carried out in China showed that the prevalences of Salmonella species carriage
in poultry were 12.4% in geese, 6.8% in ducks, 10.4% in turkeys, and 9.8% in chickens.
Poultry-associated salmonellae belonged to 20 different serovars, and the most prev-
alent serovars were S. Pullorum, S. Typhimurium, and S. Enteritidis (220). It was shown
that S. Pullorum persisted within macrophages in the spleen and reproductive tract for
over 40 weeks in chickens (221) and that SPI-2 is required for long-term persistence of
S. Pullorum in chickens (222).

Multiple NTS were found in asymptomatic sheep, cattle, and camels (223). More
than 50% of cattle that were recently screened for Salmonella in Burkina Faso (West
Africa) (224) and more than 20% of cattle screened in northeast Spain (225) were found
to be contaminated with diverse NTS, indicating that persistent Salmonella infection in
livestock is not uncommon and that bovine peripheral lymph nodes are most likely
their main site of persistence (226).

Swine carriage of NTS is also significant, as 21.5% of the fecal samples obtained from
pigs in ltaly (227) and 30.5% of the fecal samples obtained from pigs in the United
Kingdom (228) were contaminated with Salmonella spp. Tracking of fecal shedding in
pigs that were infected with S. Typhimurium and S. Choleraesuis showed that both
serovars were shed in high numbers in the first 2 weeks postinfection, but the numbers
then declined, and Salmonella excretion became sporadic but continued for up to 5
months following infection.

Salmonella species are also very common in reptiles, and as many as 90% of reptiles
contain Salmonella as part of their natural intestinal flora. Reptile-borne salmonellae are
often excreted in the feces and are responsible for 76,000 to 140,000 salmonellosis
cases in the United States annually. Salmonella serovars commonly encountered in
reptile-related salmonellosis are Salmonella serovars Java, Stanley, Marina, Poona, and
Pomona, while Salmonella enterica subsp. arizonae (subsp. llla) is often isolated from
snakes (229).

Taken together, Salmonella persistence is not unique to humans. Salmonella spp.
can colonize the intestinal and reproductive tracts or be part of the normal flora of
many food-producing, wild, and pet animal species, leading to persistence and key
environmental reservoirs of these bacteria.

ANIMAL MODELS TO STUDY PERSISTENT SALMONELLOSIS

Traditionally, Salmonella virulence has been studied in commonly used mouse
backgrounds such as BALB/c or C57BL/6. These strains carry two point mutations in the
gene Nrampl (natural resistance-associated macrophage protein [also known as
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Slc11a1]) which make the mice susceptible to infection by intracellular pathogens,
including Leishmania, mycobacteria, and Salmonella (230, 231). The Nrampl gene
encodes a metal ion transporter that is expressed mainly in macrophages and dendritic
cells, localized in the phagosome, and thought to combat infection by limiting the
availability of iron, manganese, and possibly other metals to the intracellular pathogens
(232). Infection of Nramp1—/~ mice with virulent strains of S. Typhimurium causes
pathological symptoms similar to those of the acute phase of human infection with
typhoidal Salmonella, and the mice die within 7 to 10 days postinfection. Therefore,
these genetic backgrounds are inappropriate for investigation of long-term Salmonella
infection. Nonetheless, Salmonella persistence can be effectively studied in the 129X1/
SvJ mouse strain, which harbors a wild-type Nramp1 allele. Oral infection of this mouse
strain with up to 108 CFU of S. Typhimurium leads to a sublethal systemic infection and
bacterial persistence in reticuloendothelial macrophages found in the spleen, liver,
gallbladder, and MLNs, accompanied by sporadic shedding in the stool. Chronic
infection in this mouse model was elegantly demonstrated by the isolation of S.
Typhimurium for 1 year following oral infection (217) and was also used to exhibit the
role of cholesterol gallstones in Salmonella persistence (194). For this purpose, the mice
were fed a highly lithogenic diet that led to the development of cholesterol gallstones,
which supported biofilm formation following S. Typhimurium infection. Moreover,
these mice were found to have enhanced gallbladder colonization and much higher
fecal shedding than gallstone-free mice (194).

Another interesting animal model for S. Typhi carriage was developed in guinea pigs
whose gallbladders were infected with S. Typhi. This pathogen was recovered from the
bile and feces of infected yet asymptomatic animals for up to 5 months postinfection,
while antibiotic therapy was unable to eliminate this carrier state (233).

THE HOST IMMUNE RESPONSE TO SALMONELLA PERSISTENCE

Different studies have suggested that chronic infection with various bacterial, viral,
and parasitic agents involves a cytokine switch from a Th1 to a Th2 immune response
(234-237). Although this model might represent an oversimplification of the immune
response (238), the establishment of persistence can be schematically described as two
distinct phases, characterized by a different balance of Th1/Th2 responses (Fig. 4). In the
early phase, during acute infection, a robust Th1 and a low Th2 immune response are
mounted to diminish the growth of the invading bacteria. This phase is characterized
by the secretion of tumor necrosis factor alpha (TNF-a), IL-12, gamma interferon (IFN-v),
and nitric oxide (NO), required for Salmonella growth control by the host (239-241). In
the second stage of infection, during convalescence, the balance between Th1 and Th2
responses is skewed toward a Th2-type response with a lower Th1 response, and an
equilibrium between the host and the persistent pathogen is developed. This new
balance is needed for the maintenance of an immune status quo and persistence-
permissive conditions. The Th2 cytokine IL-10 inhibits reactive oxygen and nitrogen
species production and the secretion of TNF-a and IL-12 by activated macrophages. An
increase in IL-10 levels leads to a decrease in IFN-y levels, compromising bacterial
clearance by macrophages (241) and facilitating the survival of intracellular pathogens
and maintenance of the carrier state. Evidence for a Th2 inflammatory response bias
was also found in chicks persistently infected with S. Enteritidis. In these natural-carrier-
state birds, the expression of genes transcriptionally linked to the Th1 axis (type |
interferon and transforming growth factor B [TGF-B]) was shown to be downregulated,
whereas genes linked to the Th2 response (IL-4, IL-5, and IL-13) were induced (242).

Although the persistence phase likely involves a lower Th1 response, IFN-vy is still
required to maintain this sensitive equilibrium, as administration of anti-IFN-y antibod-
ies to persistently S. Typhimurium-infected mice led to a reactivation of acute infection
in these animals (217), suggesting that some basal level of IFN-vy is still required to keep
persistent salmonellae in check.

The late host immune response to Salmonella persistence following acute infection
may be further divided into two distinct stages. Using a mouse model of persistence
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FIG 4 Host response to persistent Salmonella infection. The host immune response to acute and
persistent infection is illustrated by the Th1-to-Th2 ratio (left y axis) and by the levels of the prototypic
cytokines secreted in response to the different stages of infection. The bacterial load (shown by the right
y axis) increases during acute infection. As a result, a strong Th1 response (secretion of IFN-vy, IL-12,
TNF-e, and nitric oxide) is elicited, reducing the bacterial burden toward convalescence. During Salmo-
nella persistence, a reduced Th1 response but an induced Th2 response occurs with the secretion of
IL-10, IL-4, IL-5, and IL-13. At the early stage of persistence, due to low activity of effector T cells (shown
as blue double circles), a moderate increase in the Salmonella burden occurs. At the second phase of
persistence, a robust activation of effector T cells and a reduction in the suppressive potency of FOXP3+
Treg cells lead to decreases in the bacterial loads in privileged niches and an equilibrium between the
pathogen and the host throughout persistence.

(129Sv) X C57BL/6 mice), Johanns and colleagues demonstrated that in the first
persistent phase, during the first 3 to 4 weeks after infection, the bacterial burden at
systemic sites is progressively increasing. At this stage, the activation of protective
immune components, such as effector T cells, is delayed, and this phenomenon is
associated with increased regulatory T (Treg) cell suppressive potency. In contrast, at
later time points of infection, a reduction in the bacterial burden in systemic sites is
observed. The reduction in bacterial loads is correlated with a robust activation of
effector T cells and a reduction in the suppressive potency of FOXP3+ Treg cells. These
results suggest that dynamic regulation of Treg cell suppressive potency affects the
course of persistent Salmonella infection in this mouse model (243).

Another bacterial phenotype that may contribute to a restrained immune response
toward persistence is biofilm. Since adherent bacteria are not accessible for antibody
opsonization and can block polymorphonuclear leukocyte signaling, several studies
have shown the role of biofilms in skewing the T cell response, facilitating persistence
(244).

Although the host immune response to Salmonella persistence is primarily based on
innate and T cell-mediated activity, mice persistently infected with Salmonella were
shown to carry high antibody titers (217). Similarly, high antibody titers against the S.
Typhi Vi antigen were found in human carriers of this pathogen (245, 246), indicating
adaptive immunity against S. Typhi infection, which may help to keep the persisting
bacteria intracellular, inaccessible to the humoral arm of the immune system. A model
summarizing the host immune response to persistent infection is illustrated in Fig. 4.

SALMONELLA GENES INVOLVED IN PERSISTENCE

A large array of Salmonella genes have been found to contribute to prolonged
infection and maintenance of persistence in various animal models. The involvement of
multiple genes highlights the complexity and the multifactorial nature of Salmonella
persistence, which needs to adjust to various environmental conditions in the host,
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complex immune responses, and the microbiota population. In this section, | emphasize
the main Salmonella factors that were shown to be involved in persistence.

One of the largest groups of genes shown to contribute to persistence is fimbrial
and nonfimbrial adhesins, used for attachment and colonization. Different fimbrial
operons (Ipf, bcf, stb, stc, std, and sth) were found to facilitate long-term intestinal
carriage of S. Typhimurium in genetically resistant mice (247), while a different set of
operons, including stc, bcf, and sth, was found to contribute to long-term systemic
infection (248). Two genes carried by the S. Typhimurium pathogenicity island CS54
have been attributed a role in Salmonella persistence and fecal shedding. A shdA
(encoding a fibronectin binding factor) mutant strain was demonstrated to be impaired
in persistence in the gastrointestinal tract and shedding in the mouse model (249). In
addition, a ratB (adjacent to shdA) mutant strain was also found to be defective in
colonization in the cecum and in fecal shedding in mice (250). Similarly, the autotrans-
porter adhesin MisL encoded on SPI-3, which functions as a fibronectin and collagen IV
binding factor, was also found to contribute to S. Typhimurium intestinal persistence in
the mouse model. A misL mutant strain was shown to be shed in significantly lower
numbers than the wild type and was impaired in mouse cecum colonization (251).
Besides adhesins, LPS, such as the O12 antigen, was also found to be critical for
persistence and fecal shedding of S. Typhimurium in the murine model (252).

A recent gene expression study in pigs identified 37 Salmonella Typhimurium genes
that were expressed in the tonsils, ileum, and ileocecal lymph nodes 3 weeks after oral
inoculation. This study found that the efp and rpoZ genes, which are involved in protein
biosynthesis, were specifically expressed in the ileocecal lymph nodes during Salmo-
nella persistence. Additionally, STM4067, dnaK, and aroK were identified as factors
potentially contributing to persistence (20 days postinfection) in pigs (253).

Bile is a lipid-rich fluid with detergent-like properties produced in the liver and
concentrated inside the gallbladder. Since the gallbladder is one of the main persis-
tence sites of S. Typhi, Salmonella resistance to bile is expected to contribute to
systemic persistence. Although bile acids are bactericidal, Salmonella is resistant to bile
(254), and it was shown to trigger several downstream persistence pathways required
for biofilm formation on gallstones and cholesterol, including the Salmonella O-antigen
capsule genes yihU-yshA and yihV-yihW (206). An immunoscreening technique known
as in vivo-induced antigen technology (IVIAT) was also applied to identify bacterial
biomarkers expressed during S. Typhi carriage. This approach was able to successfully
identify 13 S. Typhi immunogenic antigens, including membrane proteins, lipoproteins,
and hemolysin-related proteins, that were found to be immunoreactive using S. Typhi
carrier sera but were not identified in healthy individuals in Bangladesh, an area where
typhoid is endemic. A putative ATP binding protein, YncE, demonstrated the highest
immunoreactivity in this screen, suggesting specific induction in chronic S. Typhi
carriers (255).

Another important bacterial factor for successful persistence is the ability of Salmo-
nella to import iron, since this metal is required for growth and colonization of host
tissues. The main iron transporters of Salmonella are the FepBDGC ferric iron trans-
porter and the siderophores enterobactin and salmochelin. All three systems were
shown to be required for Salmonella to evade nutritional immunity in macrophages and
to establish persistent infection in the mouse model (256).

To identify Salmonella genes involved in long-term infection by S. Typhimurium,
Lawley and colleagues used a high-complexity transposon-mutagenized library of S.
Typhimurium to infect 129X1/SvJ) Salmonella-resistant mice. This microarray-based
negative-selection screen found 118 candidate genes that contribute to S. Typhimu-
rium systemic infection at 28 days postinfection. Among these genes, several SPI-1
invasion and translocation effector genes (sipB, sipC, and sipD) were also confirmed in
a mouse competition assay to be required for 30-day systemic infection. Similarly, SPI-2
effector genes, including ssek2, sseJ, ssel, and sopD2, were also found to be required for
infection lasting longer than 2 weeks, while sseJ and sseK2 were also confirmed in a
competitive-index experiment at 30 days postinfection (248). Interestingly, Ssel was
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independently shown to be required for the maintenance of long-term systemic
infection in mice by inhibiting the normal migration of primary macrophages and
dendritic cells and in this way counteracts the capacity of the host to clear systemic
Salmonella infection (257). Collectively, these studies indicate the possible involvement
of both T3SS-1 and T3SS-2 translocated effectors in persistent infection by Salmonella
in the mouse model.

Several Salmonella factors providing resistance against host antimicrobial peptides,
including Mig-14 (258), RcsC and VirK (259), and Ydel (260), were shown to contribute
to Salmonella persistence in mice at late stages of infection, suggesting that the ability
of Salmonella to resist the activity of antimicrobial peptides such as polymyxin B and
cathelin-related antimicrobial peptide (CRAMP) is an important phenotype for host
persistence.

In summary, during persistence, the pathogen experiences a set of environmental
conditions and various stresses posed by the host. It is expected that a specific gene
expression profile and possibly genetic and phenotypic changes will be the result of
such selective pressures, as explained below.

GENETIC AND PHENOTYPIC CHANGES ACQUIRED DURING SALMONELLA
PERSISTENCE IN HUMANS

One of the most interesting questions about bacterial persistence is whether the
pathogen changes during prolonged infection and becomes more adaptive to the
persistence lifestyle. Although it may be assumed that the Salmonella genome is
rather stable, comparative genomics have demonstrated that during persistence,
the Salmonella genome is dynamic and undergoes chromosomal rearrangements,
losses and gains of horizontally acquired genes, and single nucleotide polymor-
phism (SNP) changes, which may affect the “regular” genome organization and
gene expression.

A previous study showed the occurrence of large-scale chromosomal rearrange-
ments mediated by recombination between rrn operons in S. Typhi during gallbladder
persistence, in strains isolated from the same carrier at different time points. This study
demonstrated that chromosome rearrangements arise within the human host over
time and change the replichore (the chromosomal halves on either side of the ori-dif
axis) balance of the persisting pathogen (261). Such large-scale rearrangements may
cause chromosome asymmetry (making one replichore longer than the other), extend
the generation time, and limit pathogen survival outside the host (262).

Recently, we reported a comparison of genome sequences of longitudinal isolates
obtained from patients who were persistently infected with S. Typhimurium, where the
time intervals between related isolates were 33 to 95 days. This analysis identified that
the number of SNPs in the core genome ranged from 0 to 10, showing an average
substitution rate of 1 SNP per 24 days (154). A similar SNP substitution rate was found
in patients who were persistently infected with invasive S. Typhimurium pv. ST313 in
sub-Saharan Africa (263) or in S. Typhimurium associated with short- and long-term
carriage, which showed an estimated mutation rate of 1.49 X 10~¢ substitutions per
site per year (264). Although this is a relatively low SNP rate, we were able to
demonstrate that in independent cases, SNPs were found to be nonsynonymous
substitutions or nonsense mutations in global virulence regulatory genes, including
dksA, rpoS, hilD, melR, rfc, and barA, which may infer a pleotropic change in the
transcriptional landscape of persistent Salmonella infection (154). Similarly, a nonsense
mutation in another global regulator, flhC, encoding a master regulator of flagellum
biogenesis, was reported by Octavia and colleagues for a 55-day S. Typhimurium
persistence case (264). Moreover, we demonstrated that recrudescent isolates may
harbor different compositions of plasmids and bacteriophages, suggesting loss and/or
horizontal acquisition of mobile genetic elements during prolonged infection within
the human host (154).

Not surprisingly, SNPs in regulatory genes and changes in the mobile genetic
element composition were associated with clinically relevant phenotypic differences.
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For example, when we compared the motilities of longitudinal isolates and their
abilities to form biofilm, replicate within macrophages, and grow under nutrient-
limiting conditions, we observed in multiple cases differences between recurrent
isolates obtained from the same patient. Furthermore, gaining a multidrug resistance
phenotype during persistence was also documented and linked to the horizontal
acquisition of a large plasmid conferring extended-spectrum-beta-lactamase activity
(154), suggesting that the acquisition of antibiotic resistance may be an important
driving force in the development of persistent NTS infection. These results show that
although a relatively low mutation rate occurs in the core genome, SNPs in global
regulatory genes and changes in plasmid and prophage compositions may change
virulence-associated and resistant phenotypes in a way that could have an adaptive
advantage for persistent salmonellae.

TREATMENT OF PERSISTENT SALMONELLA INFECTIONS

Antibiotic administration was proven over and over again to be ineffective against
the persistence of typhoidal serovars (196, 265), and the most effective treatment
option currently known for chronic typhoidal infection is the removal of the gallbladder
(cholecystectomy) (209). Administration of antibiotics is also not effective in the erad-
ication of NTS persistence and may actually prolong the duration of NTS shedding (172,
185). A therapeutic approach that included cholecystectomy combined with antibiotic
treatment of NTS carriers seemed to be less effective in NTS carrier patients than in
typhoidal carriers, as such therapy cured only 5 out of 12 (41%) NTS carriers (173). This
therapeutic failure may result from a NTS persistence site, outside the gallbladder,
demonstrating that, currently, there is no proven protocol to eradicate persistent NTS
infections.

CONCLUSIONS

Salmonella enterica is one of several bacterial pathogens notoriously known to cause
persistent infection in the human host. Helicobacter pylori, for example, infects more
than half of the human population worldwide and can colonize the human gastric
mucosa for decades or for the entire life span of the host (266). Mycobacterium
tuberculosis, which is estimated to infect one-third of the world’s population, can
establish persistent colonization that may manifest as acute disease, chronic disease, or
clinically asymptomatic infection (267). Despite the profound impact on public health
globally, there is only limited information regarding pathogen and host factors con-
tributing to persistent infection. Therefore, understanding the biology of persisting
pathogens and their complex interactions with the host and microbiota is of special
interest. Thus far, only a few studies have addressed the biology of Salmonella persis-
tence in humans and the virulence mechanisms required for long-term infection.
Similarly, the host immune responses to prolonged infection are still poorly under-
stood. Although typhoidal and nontyphoidal Salmonella serovars belong to the same
biological species, these groups elicit clinically distinct acute infections but also vary in
the nature of the persistent infections that they cause in humans. Table 1 highlights the
currently known differences in persistent infections caused by typhoidal and nonty-
phoidal serovars discussed in this review. Nonetheless, many key aspects about per-
sistent Salmonella infections are unknown, and several important open questions are
waiting to be addressed. What is the site(s) of persistence of NTS in the human host?
What is the metabolic state of persistent salmonellae, and are they metabolically active
or found in a dormancy-like state during persistence? In this context, Helaine et al.
reported a few years ago that many intracellular Salmonella bacteria inhabiting bone
marrow-derived macrophages and splenocytes do not multiply but appear to be in a
dormancy-like state, which could serve as a possible reservoir of persistent bacteria
(268). Another set of questions regards the genetic variation among Salmonella isolates
causing persistent infection. What are the bacterial factors that account for the predis-
position of certain NTS for causing long-term infection in humans? Are persisting
bacteria subjected to selection forces within the host that lead to a selection of certain
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TABLE 1 Comparison of typhoidal and nontyphoidal Salmonella persistence in humans

Description
Characteristic Typhoidal persistence Nontyphoidal persistence
Causative serovars S. enterica serovars Typhi and Paratyphi A, B, and C Multiple nontyphoidal S. enterica serovars, some of which are
probably predisposed to causing persistent infection,
including Salmonella serovars Mbandaka, Bredeney,
Infantis, and Virchow
Prevalence and duration 1-4% of individuals infected with S. Typhi may More than 2% of patients infected with NTS become
of persistence become temporary carriers who shed S. Typhi for temporary carriers who shed the bacteria for 1 to 12 mo; in
more than 3 mo; lifelong carriage occurs rare cases, individuals carry the bacteria for several years;
infrequently lifelong carriage is currently not known
Clinical manifestation Asymptomatic infection In most cases, NTS persistence presents as symptomatic
disease with relapsing gastroenteritis
Host risk factors Older age (>50yr old), female sex, gallbladder Older age (>50yr old), female sex, and antibiotic therapy
abnormalities, and gallstones
Site(s) of persistence The gallstone surface, lumen, or epithelial cells of Possibly hemophagocytic macrophages in the lymph nodes;
the gallbladder; the liver, biliary tree, mesenteric carriage in the gallbladder is uncertain for noninvasive NTS
lymph nodes, and bone marrow are also possible
sites of persistence
Genetic changes Chromosomal rearrangements between the rrn 1.49 X 1076 substitutions/site/yr and change in the
operons were reported for S. Typhi composition of mobile genetic elements were frequently
found among recurrent isolates
Possible treatment Removal of the gallbladder (cholecystectomy) Currently, there is no effective treatment against persistent

NTS; antibiotic therapy is neither recommended nor
efficient to treat NTS persistence

subpopulations (including antibiotic resistance acquisition)? Why can’t NTS serovars
persist for a lifetime in humans, while typhoidal serovars can? Correspondingly, the role
of the human immune system in NTS persistence, the changes in the host response to
persistent Salmonella infection, and a better mechanistic understanding of the equi-
librium kept between the host and the pathogen during persistence are all currently
unknown and require further investigation.

From a public health standpoint, laboratory diagnosis is particularly challenging for
persistent infections in the absence of symptoms. Normally, convalescing patients are
not screened for Salmonella shedding after the disease has passed, and currently, there
are no approved guidelines for routine surveillance of patients who have recovered
from Salmonella infection. This makes identification of patients with persistent salmo-
nellosis or carriers very difficult. Thus, we still do not know the prevalence of persistent
invasive NTS (e.g., ST313), especially in Sub-Saharan Africa. What is the role of NTS
carriage in outbreaks, and what is the contribution of human carriers to the environ-
mental reservoir of NTS?

The development of additional animal models, systems biology approaches, and
single-cell sequencing technologies, including dual RNA sequencing, which can deter-
mine the simultaneous transcriptional landscapes of both the pathogen and the host
(269), is expected to advance our future understanding of Salmonella persistence and
possibly provide novel surveillance and therapeutic approaches against Salmonella
persistence, which are very limited at present.

1sanb Aq 8T0Z ‘8z 1oqwiaAoN uo /Biowse 1wo//.dny woly papeojumod

ACKNOWLEDGMENTS

The work in the Gal-Mor laboratory is supported by grant number 999/14 from the
Israel Science Foundation (ISF), grant number 3-12435 from Infect-Era/Chief Scientist
Ministry of Health, grant number 2616/18 from the joint ISF-Broad Institute program,
and grant number 1-41-416.6-2017 from the German-Israeli Foundation for Scientific
Research and Development (GIF) awarded to O.G.-M.

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

| thank Helit Cohen and Aylana Reiss-Mandel for critical reading of the manuscript
and Varda Wexler for graphical assistance and image processing. | also thank Hy

January 2019 Volume 32 Issue 1 e00088-18 cmr.asm.org 23


https://cmr.asm.org
http://cmr.asm.org/

Gal-Mor

Clinical Microbiology Reviews

Laboratories Ltd. (Rehovot, Israel) for providing the selective agar plates illustrated in

Fig.

3.

REFERENCES

1.

January 2019 Volume 32

Galanis E, Lo Fo Wong DMA, Patrick ME, Binsztein N, Cieslik A, Chaler-
mchaikit T, Aidara-Kane A, Ellis A, Angulo FJ, Wegener HC, World Health
Organization Global Salm-Surv. 2006. Web-based surveillance and
global Salmonella distribution, 2000-2002. Emerg Infect Dis 12:
381-388. https://doi.org/10.3201/eid1205.050854.

. McQuiston JR, Herrera-Leon S, Wertheim BC, Doyle J, Fields PI, Tauxe RV,

Logsdon JM, Jr. 2008. Molecular phylogeny of the salmonellae: relation-
ships among Salmonella species and subspecies determined from four
housekeeping genes and evidence of lateral gene transfer events. J Bac-
teriol 190:7060-7067. https://doi.org/10.1128/JB.01552-07.

. Ochman H, Wilson AC. 1987. Evolution in bacteria: evidence for a

universal substitution rate in cellular genomes. J Mol Evol 26:74-86.
https://doi.org/10.1007/BF02111283.

. Galan JE. 2001. Salmonella interactions with host cells: type Il secretion

at work. Annu Rev Cell Dev Biol 17:53-86. https://doi.org/10.1146/
annurev.cellbio.17.1.53.

. Mills DM, Bajaj V, Lee CA. 1995. A 40 kb chromosomal fragment encoding

Salmonella Typhimurium invasion genes is absent from the corresponding
region of the Escherichia coli K-12 chromosome. Mol Microbiol 15:749-759.
https://doi.org/10.1111/j.1365-2958.1995.tb02382.x.

. van der Velden AW, Lindgren SW, Worley MJ, Heffron F. 2000. Salmonella

pathogenicity island 1-independent induction of apoptosis in infected
macrophages by Salmonella enterica serotype Typhimurium. Infect Im-
mun 68:5702-5709. https://doi.org/10.1128/1A1.68.10.5702-5709.2000.

. Baumler AJ. 1997. The record of horizontal gene transfer in Salmo-

nella. Trends Microbiol 5:318-322. https://doi.org/10.1016/50966
-842X(97)01082-2.

. Porwollik S, McClelland M. 2003. Lateral gene transfer in Salmonella.

Microbes Infect 5:977-989. https://doi.org/10.1016/51286
-4579(03)00186-2.

. Ochman H, Soncini FC, Solomon F, Groisman EA. 1996. Identification of

a pathogenicity island required for Salmonella survival in host cells.
Proc Natl Acad Sci U S A 93:7800-7804. https://doi.org/10.1073/pnas
.93.15.7800.

. Shea JE, Hensel M, Gleeson C, Holden DW. 1996. Identification of a

virulence locus encoding a second type Il secretion system in Salmo-
nella typhimurium. Proc Natl Acad Sci U S A 93:2593-2597. https://doi
.org/10.1073/pnas.93.6.2593.

. Desai PT, Porwollik S, Long F, Cheng P, Wollam A, Bhonagiri-Palsikar V,

Hallsworth-Pepin K, Clifton SW, Weinstock GM, McClelland M. 2013.
Evolutionary genomics of Salmonella enterica subspecies. mBio
4:200579-12. https://doi.org/10.1128/mBi0.00579-12.

. Edwards RA, Olsen GJ, Maloy SR. 2002. Comparative genomics of

closely related salmonellae. Trends Microbiol 10:94-99. https://doi.org/
10.1016/50966-842X(01)02293-4.

. Tindall BJ, Grimont PA, Garrity GM, Euzeby JP. 2005. Nomenclature and

taxonomy of the genus Salmonella. Int J Syst Evol Microbiol 55:
521-524. https://doi.org/10.1099/ijs.0.63580-0.

. Crosa JH, Brenner DJ, Ewing WH, Falkow S. 1973. Molecular relation-

ships among the Salmonelleae. J Bacteriol 115:307-315.

. Nelson K, Whittam TS, Selander RK. 1991. Nucleotide polymorphism

and evolution in the glyceraldehyde-3-phosphate dehydrogenase gene
(gapA) in natural populations of Salmonella and Escherichia coli. Proc
Natl Acad Sci U S A 88:6667-6671. https://doi.org/10.1073/pnas.88.15
.6667.

. Boyd EF, Nelson K, Wang FS, Whittam TS, Selander RK. 1994. Molecular

genetic basis of allelic polymorphism in malate dehydrogenase (mdh)
in natural populations of Escherichia coli and Salmonella enterica. Proc
Natl Acad Sci U S A 91:1280-1284. https://doi.org/10.1073/pnas.91.4
.1280.

. Porwollik S, Wong RM, McClelland M. 2002. Evolutionary genomics of

Salmonella: gene acquisitions revealed by microarray analysis. Proc Natl
Acad Sci U S A 99:8956-8961. https://doi.org/10.1073/pnas.122153699.

. Boyd EF, Wang FS, Whittam TS, Selander RK. 1996. Molecular genetic

relationships of the salmonellae. Appl Environ Microbiol 62:804-808.

. Popoff MY, Bockemuhl J, Gheesling LL. 2004. Supplement 2002 (no. 46)

Issue 1 e00088-18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

to the Kauffmann-White scheme. Res Microbiol 155:568-570. https://
doi.org/10.1016/j.resmic.2004.04.005.

Issenhuth-Jeanjean S, Roggentin P, Mikoleit M, Guibourdenche M, de
Pinna E, Nair S, Fields PI, Weill FX. 2014. Supplement 2008-2010 (no.
48) to the White-Kauffmann-Le Minor scheme. Res Microbiol 165:
526-530. https://doi.org/10.1016/j.resmic.2014.07.004.

Su LH, Chiu CH, Chu C, Ou JT. 2004. Antimicrobial resistance in nonty-
phoid Salmonella serotypes: a global challenge. Clin Infect Dis 39:
546-551. https://doi.org/10.1086/422726.

Zhang S, Kingsley RA, Santos RL, Andrews-Polymenis H, Raffatellu M,
Figueiredo J, Nunes J, Tsolis RM, Adams LG, Baumler AJ. 2003. Molec-
ular pathogenesis of Salmonella enterica serotype Typhimurium-
induced diarrhea. Infect Immun 71:1-12. https://doi.org/10.1128/1A1.71
.1.1-12.2003.

Coburn B, Grassl GA, Finlay BB. 2007. Salmonella, the host and disease:
a brief review. Immunol Cell Biol 85:112-118. https://doi.org/10.1038/
sj.icb.7100007.

Gal-Mor O, Boyle EC, Grassl GA. 2014. Same species, different diseases:
how and why typhoidal and non-typhoidal Salmonella enterica sero-
vars differ. Front Microbiol 5:391. https://doi.org/10.3389/fmicb.2014
.00391.

Stevens MP, Humphrey TJ, Maskell DJ. 2009. Molecular insights into
farm animal and zoonotic Salmonella infections. Philos Trans R Soc
Lond B Biol Sci 364:2709-2723. https://doi.org/10.1098/rstb.2009.0094.
Selander RK, Beltran P, Smith NH, Helmuth R, Rubin FA, Kopecko DJ,
Ferris K, Tall BD, Cravioto A, Musser JM. 1990. Evolutionary genetic
relationships of clones of Salmonella serovars that cause human ty-
phoid and other enteric fevers. Infect Immun 58:2262-2275.

Parry CM, Hien TT, Dougan G, White NJ, Farrar JJ. 2002. Typhoid fever.
N Engl J Med 347:1770-1782. https://doi.org/10.1056/NEJMra020201.
Shivaprasad HL. 2000. Fowl typhoid and pullorum disease. Rev Sci Tech
19:405-424. https://doi.org/10.20506/rst.19.2.1222.

Rabsch W, Andrews HL, Kingsley RA, Prager R, Tschape H, Adams LG,
Baumler AJ. 2002. Salmonella enterica serotype Typhimurium and its
host-adapted variants. Infect Immun 70:2249-2255. https://doi.org/10
.1128/1A1.70.5.2249-2255.2002.

Threlfall EJ, Hall ML, Rowe B. 1992. Salmonella bacteraemia in England
and Wales, 1981-1990. J Clin Pathol 45:34-36. https://doi.org/10.1136/
jcp.45.1.34.

Marzel A, Desai PT, Nissan |, Schorr Yl, Suez J, Valinsky L, Reisfeld A,
Agmon V, Guard J, McClelland M, Rahav G, Gal-Mor O. 2014. Integrative
analysis of salmonellosis in Israel reveals association of Salmonella
enterica serovar 9,12:,v:— with extraintestinal infections, dissemination
of endemic S. enterica serovar Typhimurium DT104 biotypes, and
severe underreporting of outbreaks. J Clin Microbiol 52:2078-2088.
https://doi.org/10.1128/JCM.00399-14.

Chiu CH, Su LH, Chu C. 2004. Salmonella enterica serotype
Choleraesuis: epidemiology, pathogenesis, clinical disease, and treat-
ment. Clin Microbiol Rev 17:311-322. https://doi.org/10.1128/CMR.17.2
.311-322.2004.

Nielsen LR. 2013. Review of pathogenesis and diagnostic methods of
immediate relevance for epidemiology and control of Salmonella Dub-
lin in cattle. Vet Microbiol 162:1-9. https://doi.org/10.1016/j.vetmic
.2012.08.003.

Crump JA, Luby SP, Mintz ED. 2004. The global burden of typhoid fever.
Bull World Health Organ 82:346-353.

Meltzer E, Schwartz E. 2010. Enteric fever: a travel medicine oriented
view. Curr Opin Infect Dis 23:432-437. https://doi.org/10.1097/QCO
.0b013e32833c7cal.

Ochiai RL, Wang X, von Seidlein L, Yang J, Bhutta ZA, Bhattacharya SK,
Agtini M, Deen JL, Wain J, Kim DR, Ali M, Acosta CJ, Jodar L, Clemens
JD. 2005. Salmonella paratyphi A rates, Asia. Emerg Infect Dis 11:
1764-1766. https://doi.org/10.3201/eid1111.050168.

Havelaar AH, Kirk MD, Torgerson PR, Gibb HJ, Hald T, Lake RJ, Praet N,
Bellinger DC, de Silva NR, Gargouri N, Speybroeck N, Cawthorne A,
Mathers C, Stein C, Angulo FJ, Devleesschauwer B, World Health Orga-
nization Foodborne Disease Burden Epidemiology Reference Group.

cmr.asm.org 24

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://doi.org/10.3201/eid1205.050854
https://doi.org/10.1128/JB.01552-07
https://doi.org/10.1007/BF02111283
https://doi.org/10.1146/annurev.cellbio.17.1.53
https://doi.org/10.1146/annurev.cellbio.17.1.53
https://doi.org/10.1111/j.1365-2958.1995.tb02382.x
https://doi.org/10.1128/IAI.68.10.5702-5709.2000
https://doi.org/10.1016/S0966-842X(97)01082-2
https://doi.org/10.1016/S0966-842X(97)01082-2
https://doi.org/10.1016/S1286-4579(03)00186-2
https://doi.org/10.1016/S1286-4579(03)00186-2
https://doi.org/10.1073/pnas.93.15.7800
https://doi.org/10.1073/pnas.93.15.7800
https://doi.org/10.1073/pnas.93.6.2593
https://doi.org/10.1073/pnas.93.6.2593
https://doi.org/10.1128/mBio.00579-12
https://doi.org/10.1016/S0966-842X(01)02293-4
https://doi.org/10.1016/S0966-842X(01)02293-4
https://doi.org/10.1099/ijs.0.63580-0
https://doi.org/10.1073/pnas.88.15.6667
https://doi.org/10.1073/pnas.88.15.6667
https://doi.org/10.1073/pnas.91.4.1280
https://doi.org/10.1073/pnas.91.4.1280
https://doi.org/10.1073/pnas.122153699
https://doi.org/10.1016/j.resmic.2004.04.005
https://doi.org/10.1016/j.resmic.2004.04.005
https://doi.org/10.1016/j.resmic.2014.07.004
https://doi.org/10.1086/422726
https://doi.org/10.1128/IAI.71.1.1-12.2003
https://doi.org/10.1128/IAI.71.1.1-12.2003
https://doi.org/10.1038/sj.icb.7100007
https://doi.org/10.1038/sj.icb.7100007
https://doi.org/10.3389/fmicb.2014.00391
https://doi.org/10.3389/fmicb.2014.00391
https://doi.org/10.1098/rstb.2009.0094
https://doi.org/10.1056/NEJMra020201
https://doi.org/10.20506/rst.19.2.1222
https://doi.org/10.1128/IAI.70.5.2249-2255.2002
https://doi.org/10.1128/IAI.70.5.2249-2255.2002
https://doi.org/10.1136/jcp.45.1.34
https://doi.org/10.1136/jcp.45.1.34
https://doi.org/10.1128/JCM.00399-14
https://doi.org/10.1128/CMR.17.2.311-322.2004
https://doi.org/10.1128/CMR.17.2.311-322.2004
https://doi.org/10.1016/j.vetmic.2012.08.003
https://doi.org/10.1016/j.vetmic.2012.08.003
https://doi.org/10.1097/QCO.0b013e32833c7ca1
https://doi.org/10.1097/QCO.0b013e32833c7ca1
https://doi.org/10.3201/eid1111.050168
https://cmr.asm.org
http://cmr.asm.org/

Persistence of Salmonellae

38.

39.
40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

January 2019 Volume 32

2015. World Health Organization global estimates and regional com-
parisons of the burden of foodborne disease in 2010. PLoS Med
12:21001923. https://doi.org/10.1371/journal.pmed.1001923.

Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, Shapiro C, Griffin PM,
Tauxe RV. 1999. Food-related illness and death in the United States.
Emerg Infect Dis 5:607-625. https://doi.org/10.3201/eid0505.990502.
USDA. 2017. Cost estimates of foodborne illnesses. US Department of
Agriculture Economic Research Service, Washington, DC.

CDC. 2018. National Salmonella surveillance annual report, 2016. CDC,
Atlanta, GA.

EFSA. 2017. The European Union summary report on trends and
sources of zoonoses, zoonotic agents and food-borne outbreaks in
2016. EFSA J 15:5077.

Acheson D, Hohmann EL. 2001. Nontyphoidal salmonellosis. Clin Infect
Dis 32:263-269. https://doi.org/10.1086/318457.

Wilkins EG, Roberts C. 1988. Extraintestinal salmonellosis. Epidemiol
Infect 100:361-368. https://doi.org/10.1017/5095026880006711X.
Vugia DJ, Samuel M, Farley MM, Marcus R, Shiferaw B, Shallow S, Smith
K, Angulo FJ, Emerging Infections Program FoodNet Working Group.
2004. Invasive Salmonella infections in the United States, FoodNet,
1996-1999: incidence, serotype distribution, and outcome. Clin Infect
Dis 38(Suppl 3):5149-5156. https://doi.org/10.1086/381581.

Jones TF, Ingram LA, Cieslak PR, Vugia DJ, Tobin-D’Angelo M, Hurd S,
Medus C, Cronquist A, Angulo FJ. 2008. Salmonellosis outcomes differ
substantially by serotype. J Infect Dis 198:109-114. https://doi.org/10
.1086/588823.

Holt KE, Thomson NR, Wain J, Langridge GC, Hasan R, Bhutta ZA, Quail
MA, Norbertczak H, Walker D, Simmonds M, White B, Bason N, Mungall
K, Dougan G, Parkhill J. 2009. Pseudogene accumulation in the evolu-
tionary histories of Salmonella enterica serovars Paratyphi A and Typhi.
BMC Genomics 10:36. https://doi.org/10.1186/1471-2164-10-36.
Kariuki S, Onsare RS. 2015. Epidemiology and genomics of invasive
nontyphoidal Salmonella infections in Kenya. Clin Infect Dis 61(Suppl
4):5317-S324. https://doi.org/10.1093/cid/civ711.

Okoro CK, Barquist L, Connor TR, Harris SR, Clare S, Stevens MP, Arends MJ,
Hale C, Kane L, Pickard DJ, Hill J, Harcourt K, Parkhill J, Dougan G, Kingsley
RA. 2015. Signatures of adaptation in human invasive Salmonella Typhi-
murium ST313 populations from sub-Saharan Africa. PLoS Negl Trop Dis
9:¢0003611. https://doi.org/10.1371/journal.pntd.0003611.

Threlfall EJ, Fisher IS, Berghold C, Gerner-Smidt P, Tschape H, Cormican
M, Luzzi |, Schnieder F, Wannet W, Machado J, Edwards G. 2003. Trends
in antimicrobial drug resistance in Salmonella enterica serotypes Typhi
and Paratyphi A isolated in Europe, 1999-2001. Int J Antimicrob Agents
22:487-491. https://doi.org/10.1016/50924-8579(03)00262-0.

Gal-Mor O, Valinsky L, Weinberger M, Guy S, Jaffe J, Schorr Y, Raisfeld
A, Agmon V, Nissan . 2010. Multidrug-resistant Salmonella enterica
serovar Infantis, Israel. Emerg Infect Dis 16:1754-1757. https://doi.org/
10.3201/eid1611.100100.

Braden CR. 2006. Salmonella enterica serotype Enteritidis and eggs: a
national epidemic in the United States. Clin Infect Dis 43:512-517.
https://doi.org/10.1086/505973.

Haeusler GM, Curtis N. 2013. Non-typhoidal Salmonella in children:
microbiology, epidemiology and treatment. Adv Exp Med Biol 764:
13-26.

Mermin J, Hutwagner L, Vugia D, Shallow S, Daily P, Bender J, Koehler
J, Marcus R, Angulo FJ, Emerging Infections Program FoodNet Working
Group. 2004. Reptiles, amphibians, and human Salmonella infection: a
population-based, case-control study. Clin Infect Dis 38(Suppl 3):
$253-5261. https://doi.org/10.1086/381594.

Rabsch W, Tschape H, Baumler AJ. 2001. Non-typhoidal salmonellosis:
emerging problems. Microbes Infect 3:237-247. https://doi.org/10
.1016/51286-4579(01)01375-2.

Tsolis RM, Young GM, Solnick JV, Baumler AJ. 2008. From bench to
bedside: stealth of enteroinvasive pathogens. Nat Rev Microbiol
6:883-892. https://doi.org/10.1038/nrmicro2012.

Keithlin J, Sargeant JM, Thomas MK, Fazil A. 2015. Systematic review
and meta-analysis of the proportion of non-typhoidal Salmonella cases
that develop chronic sequelae. Epidemiol Infect 143:1333-1351.
https://doi.org/10.1017/5S0950268814002829.

Haselbeck AH, Panzner U, Im J, Baker S, Meyer CG, Marks F. 2017. Current
perspectives on invasive nontyphoidal Salmonella disease. Curr Opin In-
fect Dis 30:498-503. https://doi.org/10.1097/QCO.0000000000000398.
Waddington CS, Darton TC, Pollard AJ. 2014. The challenge of enteric

Issue 1 e00088-18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Clinical Microbiology Reviews

fever. J Infect 68(Suppl 1):538-S50. https://doi.org/10.1016/j.jinf.2013
.09.013.

Olsen SJ, Bleasdale SC, Magnano AR, Landrigan C, Holland BH, Tauxe
RV, Mintz ED, Luby S. 2003. Outbreaks of typhoid fever in the United
States, 1960-99. Epidemiol Infect 130:13-21.

Wangdi T, Winter SE, Baumler AJ. 2012. Typhoid fever: “you can't hit
what you can't see.” Gut Microbes 3:88-92. https://doi.org/10.4161/
gmic.18602.

Azmatullah A, Qamar FN, Thaver D, Zaidi AK, Bhutta ZA. 2015. System-
atic review of the global epidemiology, clinical and laboratory profile of
enteric fever. J Glob Health 5:020407. https://doi.org/10.7189/jogh.05
.020407.

Pohan HT. 2004. Clinical and laboratory manifestations of typhoid fever
at Persahabatan Hospital, Jakarta. Acta Med Indones 36:78-83.

Liu SL, Ezaki T, Miura H, Matsui K, Yabuuchi E. 1988. Intact motility as a
Salmonella typhi invasion-related factor. Infect Immun 56:1967-1973.
Jones BD, Ghori N, Falkow S. 1994. Salmonella typhimurium initiates
murine infection by penetrating and destroying the specialized epithe-
lial M cells of the Peyer's patches. J Exp Med 180:15-23. https://doi
.0rg/10.1084/jem.180.1.15.

Velge P, Wiedemann A, Rosselin M, Abed N, Boumart Z, Chausse AM,
Grepinet O, Namdari F, Roche SM, Rossignol A, Virlogeux-Payant I.
2012. Multiplicity of Salmonella entry mechanisms, a new paradigm for
Salmonella pathogenesis. MicrobiologyOpen 1:243-258. https://doi
.org/10.1002/mbo3.28.

Agbor TA, McCormick BA. 2011. Salmonella effectors: important players
modulating host cell function during infection. Cell Microbiol 13:
1858-1869. https://doi.org/10.1111/j.1462-5822.2011.01701 x.

Finlay BB, Ruschkowski S, Dedhar S. 1991. Cytoskeletal rearrangements
accompanying salmonella entry into epithelial cells. J Cell Sci 99(Part
2):283-296.

Zhou D, Galan J. 2001. Salmonella entry into host cells: the work in
concert of type Il secreted effector proteins. Microbes Infect
3:1293-1298. https://doi.org/10.1016/51286-4579(01)01489-7.
Bierschenk D, Boucher D, Schroder K. 2017. Salmonella-induced inflam-
masome activation in humans. Mol Immunol 86:38-43. https://doi.org/
10.1016/j.molimm.2016.11.009.

LaRock DL, Chaudhary A, Miller SI. 2015. Salmonellae interactions with
host processes. Nat Rev Microbiol 13:191-205. https://doi.org/10.1038/
nrmicro3420.

Kaiser P, Hardt WD. 2011. Salmonella Typhimurium diarrhea: switching
the mucosal epithelium from homeostasis to defense. Curr Opin Im-
munol 23:456-463. https://doi.org/10.1016/j.c0i.2011.06.004.

Kraus MD, Amatya B, Kimula Y. 1999. Histopathology of typhoid
enteritis: morphologic and immunophenotypic findings. Mod Pathol
12:949-955.

Chanh NQ, Everest P, Khoa TT, House D, Murch S, Parry C, Connerton P,
Bay PV, Diep TS, Mastroeni P, White NJ, Hien TT, Ho VV, Dougan G,
Farrar JJ, Wain J. 2004. A clinical, microbiological, and pathological
study of intestinal perforation associated with typhoid fever. Clin Infect
Dis 39:61-67. https://doi.org/10.1086/421555.

Sprinz H, Gangarosa EJ, Williams M, Hornick RB, Woodward TE. 1966.
Histopathology of the upper small intestines in typhoid fever. Biopsy
study of experimental disease in man. Am J Dig Dis 11:615-624.
McCormick BA, Miller SI, Carnes D, Madara JL. 1995. Transepithelial
signaling to neutrophils by salmonellae: a novel virulence mechanism
for gastroenteritis. Infect Immun 63:2302-2309.

Raffatellu M, Chessa D, Wilson RP, Dusold R, Rubino S, Baumler AJ.
2005. The Vi capsular antigen of Salmonella enterica serotype Typhi
reduces Toll-like receptor-dependent interleukin-8 expression in the
intestinal mucosa. Infect Immun 73:3367-3374. https://doi.org/10
.1128/1A1.73.6.3367-3374.2005.

Winter SE, Raffatellu M, Wilson RP, Russmann H, Baumler AJ. 2008. The
Salmonella enterica serotype Typhi regulator TviA reduces
interleukin-8 production in intestinal epithelial cells by repressing
flagellin secretion. Cell Microbiol 10:247-261. https://doi.org/10.1111/j
.1462-5822.2007.01037 x.

Winter SE, Winter MG, Thiennimitr P, Gerriets VA, Nuccio SP, Russmann
H, Baumler AJ. 2009. The TviA auxiliary protein renders the Salmonella
enterica serotype Typhi RcsB regulon responsive to changes in osmo-
larity. Mol Microbiol 74:175-193. https://doi.org/10.1111/j.1365-2958
.2009.06859.x.

Elhadad D, Desai P, Grassl GA, McClelland M, Rahav G, Gal-Mor O. 2016.
Differences in host cell invasion and Salmonella pathogenicity island 1

cmr.asm.org 25

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://doi.org/10.1371/journal.pmed.1001923
https://doi.org/10.3201/eid0505.990502
https://doi.org/10.1086/318457
https://doi.org/10.1017/S095026880006711X
https://doi.org/10.1086/381581
https://doi.org/10.1086/588823
https://doi.org/10.1086/588823
https://doi.org/10.1186/1471-2164-10-36
https://doi.org/10.1093/cid/civ711
https://doi.org/10.1371/journal.pntd.0003611
https://doi.org/10.1016/S0924-8579(03)00262-0
https://doi.org/10.3201/eid1611.100100
https://doi.org/10.3201/eid1611.100100
https://doi.org/10.1086/505973
https://doi.org/10.1086/381594
https://doi.org/10.1016/S1286-4579(01)01375-2
https://doi.org/10.1016/S1286-4579(01)01375-2
https://doi.org/10.1038/nrmicro2012
https://doi.org/10.1017/S0950268814002829
https://doi.org/10.1097/QCO.0000000000000398
https://doi.org/10.1016/j.jinf.2013.09.013
https://doi.org/10.1016/j.jinf.2013.09.013
https://doi.org/10.4161/gmic.18602
https://doi.org/10.4161/gmic.18602
https://doi.org/10.7189/jogh.05.020407
https://doi.org/10.7189/jogh.05.020407
https://doi.org/10.1084/jem.180.1.15
https://doi.org/10.1084/jem.180.1.15
https://doi.org/10.1002/mbo3.28
https://doi.org/10.1002/mbo3.28
https://doi.org/10.1111/j.1462-5822.2011.01701.x
https://doi.org/10.1016/S1286-4579(01)01489-7
https://doi.org/10.1016/j.molimm.2016.11.009
https://doi.org/10.1016/j.molimm.2016.11.009
https://doi.org/10.1038/nrmicro3420
https://doi.org/10.1038/nrmicro3420
https://doi.org/10.1016/j.coi.2011.06.004
https://doi.org/10.1086/421555
https://doi.org/10.1128/IAI.73.6.3367-3374.2005
https://doi.org/10.1128/IAI.73.6.3367-3374.2005
https://doi.org/10.1111/j.1462-5822.2007.01037.x
https://doi.org/10.1111/j.1462-5822.2007.01037.x
https://doi.org/10.1111/j.1365-2958.2009.06859.x
https://doi.org/10.1111/j.1365-2958.2009.06859.x
https://cmr.asm.org
http://cmr.asm.org/

Gal-Mor

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

January 2019 Volume 32

expression between Salmonella enterica serovar Paratyphi A and non-
typhoidal S. Typhimurium. Infect Immun 84:1150-1165. https://doi
.org/10.1128/IA1.01461-15.

Elhadad D, Desai P, Rahav G, McClelland M, Gal-Mor O. 2015. Flagellin
is required for host cell invasion and normal Salmonella pathogenicity
island 1 expression by Salmonella enterica serovar Paratyphi A. Infect
Immun 83:3355-3368. https://doi.org/10.1128/IA1.00468-15.

Elhadad D, McClelland M, Rahav G, Gal-Mor O. 2015. Feverlike temper-
ature is a virulence regulatory cue controlling the motility and host cell
entry of typhoidal Salmonella. J Infect Dis 212:147-156. https://doi.org/
10.1093/infdis/jiu663.

Gordon MA. 2008. Salmonella infections in immunocompromised
adults. J Infect 56:413-422. https://doi.org/10.1016/}.jinf.2008.03.012.
House D, Wain J, Ho VA, Diep TS, Chinh NT, Bay PV, Vinh H, Duc M, Parry
CM, Dougan G, White NJ, Hien TT, Farrar JJ. 2001. Serology of typhoid
fever in an area of endemicity and its relevance to diagnosis. J Clin
Microbiol 39:1002-1007. https://doi.org/10.1128/JCM.39.3.1002-1007
.2001.

Gonzalez-Escobedo G, Gunn JS. 2013. Gallbladder epithelium as a niche
for chronic Salmonella carriage. Infect Immun 81:2920-2930. https://
doi.org/10.1128/I1A1.00258-13.

Jones BD, Falkow S. 1996. Salmonellosis: host immune responses and
bacterial virulence determinants. Annu Rev Immunol 14:533-561.
https://doi.org/10.1146/annurev.immunol.14.1.533.

Menendez A, Arena ET, Guttman JA, Thorson L, Vallance BA, Vogl W,
Finlay BB. 2009. Salmonella infection of gallbladder epithelial cells
drives local inflammation and injury in a model of acute typhoid fever.
J Infect Dis 200:1703-1713. https://doi.org/10.1086/646608.

Tam MA, Rydstrom A, Sundquist M, Wick MJ. 2008. Early cellular
responses to Salmonella infection: dendritic cells, monocytes, and
more. Immunol Rev 225:140-162. https://doi.org/10.1111/j.1600-065X
.2008.00679.x.

Chakravortty D, Hansen-Wester |, Hensel M. 2002. Salmonella pathoge-
nicity island 2 mediates protection of intracellular Salmonella from
reactive nitrogen intermediates. J Exp Med 195:1155-1166.

Gilman RH, Terminel M, Levine MM, Hernandez-Mendoza P, Hornick
RB. 1975. Relative efficacy of blood, urine, rectal swab, bone-
marrow, and rose-spot cultures for recovery of Salmonella typhi in
typhoid fever. Lancet 305:1211-1213. https://doi.org/10.1016/50140
-6736(75)92194-7.

Parry CM, Wijedoru L, Arjyal A, Baker S. 2011. The utility of diagnostic
tests for enteric fever in endemic locations. Expert Rev Anti Infect Ther
9:711-725. https://doi.org/10.1586/eri.11.47.

Humphries RM, Linscott AJ. 2015. Laboratory diagnosis of bacterial gas-
troenteritis. Clin  Microbiol Rev 28:3-31. https://doi.org/10.1128/CMR
.00073-14.

Maddocks S, Olma T, Chen S. 2002. Comparison of CHROMagar salmo-
nella medium and xylose-lysine-desoxycholate and salmonella-shigella
agars for isolation of Salmonella strains from stool samples. J Clin
Microbiol 40:2999-3003. https://doi.org/10.1128/JCM.40.8.2999-3003
.2002.

Church DL, Emshey D, Lloyd T, Pitout J. 2010. Clinical and economic
evaluation of BBL CHROMagar Salmonella (CHROMSal) versus subcul-
ture after selenite broth enrichment to CHROMSal and Hektoen enteric
agars to detect enteric Salmonella in a large regional microbiology
laboratory. Diagn Microbiol Infect Dis 68:13-19. https://doi.org/10
.1016/j.diagmicrobio.2010.04.003.

Perez JM, Cavalli P, Roure C, Renac R, Gille Y, Freydiere AM. 2003.
Comparison of four chromogenic media and Hektoen agar for detec-
tion and presumptive identification of Salmonella strains in human
stools. J Clin Microbiol 41:1130-1134. https://doi.org/10.1128/JCM.41
.3.1130-1134.2003.

Guibourdenche M, Roggentin P, Mikoleit M, Fields PI, Bockemuhl J,
Grimont PA, Weill FX. 2010. Supplement 2003-2007 (no. 47) to the
White-Kauffmann-Le Minor scheme. Res Microbiol 161:26-29. https://
doi.org/10.1016/j.resmic.2009.10.002.

Brenner FW, Villar RG, Angulo FJ, Tauxe R, Swaminathan B. 2000.
Salmonella nomenclature. J Clin Microbiol 38:2465-2467.

Liu B, Knirel YA, Feng L, Perepelov AV, Senchenkova SN, Reeves PR,
Wang L. 2014. Structural diversity in Salmonella O antigens and its
genetic basis. FEMS Microbiol Rev 38:56-89. https://doi.org/10.1111/
1574-6976.12034.

Bonifield HR, Hughes KT. 2003. Flagellar phase variation in Salmonella
enterica is mediated by a posttranscriptional control mechanism. J

Issue 1 e00088-18

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

112

113.

114.

115.

116.

117.

118.

Clinical Microbiology Reviews

Bacteriol 185:3567-3574. https://doi.org/10.1128/JB.185.12.3567-3574
.2003.

Silverman M, Zieg J, Hilmen M, Simon M. 1979. Phase variation in
Salmonella: genetic analysis of a recombinational switch. Proc Natl
Acad Sci U S A 76:391-395.

Yamamoto S, Kutsukake K. 2006. FljA-mediated posttranscriptional
control of phase 1 flagellin expression in flagellar phase variation of
Salmonella enterica serovar Typhimurium. J Bacteriol 188:958-967.
https://doi.org/10.1128/JB.188.3.958-967.2006.

Schwartz DC, Cantor CR. 1984. Separation of yeast chromosome-sized
DNAs by pulsed field gradient gel electrophoresis. Cell 37:67-75.
Gerner-Smidt P, Hise K, Kincaid J, Hunter S, Rolando S, Hyytia-Trees E,
Ribot EM, Swaminathan B, Pulsenet Taskforce. 2006. PulseNet USA: a
five-year update. Foodborne Pathog Dis 3:9-19. https://doi.org/10
.1089/fpd.2006.3.9.

Achtman M, Wain J, Weill FX, Nair S, Zhou Z, Sangal V, Krauland MG,
Hale JL, Harbottle H, Uesbeck A, Dougan G, Harrison LH, Brisse S, S.
Enterica MLST Study Group. 2012. Multilocus sequence typing as a
replacement for serotyping in Salmonella enterica. PLoS Pathog
8:1002776. https://doi.org/10.1371/journal.ppat.1002776.

Enright MC, Spratt BG. 1999. Multilocus sequence typing. Trends Mi-
crobiol 7:482-487.

Esteban E, Snipes K, Hird D, Kasten R, Kinde H. 1993. Use of ribotyping
for characterization of Salmonella serotypes. J Clin Microbiol 31:
233-237.

Fabre L, Zhang J, Guigon G, Le Hello S, Guibert V, Accou-Demartin M,
de Romans S, Lim C, Roux C, Passet V, Diancourt L, Guibourdenche M,
Issenhuth-Jeanjean S, Achtman M, Brisse S, Sola C, Weill FX. 2012.
CRISPR typing and subtyping for improved laboratory surveillance of
Salmonella infections. PLoS One 7:36995. https://doi.org/10.1371/
journal.pone.0036995.

Liu F, Barrangou R, Gerner-Smidt P, Ribot EM, Knabel SJ, Dudley EG.
2011. Novel virulence gene and clustered regularly interspaced short
palindromic repeat (CRISPR) multilocus sequence typing scheme for
subtyping of the major serovars of Salmonella enterica subsp. enterica.
Appl Environ Microbiol 77:1946-1956. https://doi.org/10.1128/AEM
.02625-10.

Ferrari RG, Panzenhagen PHN, Conte-Junior CA. 2017. Phenotypic and
genotypic eligible methods for Salmonella Typhimurium source track-
ing. Front Microbiol 8:2587. https://doi.org/10.3389/fmicb.2017.02587.
Shi C, Singh P, Ranieri ML, Wiedmann M, Moreno Switt Al. 2015.
Molecular methods for serovar determination of Salmonella. Crit Rev
Microbiol 41:309-325. https://doi.org/10.3109/1040841X.2013.837862.
Wattiau P, Boland C, Bertrand S. 2011. Methodologies for Salmonella
enterica subsp. enterica subtyping: gold standards and alternatives.
Appl Environ Microbiol 77:7877-7885. https://doi.org/10.1128/AEM
.05527-11.

Foley SL, Zhao S, Walker RD. 2007. Comparison of molecular typing
methods for the differentiation of Salmonella foodborne pathogens.
Foodborne Pathog Dis 4:253-276. https://doi.org/10.1089/fpd.2007
.0085.

Ley B, Mtove G, Thriemer K, Amos B, von Seidlein L, Hendriksen I,
Mwambuli A, Shoo A, Malahiyo R, Ame SM, Kim DR, Ochiai LR, Clemens
JD, Reyburn H, Wilfing H, Magesa S, Deen JL. 2010. Evaluation of the
Widal tube agglutination test for the diagnosis of typhoid fever among
children admitted to a rural hospital in Tanzania and a comparison with
previous studies. BMC Infect Dis 10:180. https://doi.org/10.1186/1471
-2334-10-180.

Olopoenia LA, King AL. 2000. Widal agglutination test—100 years later:
still plagued by controversy. Postgrad Med J 76:80-84.

Fadeel MA, Crump JA, Mahoney FJ, Nakhla IA, Mansour AM, Reyad B, El
Melegi D, Sultan Y, Mintz ED, Bibb WF. 2004. Rapid diagnosis of typhoid
fever by enzyme-linked immunosorbent assay detection of Salmonella
serotype Typhi antigens in urine. Am J Trop Med Hyg 70:323-328.
Baker S, Favorov M, Dougan G. 2010. Searching for the elusive typhoid
diagnostic. BMC Infect Dis 10:45. https://doi.org/10.1186/1471-2334-10-45.
Thriemer K, Ley B, Menten J, Jacobs J, van den Ende J. 2013. A systematic
review and meta-analysis of the performance of two point of care typhoid
fever tests, Tubex TF and Typhidot, in endemic countries. PLoS One
8:€81263. https://doi.org/10.1371/journal.pone.0081263.

Wijedoru L, Mallett S, Parry CM. 2017. Rapid diagnostic tests for typhoid
and paratyphoid (enteric) fever. Cochrane Database Syst Rev
5:CD008892. https://doi.org/10.1002/14651858.CD008892.pub2.

Lin LH, Tsai CY, Hung MH, Fang YT, Ling QD. 2011. Rectal swab

cmr.asm.org 26

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://doi.org/10.1128/IAI.01461-15
https://doi.org/10.1128/IAI.01461-15
https://doi.org/10.1128/IAI.00468-15
https://doi.org/10.1093/infdis/jiu663
https://doi.org/10.1093/infdis/jiu663
https://doi.org/10.1016/j.jinf.2008.03.012
https://doi.org/10.1128/JCM.39.3.1002-1007.2001
https://doi.org/10.1128/JCM.39.3.1002-1007.2001
https://doi.org/10.1128/IAI.00258-13
https://doi.org/10.1128/IAI.00258-13
https://doi.org/10.1146/annurev.immunol.14.1.533
https://doi.org/10.1086/646608
https://doi.org/10.1111/j.1600-065X.2008.00679.x
https://doi.org/10.1111/j.1600-065X.2008.00679.x
https://doi.org/10.1016/S0140-6736(75)92194-7
https://doi.org/10.1016/S0140-6736(75)92194-7
https://doi.org/10.1586/eri.11.47
https://doi.org/10.1128/CMR.00073-14
https://doi.org/10.1128/CMR.00073-14
https://doi.org/10.1128/JCM.40.8.2999-3003.2002
https://doi.org/10.1128/JCM.40.8.2999-3003.2002
https://doi.org/10.1016/j.diagmicrobio.2010.04.003
https://doi.org/10.1016/j.diagmicrobio.2010.04.003
https://doi.org/10.1128/JCM.41.3.1130-1134.2003
https://doi.org/10.1128/JCM.41.3.1130-1134.2003
https://doi.org/10.1016/j.resmic.2009.10.002
https://doi.org/10.1016/j.resmic.2009.10.002
https://doi.org/10.1111/1574-6976.12034
https://doi.org/10.1111/1574-6976.12034
https://doi.org/10.1128/JB.185.12.3567-3574.2003
https://doi.org/10.1128/JB.185.12.3567-3574.2003
https://doi.org/10.1128/JB.188.3.958-967.2006
https://doi.org/10.1089/fpd.2006.3.9
https://doi.org/10.1089/fpd.2006.3.9
https://doi.org/10.1371/journal.ppat.1002776
https://doi.org/10.1371/journal.pone.0036995
https://doi.org/10.1371/journal.pone.0036995
https://doi.org/10.1128/AEM.02625-10
https://doi.org/10.1128/AEM.02625-10
https://doi.org/10.3389/fmicb.2017.02587
https://doi.org/10.3109/1040841X.2013.837862
https://doi.org/10.1128/AEM.05527-11
https://doi.org/10.1128/AEM.05527-11
https://doi.org/10.1089/fpd.2007.0085
https://doi.org/10.1089/fpd.2007.0085
https://doi.org/10.1186/1471-2334-10-180
https://doi.org/10.1186/1471-2334-10-180
https://doi.org/10.1186/1471-2334-10-45
https://doi.org/10.1371/journal.pone.0081263
https://doi.org/10.1002/14651858.CD008892.pub2
https://cmr.asm.org
http://cmr.asm.org/

Persistence of Salmonellae

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

January 2019 Volume 32

sampling followed by an enrichment culture-based real-time PCR assay
to detect Salmonella enterocolitis in children. Clin Microbiol Infect
17:1421-1425. https://doi.org/10.1111/j.1469-0691.2010.03450.x.
Tennant SM, Diallo S, Levy H, Livio S, Sow SO, Tapia M, Fields PI, Mikoleit
M, Tamboura B, Kotloff KL, Nataro JP, Galen JE, Levine MM. 2010. Identi-
fication by PCR of non-typhoidal Salmonella enterica serovars associated
with invasive infections among febrile patients in Mali. PLoS Negl Trop Dis
4:e621. https://doi.org/10.1371/journal.pntd.0000621.

Crump JA, Sjolund-Karlsson M, Gordon MA, Parry CM. 2015. Epidemi-
ology, clinical presentation, laboratory diagnosis, antimicrobial resis-
tance, and antimicrobial management of invasive Salmonella infec-
tions. Clin Microbiol Rev 28:901-937. https://doi.org/10.1128/CMR
.00002-15.

Song JH, Cho H, Park MY, Na DS, Moon HB, Pai CH. 1993. Detection of
Salmonella typhi in the blood of patients with typhoid fever by poly-
merase chain reaction. J Clin Microbiol 31:1439-1443.

Ali A, Haque A, Haque A, Sarwar Y, Mohsin M, Bashir S, Tariq A. 2009.
Multiplex PCR for differential diagnosis of emerging typhoidal patho-
gens directly from blood samples. Epidemiol Infect 137:102-107.
https://doi.org/10.1017/50950268808000654.

Kumar A, Arora V, Bashamboo A, Ali S. 2002. Detection of Salmonella
typhi by polymerase chain reaction: implications in diagnosis of ty-
phoid fever. Infect Genet Evol 2:107-110.

Prakash P, Mishra OP, Singh AK, Gulati AK, Nath G. 2005. Evaluation of
nested PCR in diagnosis of typhoid fever. J Clin Microbiol 43:431-432.
https://doi.org/10.1128/JCM.43.1.431-432.2005.

Nga TV, Karkey A, Dongol S, Thuy HN, Dunstan S, Holt K, Tu LTP,
Campbell JI, Chau TT, Chau NV, Arjyal A, Koirala S, Basnyat B, Dolecek
C, Farrar J, Baker S. 2010. The sensitivity of real-time PCR amplification
targeting invasive Salmonella serovars in biological specimens. BMC
Infect Dis 10:125. https://doi.org/10.1186/1471-2334-10-125.

Kumar G, Pratap CB, Mishra OP, Kumar K, Nath G. 2012. Use of urine
with nested PCR targeting the flagellin gene (fliC) for diagnosis of
typhoid fever. J Clin Microbiol 50:1964-1967. https://doi.org/10.1128/
JCM.00031-12.

Darton TC, Zhou L, Blohmke CJ, Jones C, Waddington CS, Baker S,
Pollard AJ. 2017. Blood culture-PCR to optimise typhoid fever diagnosis
after controlled human infection identifies frequent asymptomatic
cases and evidence of primary bacteraemia. J Infect 74:358-366.
https://doi.org/10.1016/j.jinf.2017.01.006.

Nizami SQ, Bhutta ZA, Siddiqui AA, Lubbad L. 2006. Enhanced detec-
tion rate of typhoid fever in children in a periurban slum in Karachi,
Pakistan using polymerase chain reaction technology. Scand J Clin Lab
Invest 66:429-436. https://doi.org/10.1080/00365510600791724.
Sanchez-Jiménez MM, Cardona-Castro N. 2004. Validation of a PCR for
diagnosis of typhoid fever and salmonellosis by amplification of the
hilA gene in clinical samples from Colombian patients. J Med Microbiol
53:875-878. https://doi.org/10.1099/jmm.0.45630-0.

Van Lint P, De Witte E, Ursi JP, Van Herendael B, Van Schaeren J. 2016.
A screening algorithm for diagnosing bacterial gastroenteritis by real-
time PCR in combination with guided culture. Diagn Microbiol Infect
Dis 85:255-259. https://doi.org/10.1016/j.diagmicrobio.2016.03.017.
Van Lint P, De Witte E, De Henau H, De Muynck A, Verstraeten L, Van
Herendael B, Weekx S. 2015. Evaluation of a real-time multiplex PCR for
the simultaneous detection of Campylobacter jejuni, Salmonella spp.,
Shigella spp./EIEC, and Yersinia enterocolitica in fecal samples. Eur J
Clin Microbiol Infect Dis 34:535-542. https://doi.org/10.1007/510096
-014-2257-x.

Zhu Q, Lim CK, Chan YN. 1996. Detection of Salmonella typhi by
polymerase chain reaction. J Appl Bacteriol 80:244-251.

Kumar A, Balachandran Y, Gupta S, Khare S, Suman. 2010. Quick PCR
based diagnosis of typhoid using specific genetic markers. Biotechnol
Lett 32:707-712. https://doi.org/10.1007/s10529-010-0211-2.

Khare R, Espy MJ, Cebelinski E, Boxrud D, Sloan LM, Cunningham SA,
Pritt BS, Patel R, Binnicker MJ. 2014. Comparative evaluation of two
commercial multiplex panels for detection of gastrointestinal patho-
gens by use of clinical stool specimens. J Clin Microbiol 52:3667-3673.
https://doi.org/10.1128/JCM.01637-14.

Anderson NW, Buchan BW, Ledeboer NA. 2014. Comparison of the BD
MAX enteric bacterial panel to routine culture methods for detection of
Campylobacter, enterohemorrhagic Escherichia coli (0157), Salmo-
nella, and Shigella isolates in preserved stool specimens. J Clin Micro-
biol 52:1222-1224. https://doi.org/10.1128/JCM.03099-13.

Perry MD, Corden SA, Howe RA. 2014. Evaluation of the Luminex xTAG

Issue 1 e00088-18

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Clinical Microbiology Reviews

gastrointestinal pathogen panel and the Savyon Diagnostics gastroin-
testinal infection panel for the detection of enteric pathogens in
clinical samples. J Med Microbiol 63:1419-1426. https://doi.org/10
.1099/jmm.0.074773-0.

Martin A, Perez-Ayala A, Chaves F, Lora D, Orellana MA. 2018. Evalua-
tion of the multiplex PCR Allplex-Gl assay in the detection of bacterial
pathogens in diarrheic stool samples. J Microbiol Methods 144:33-36.
https://doi.org/10.1016/j.mimet.2017.10.016.

Cheng K, Chui H, Domish L, Hernandez D, Wang G. 2016. Recent
development of mass spectrometry and proteomics applications in
identification and typing of bacteria. Proteomics Clin Appl 10:346-357.
https://doi.org/10.1002/prca.201500086.

Sloan A, Wang G, Cheng K. 2017. Traditional approaches versus mass
spectrometry in bacterial identification and typing. Clin Chim Acta
473:180-185. https://doi.org/10.1016/j.cca.2017.08.035.

Vargha M, Takats Z, Konopka A, Nakatsu CH. 2006. Optimization of
MALDI-TOF MS for strain level differentiation of Arthrobacter isolates. J
Microbiol Methods 66:399-409. https://doi.org/10.1016/j.mimet.2006
.01.006.

CLSI. 2017. CLSI guideline M58, methods for the identification of cul-
tured microorganisms using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry, 1st ed. CLSI, Wayne, PA.

He Y, Li H, Lu X, Stratton CW, Tang YW. 2010. Mass spectrometry
Biotyper system identifies enteric bacterial pathogens directly from
colonies grown on selective stool culture media. J Clin Microbiol
48:3888-3892. https://doi.org/10.1128/JCM.01290-10.

Anderson NW, Buchan BW, Riebe KM, Parsons LN, Gnacinski S, Lede-
boer NA. 2012. Effects of solid-medium type on routine identification of
bacterial isolates by use of matrix-assisted laser desorption
ionization-time of flight mass spectrometry. J Clin Microbiol 50:
1008-1013. https://doi.org/10.1128/JCM.05209-11.

Gekenidis MT, Studer P, Wuthrich S, Brunisholz R, Drissner D. 2014.
Beyond the matrix-assisted laser desorption ionization (MALDI) biotyp-
ing workflow: in search of microorganism-specific tryptic peptides
enabling discrimination of subspecies. Appl Environ Microbiol 80:
4234-4241. https://doi.org/10.1128/AEM.00740-14.

Allard MW, Strain E, Melka D, Bunning K, Musser SM, Brown EW, Timme
R. 2016. Practical value of food pathogen traceability through building
a whole-genome sequencing network and database. J Clin Microbiol
54:1975-1983. https://doi.org/10.1128/JCM.00081-16.

Nadon C, Van Walle I, Gerner-Smidt P, Campos J, Chinen |, Concepcion-
Acevedo J, Gilpin B, Smith AM, Man Kam K, Perez E, Trees E, Kubota K,
Takkinen J, Nielsen EM, Carleton H, FWD-NEXT Expert Panel. 2017.
PulseNet International: vision for the implementation of whole genome
sequencing (WGS) for global food-borne disease surveillance. Euro
Surveill 22(23):pii=30544. https://doi.org/10.2807/1560-7917.ES.2017
.22.23.30544.

Connor TR, Owen SV, Langridge G, Connell S, Nair S, Reuter S, Dallman
TJ, Corander J, Tabing KC, Le Hello S, Fookes M, Doublet B, Zhou Z,
Feltwell T, Ellington MJ, Herrera S, Gilmour M, Cloeckaert A, Achtman
M, Parkhill J, Wain J, De Pinna E, Weill FX, Peters T, Thomson N. 2016.
What's in a name? Species-wide whole-genome sequencing resolves
invasive and noninvasive lineages of Salmonella enterica serotype
Paratyphi B. mBio 7:€00527-16. https://doi.org/10.1128/mBi0.00527-16.
Ashton PM, Nair S, Peters TM, Bale JA, Powell DG, Painset A, Tewolde R,
Schaefer U, Jenkins C, Dallman TJ, de Pinna EM, Grant KA, Salmonella
Whole Genome Sequencing Implementation Group. 2016. Identifica-
tion of Salmonella for public health surveillance using whole genome
sequencing. PeerJ 4:e1752. https://doi.org/10.7717/peerj.1752.
Feliziani S, Marvig RL, Lujan AM, Moyano AJ, Di Rienzo JA, Krogh
Johansen H, Molin S, Smania AM. 2014. Coexistence and within-host
evolution of diversified lineages of hypermutable Pseudomonas
aeruginosa in long-term cystic fibrosis infections. PLoS Genet 10:
e1004651. https://doi.org/10.1371/journal.pgen.1004651.

Hayden HS, Lim R, Brittnacher MJ, Sims EH, Ramage ER, Fong C, Wu Z,
Crist E, Chang J, Zhou Y, Radey M, Rohmer L, Haugen E, Gillett W,
Wuthiekanun V, Peacock SJ, Kaul R, Miller SI, Manoil C, Jacobs MA. 2012.
Evolution of Burkholderia pseudomallei in recurrent melioidosis. PLoS
One 7:36507. https://doi.org/10.1371/journal.pone.0036507.

Iriarte A, Giner-Lamia J, Silva C, Betancor L, Astocondor L, Cestero JJ,
Ochoa T, Garcia C, Puente JL, Chabalgoity JA, Salmolber CYTED Net-
work, Garcia-Del Portillo F. 2017. Draft genome sequence of Salmonella
enterica subsp. enterica serovar Infantis strain SPE101, isolated from a

cmr.asm.org 27

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://doi.org/10.1111/j.1469-0691.2010.03450.x
https://doi.org/10.1371/journal.pntd.0000621
https://doi.org/10.1128/CMR.00002-15
https://doi.org/10.1128/CMR.00002-15
https://doi.org/10.1017/S0950268808000654
https://doi.org/10.1128/JCM.43.1.431-432.2005
https://doi.org/10.1186/1471-2334-10-125
https://doi.org/10.1128/JCM.00031-12
https://doi.org/10.1128/JCM.00031-12
https://doi.org/10.1016/j.jinf.2017.01.006
https://doi.org/10.1080/00365510600791724
https://doi.org/10.1099/jmm.0.45630-0
https://doi.org/10.1016/j.diagmicrobio.2016.03.017
https://doi.org/10.1007/s10096-014-2257-x
https://doi.org/10.1007/s10096-014-2257-x
https://doi.org/10.1007/s10529-010-0211-2
https://doi.org/10.1128/JCM.01637-14
https://doi.org/10.1128/JCM.03099-13
https://doi.org/10.1099/jmm.0.074773-0
https://doi.org/10.1099/jmm.0.074773-0
https://doi.org/10.1016/j.mimet.2017.10.016
https://doi.org/10.1002/prca.201500086
https://doi.org/10.1016/j.cca.2017.08.035
https://doi.org/10.1016/j.mimet.2006.01.006
https://doi.org/10.1016/j.mimet.2006.01.006
https://doi.org/10.1128/JCM.01290-10
https://doi.org/10.1128/JCM.05209-11
https://doi.org/10.1128/AEM.00740-14
https://doi.org/10.1128/JCM.00081-16
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.1128/mBio.00527-16
https://doi.org/10.7717/peerj.1752
https://doi.org/10.1371/journal.pgen.1004651
https://doi.org/10.1371/journal.pone.0036507
https://cmr.asm.org
http://cmr.asm.org/

Gal-Mor

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

January 2019 Volume 32

chronic human infection. Genome Announc 5:€00679-17. https://doi
.org/10.1128/genomeA.00679-17.

Jelsbak L, Johansen HK, Frost AL, Thogersen R, Thomsen LE, Ciofu O,
Yang L, Haagensen JA, Hoiby N, Molin S. 2007. Molecular epidemiology
and dynamics of Pseudomonas aeruginosa populations in lungs of
cystic fibrosis patients. Infect Immun 75:2214-2224. https://doi.org/10
.1128/1A1.01282-06.

Kraft C, Stack A, Josenhans C, Niehus E, Dietrich G, Correa P, Fox JG,
Falush D, Suerbaum S. 2006. Genomic changes during chronic Helico-
bacter pylori infection. J Bacteriol 188:249-254. https://doi.org/10
.1128/JB.188.1.249-254.2006.

Marzel A, Desai PT, Goren A, Schorr YI, Nissan |, Porwollik S, Valinsky L,
McClelland M, Rahav G, Gal-Mor O. 2016. Persistent infections by
nontyphoidal Salmonella in humans: epidemiology and genetics. Clin
Infect Dis 62:879-886. https://doi.org/10.1093/cid/civ1221.

Zerbino DR, Birney E. 2008. Velvet: algorithms for de novo short read
assembly using de Bruijn graphs. Genome Res 18:821-829. https://doi
.org/10.1101/gr.074492.107.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new
genome assembly algorithm and its applications to single-cell se-
quencing. J Comput Biol 19:455-477. https://doi.org/10.1089/cmb
.2012.0021.

Luo R, Liu B, Xie Y, Li Z, Huang W, Yuan J, He G, Chen Y, Pan Q, Liu Y,
Tang J, Wu G, Zhang H, Shi Y, Liu Y, Yu C, Wang B, Lu Y, Han C, Cheung
DW, Yiu SM, Peng S, Xiaogian Z, Liu G, Liao X, Li Y, Yang H, Wang J, Lam
TW, Wang J. 2012. SOAPdenovo2: an empirically improved memory-
efficient short-read de novo assembler. Gigascience 1:18. https://doi
.org/10.1186/2047-217X-1-18.

Alikhan NF, Zhou Z, Sergeant MJ, Achtman M. 2018. A genomic over-
view of the population structure of Salmonella. PLoS Genet 14:
€1007261. https://doi.org/10.1371/journal.pgen.1007261.

Pang S, Octavia S, Reeves PR, Wang Q, Gilbert GL, Sintchenko V, Lan R.
2012. Genetic relationships of phage types and single nucleotide poly-
morphism typing of Salmonella enterica serovar Typhimurium. J Clin
Microbiol 50:727-734. https://doi.org/10.1128/JCM.01284-11.

Schork NJ, Fallin D, Lanchbury JS. 2000. Single nucleotide polymor-
phisms and the future of genetic epidemiology. Clin Genet 58:250-264.
Collins A, Lonjou C, Morton NE. 1999. Genetic epidemiology of single-
nucleotide polymorphisms. Proc Natl Acad Sci U S A 96:15173-15177.
Maiden MC, Jansen van Rensburg MJ, Bray JE, Earle SG, Ford SA, Jolley
KA, McCarthy ND. 2013. MLST revisited: the gene-by-gene approach to
bacterial genomics. Nat Rev Microbiol 11:728-736. https://doi.org/10
.1038/nrmicro3093.

Liu YY, Chiou CS, Chen CC. 2016. PGAdb-builder: a Web service tool for
creating pan-genome allele database for molecular fine typing. Sci Rep
6:36213. https://doi.org/10.1038/srep36213.

de Been M, Pinholt M, Top J, Bletz S, Mellmann A, van Schaik W,
Brouwer E, Rogers M, Kraat Y, Bonten M, Corander J, Westh H, Harmsen
D, Willems RJ. 2015. Core genome multilocus sequence typing scheme
for high-resolution typing of Enterococcus faecium. J Clin Microbiol
53:3788-3797. https://doi.org/10.1128/JCM.01946-15.

Jackson BR, Tarr C, Strain E, Jackson KA, Conrad A, Carleton H, Katz LS,
Stroika S, Gould LH, Mody RK, Silk BJ, Beal J, Chen Y, Timme R, Doyle M,
Fields A, Wise M, Tillman G, Defibaugh-Chavez S, Kucerova Z, Sabol A,
Roache K, Trees E, Simmons M, Wasilenko J, Kubota K, Pouseele H,
Klimke W, Besser J, Brown E, Allard M, Gerner-Smidt P. 2016. Imple-
mentation of nationwide real-time whole-genome sequencing to en-
hance listeriosis outbreak detection and investigation. Clin Infect Dis
63:380-386. https://doi.org/10.1093/cid/ciw242.

Barkley JS, Gosciminski M, Miller A. 2016. Whole-genome sequencing
detection of ongoing Listeria contamination at a restaurant, Rhode
Island, USA, 2014. Emerg Infect Dis 22:1474-1476. https://doi.org/10
.3201/eid2208.151917.

Pearce ME, Alikhan NF, Dallman TJ, Zhou Z, Grant K, Maiden MCJ. 2018.
Comparative analysis of core genome MLST and SNP typing within a
European Salmonella serovar Enteritidis outbreak. Int J Food Microbiol
274:1-11. https://doi.org/10.1016/j.iffoodmicro.2018.02.023.

Zhang S, Yin Y, Jones MB, Zhang Z, Deatherage Kaiser BL, Dinsmore BA,
Fitzgerald C, Fields Pl, Deng X. 2015. Salmonella serotype determina-
tion utilizing high-throughput genome sequencing data. J Clin Micro-
biol 53:1685-1692. https://doi.org/10.1128/JCM.00323-15.

Yoshida CE, Kruczkiewicz P, Laing CR, Lingohr EJ, Gannon VP, Nash JH,

Issue 1 e00088-18

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Clinical Microbiology Reviews

Taboada EN. 2016. The Salmonella In Silico Typing Resource (SISTR): an
open Web-accessible tool for rapidly typing and subtyping draft Sal-
monella genome assemblies. PLoS One 11:e0147101. https://doi.org/
10.1371/journal.pone.0147101.

Ledingham JCG. 1910. Report to the Local Government Board on the
enteric fever carrier, being a review of current knowledge on this
subject. Wyman and Sons, London, United Kingdom.

Vogelsang TM, Boe J. 1948. Temporary and chronic carriers of Salmo-
nella typhi and Salmonella paratyphi B. J Hyg (Lond) 46:252-261.
Buchwald DS, Blaser MJ. 1984. A review of human salmonellosis. II.
Duration of excretion following infection with nontyphi Salmonella.
Rev Infect Dis 6:345-356.

Musher DM, Rubenstein AD. 1973. Permanent carriers of nontyphosa
salmonellae. Arch Intern Med 132:869-872.

Brock TD. 1988. Robert Koch: a life in medicine and bacteriology.
Science Tech Publishers, Madison, WI.

Brooks J. 1996. The sad and tragic life of Typhoid Mary. CMAJ 154:
915-916.

Anonymous. 1939. Mary Mallon (Typhoid Mary). Am J Public Health
Nations Health 29:66-68.

Mortimer PP. 1999. Mr N the milker, and Dr Koch’s concept of the
healthy carrier. Lancet 353:1354-1356. https://doi.org/10.1016/S0140
-6736(98)11315-6.

Levine MM, Black RE, Lanata C. 1982. Precise estimation of the numbers
of chronic carriers of Salmonella typhi in Santiago, Chile, an endemic
area. J Infect Dis 146:724-726. https://doi.org/10.1093/infdis/146.6.724.
Bhan MK, Bahl R, Bhatnagar S. 2005. Typhoid and paratyphoid fever.
Lancet 366:749-762. https://doi.org/10.1016/5S0140-6736(05)67181-4.
Dongol S, Thompson CN, Clare S, Nga TV, Duy PT, Karkey A, Arjyal A,
Koirala S, Khatri NS, Maskey P, Poudel S, Jaiswal VK, Vaidya S, Dougan
G, Farrar JJ, Dolecek C, Basnyat B, Baker S. 2012. The microbiological
and clinical characteristics of invasive salmonella in gallbladders from
cholecystectomy patients in Kathmandu, Nepal. PLoS One 7:e47342.
https://doi.org/10.1371/journal.pone.0047342.

Gal-Mor O, Suez J, Elhadad D, Porwollik S, Leshem E, Valinsky L,
McClelland M, Schwartz E, Rahav G. 2012. Molecular and cellular char-
acterization of a Salmonella enterica serovar Paratyphi a outbreak
strain and the human immune response to infection. Clin Vaccine
Immunol 19:146-156. https://doi.org/10.1128/CV1.05468-11.

Meltzer E, Stienlauf S, Leshem E, Sidi Y, Schwartz E. 2014. A large
outbreak of Salmonella Paratyphi A infection among Israeli travelers to
Nepal. Clin Infect Dis 58:359-364. https://doi.org/10.1093/cid/cit723.
Sirinavin S, Pokawattana L, Bangtrakulnondh A. 2004. Duration of
nontyphoidal Salmonella carriage in asymptomatic adults. Clin Infect
Dis 38:1644-1645. https://doi.org/10.1086/421027.

Sirinavin 'S, Thavornnunth J, Sakchainanont B, Bangtrakulnonth A,
Chongthawonsatid S, Junumporn S. 2003. Norfloxacin and azithromy-
cin for treatment of nontyphoidal salmonella carriers. Clin Infect Dis
37:685-691. https://doi.org/10.1086/377273.

Murase T, Yamada M, Muto T, Matsushima A, Yamai S. 2000. Fecal
excretion of Salmonella enterica serovar Typhimurium following a
food-borne outbreak. J Clin Microbiol 38:3495-3497.

Devi S, Murray CJ. 1991. Salmonella carriage rate amongst school
children—a three year study. Southeast Asian J Trop Med Public Health
22:357-361.

Ames WR, Robins M. 1943. Age and sex as factors in the development
of the typhoid carrier state, and a method for estimating carrier prev-
alence. Am J Public Health Nations Health 33:221-230. https://doi.org/
10.2105/AJPH.33.3.221.

Dixon JM. 1965. Effect of antibiotic treatment on duration of excretion
of Salmonella typhimurium by children. Br Med J ii:1343-1345.
Balfour AE, Lewis R, Ahmed S. 1999. Convalescent excretion of Salmo-
nella enteritidis in infants. J Infect 38:24-25.

Berezin EN, Carvalho EDS, Farhat CK, Mimica IM, Mimica L, Raphaelian
TA. 1990. Persistence of colonization time in patients infected by
Salmonella. AMB Rev Assoc Med Bras 36:100-106. (In Portuguese.)
Rossier P, Urfer E, Burnens A, Bille J, Francioli P, Mean F, Zwahlen A.
2000. Clinical features and analysis of the duration of colonisation
during an outbreak of Salmonella braenderup gastroenteritis. Schweiz
Med Wochenschr 130:1185-1191.

Cruickshank JG, Humphrey TJ. 1987. The carrier food-handler and
non-typhoid salmonellosis. Epidemiol Infect 98:223-230.

Rubenstein AD, Feemster RF, Smith HM. 1944. Salmonellosis as a public

cmr.asm.org 28

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://doi.org/10.1128/genomeA.00679-17
https://doi.org/10.1128/genomeA.00679-17
https://doi.org/10.1128/IAI.01282-06
https://doi.org/10.1128/IAI.01282-06
https://doi.org/10.1128/JB.188.1.249-254.2006
https://doi.org/10.1128/JB.188.1.249-254.2006
https://doi.org/10.1093/cid/civ1221
https://doi.org/10.1101/gr.074492.107
https://doi.org/10.1101/gr.074492.107
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1186/2047-217X-1-18
https://doi.org/10.1186/2047-217X-1-18
https://doi.org/10.1371/journal.pgen.1007261
https://doi.org/10.1128/JCM.01284-11
https://doi.org/10.1038/nrmicro3093
https://doi.org/10.1038/nrmicro3093
https://doi.org/10.1038/srep36213
https://doi.org/10.1128/JCM.01946-15
https://doi.org/10.1093/cid/ciw242
https://doi.org/10.3201/eid2208.151917
https://doi.org/10.3201/eid2208.151917
https://doi.org/10.1016/j.ijfoodmicro.2018.02.023
https://doi.org/10.1128/JCM.00323-15
https://doi.org/10.1371/journal.pone.0147101
https://doi.org/10.1371/journal.pone.0147101
https://doi.org/10.1016/S0140-6736(98)11315-6
https://doi.org/10.1016/S0140-6736(98)11315-6
https://doi.org/10.1093/infdis/146.6.724
https://doi.org/10.1016/S0140-6736(05)67181-4
https://doi.org/10.1371/journal.pone.0047342
https://doi.org/10.1128/CVI.05468-11
https://doi.org/10.1093/cid/cit723
https://doi.org/10.1086/421027
https://doi.org/10.1086/377273
https://doi.org/10.2105/AJPH.33.3.221
https://doi.org/10.2105/AJPH.33.3.221
https://cmr.asm.org
http://cmr.asm.org/

Persistence of Salmonellae

194.

195.

196.

197.

198.

199.

200.
201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

212.

213.

214,

January 2019 Volume 32

health problem in wartime. Am J Public Health Nations Health 34:
841-853. https://doi.org/10.2105/AJPH.34.8.841.

Crawford RW, Rosales-Reyes R, Ramirez-Aguilar MDL, Chapa-Azuela O,
Alpuche-Aranda C, Gunn JS. 2010. Gallstones play a significant role in
Salmonella spp. gallbladder colonization and carriage. Proc Natl Acad
Sci U S A 107:4353-4358. https://doi.org/10.1073/pnas.1000862107.
Shaffer EA. 2006. Gallstone disease: epidemiology of gallbladder stone
disease. Best Pract Res Clin Gastroenterol 20:981-996. https://doi.org/
10.1016/j.bpg.2006.05.004.

Lai CW, Chan RC, Cheng AF, Sung JY, Leung JW. 1992. Common bile
duct stones: a cause of chronic salmonellosis. Am J Gastroenterol
87:1198-1199.

Schioler H, Christiansen ED, Hoybye G, Rasmussen SN, Greibe J. 1983.
Biliary calculi in chronic Salmonella carriers and healthy controls: a
controlled study. Scand J Infect Dis 15:17-19.

Kazemi M, Gumpert G, Marks MI. 1974. Clinical spectrum and carrier
state of nontyphoidal salmonella infections in infants and children. Can
Med Assoc J 110:1253-1257.

Aserkoff B, Bennett JV. 1969. Effect of antibiotic therapy in acute
salmonellosis on the fecal excretion of salmonellae. N Engl J Med
281:636-640. https://doi.org/10.1056/NEJM196909182811202.
Sirinavin S, Garner P. 2000. Antibiotics for treating salmonella gut
infections. Cochrane Database Syst Rev 2000:CD001167.

Smith ER, Badley BW. 1971. Treatment of Salmonella enteritis and its
effect on the carrier state. Can Med Assoc J 104:1004-1006.

Lawley TD, Bouley DM, Hoy YE, Gerke C, Relman DA, Monack DM. 2008.
Host transmission of Salmonella enterica serovar Typhimurium is con-
trolled by virulence factors and indigenous intestinal microbiota. Infect
Immun 76:403-416. https://doi.org/10.1128/IA1.01189-07.

Endt K, Stecher B, Chaffron S, Slack E, Tchitchek N, Benecke A, Van
Maele L, Sirard JC, Mueller AJ, Heikenwalder M, Macpherson AJ,
Strugnell R, von Mering C, Hardt WD. 2010. The microbiota mediates
pathogen clearance from the gut lumen after non-typhoidal Salmo-
nella diarrhea. PLoS Pathog 6:€1001097. https://doi.org/10.1371/
journal.ppat.1001097.

Stecher B, Hardt WD. 2011. Mechanisms controlling pathogen coloni-
zation of the gut. Curr Opin Microbiol 14:82-91. https://doi.org/10
.1016/j.mib.2010.10.003.

Gonzalez-Escobedo G, Marshall JM, Gunn JS. 2011. Chronic and acute
infection of the gall bladder by Salmonella Typhi: understanding the
carrier state. Nat Rev Microbiol 9:9-14. https://doi.org/10.1038/
nrmicro2490.

Crawford RW, Gibson DL, Kay WW, Gunn JS. 2008. Identification of a
bile-induced exopolysaccharide required for Salmonella biofilm forma-
tion on gallstone surfaces. Infect Immun 76:5341-5349. https://doi.org/
10.1128/1A1.00786-08.

Tuononen S, Klintrup H, Mokka R. 1975. Recurrent wound sinuses after
cholecystectomy for Salmonella paratyphi. Ann Chir Gynaecol Fenn
64:22-23.

Knodler LA, Vallance BA, Celli J, Winfree S, Hansen B, Montero M,
Steele-Mortimer O. 2010. Dissemination of invasive Salmonella via
bacterial-induced extrusion of mucosal epithelia. Proc Natl Acad Sci
U S A 107:17733-17738. https://doi.org/10.1073/pnas.1006098107.
Ristori C, Rodriguez H, Vicent P, Ferreccio C, Garcia J, Lobos H, D'Ottone
K. 1982. Persistence of the Salmonella typhi-paratyphi carrier state after
gallbladder removal. Bull Pan Am Health Organ 16:361-366.

Nath G, Pratap CB, Patel SK, Gulati AK, Tripathi SK. 2011. Isolation of
Salmonella Typhi from apparently healthy liver. Infect Genet Evol 11:
2103-2105. https://doi.org/10.1016/j.meegid.2011.08.029.

. Wain J, Pham VB, Ha V, Nguyen NM, To SD, Walsh AL, Parry CM,

Hasserjian RP, HoHo VA, Tran TH, Farrar J, White NJ, Day NP. 2001.
Quantitation of bacteria in bone marrow from patients with typhoid
fever: relationship between counts and clinical features. J Clin Microbiol
39:1571-1576. https://doi.org/10.1128/JCM.39.4.1571-1576.2001.
Mathai E, John TJ, Rani M, Mathai D, Chacko N, Nath V, Cherian AM.
1995. Significance of Salmonella typhi bacteriuria. J Clin Microbiol
33:1791-1792.

Gaines S, Tully JG, Tigertt WD. 1968. Studies on infection and immunity
in experimental typhoid fever. 8. Intravenous and intra-lymph node
challenge of chimpanzees with Salmonella typhi. J Infect Dis 118:
393-401.

Jensen AN, Dalsgaard A, Stockmarr A, Nielsen EM, Baggesen DL. 2006.
Survival and transmission of Salmonella enterica serovar Typhimurium

Issue 1 e00088-18

215.

216.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

Clinical Microbiology Reviews

in an outdoor organic pig farming environment. Appl Environ Micro-
biol 72:1833-1842. https://doi.org/10.1128/AEM.72.3.1833-1842.2006.
Scherer K, Szabo |, Rosler U, Appel B, Hensel A, Nockler K. 2008. Time
course of infection with Salmonella Typhimurium and its influence on
fecal shedding, distribution in inner organs, and antibody response in
fattening pigs. J Food Prot 71:699-705.

McCoy MW, Moreland SM, Detweiler CS. 2012. Hemophagocytic macro-
phages in murine typhoid fever have an anti-inflammatory phenotype.
Infect Immun 80:3642-3649. https://doi.org/10.1128/IA1.00656-12.

. Monack DM, Bouley DM, Falkow S. 2004. Salmonella Typhimurium

persists within macrophages in the mesenteric lymph nodes of chron-
ically infected Nramp1+/+ mice and can be reactivated by IFNgamma
neutralization. J Exp Med 199:231-241. https://doi.org/10.1084/jem
.20031319.

Nix RN, Altschuler SE, Henson PM, Detweiler CS. 2007. Hemophagocytic
macrophages harbor Salmonella enterica during persistent infection.
PLoS Pathog 3:e193. https://doi.org/10.1371/journal.ppat.0030193.
Reed KD, Meece JK, Henkel JS, Shukla SK. 2003. Birds, migration and
emerging zoonoses: West Nile virus, Lyme disease, influenza A and en-
teropathogens. Clin Med Res 1:5-12. https://doi.org/10.3121/cmr.1.1.5.
Gong J, Zhang J, Xu M, Zhu C, Yu Y, Liu X, Kelly P, Xu B, Wang C. 2014.
Prevalence and fimbrial genotype distribution of poultry Salmonella
isolates in China (2006 to 2012). Appl Environ Microbiol 80:687-693.
https://doi.org/10.1128/AEM.03223-13.

Wigley P, Berchieri A, Jr, Page KL, Smith AL, Barrow PA. 2001. Salmo-
nella enterica serovar Pullorum persists in splenic macrophages and in
the reproductive tract during persistent, disease-free carriage in chick-
ens. Infect Immun 69:7873-7879. https://doi.org/10.1128/IA1.69.12
.7873-7879.2001.

Wigley P, Jones MA, Barrow PA. 2002. Salmonella enterica serovar
Pullorum requires the Salmonella pathogenicity island 2 type Ill secre-
tion system for virulence and carriage in the chicken. Avian Pathol
31:501-506. https://doi.org/10.1080/0307945021000005879.

Stipetic K, Chang YC, Peters K, Salem A, Doiphode SH, McDonough PL,
Chang YF, Sultan A, Mohammed HO. 2016. The risk of carriage of
Salmonella spp. and Listeria monocytogenes in food animals in dy-
namic populations. Vet Med Sci 2:246-254. https://doi.org/10.1002/
vms3.39.

Kagambega A, Lienemann T, Aulu L, Traore AS, Barro N, Siitonen A,
Haukka K. 2013. Prevalence and characterization of Salmonella enterica
from the feces of cattle, poultry, swine and hedgehogs in Burkina Faso
and their comparison to human Salmonella isolates. BMC Microbiol
13:253. https://doi.org/10.1186/1471-2180-13-253.

Navarro-Gonzalez N, Mentaberre G, Porrero CM, Serrano E, Mateos A,
Lépez-Martin JM, Lavin S, Dominguez L. 2012. Effect of cattle on
Salmonella carriage, diversity and antimicrobial resistance in free-
ranging wild boar (Sus scrofa) in northeastern Spain. PLoS One
7:251614. https://doi.org/10.1371/journal.pone.0051614.

Gragg SE, Loneragan GH, Nightingale KK, Brichta-Harhay DM, Ruiz H,
Elder JR, Garcia LG, Miller MF, Echeverry A, Ramirez Porras RG, Brashears
MM. 2013. Substantial within-animal diversity of Salmonella isolates
from lymph nodes, feces, and hides of cattle at slaughter. Appl Environ
Microbiol 79:4744-4750. https://doi.org/10.1128/AEM.01020-13.
Bonardi S, Bassi L, Brindani F, D'Incau M, Barco L, Carra E, Pongolini S.
2013. Prevalence, characterization and antimicrobial susceptibility of
Salmonella enterica and Yersinia enterocolitica in pigs at slaughter in
Italy. Int J Food Microbiol 163:248-257. https://doi.org/10.1016/j
.ijfoodmicro.2013.02.012.

Powell LF, Cheney TE, Williamson S, Guy E, Smith RP, Davies RH. 2016.
A prevalence study of Salmonella spp., Yersinia spp., Toxoplasma gon-
dii and porcine reproductive and respiratory syndrome virus in UK pigs
at slaughter. Epidemiol Infect 144:1538-1549. https://doi.org/10.1017/
50950268815002794.

Warwick C, Lambiris AJ, Westwood D, Steedman C. 2001. Reptile-
related salmonellosis. J R Soc Med 94:124-126. https://doi.org/10.1177/
014107680109400306.

Forbes JR, Gros P. 2001. Divalent-metal transport by NRAMP pro-
teins at the interface of host-pathogen interactions. Trends Micro-
biol 9:397-403.

Vidal SM, Malo D, Vogan K, Skamene E, Gros P. 1993. Natural resistance
to infection with intracellular parasites: isolation of a candidate for Bcg.
Cell 73:469-485.

Wessling-Resnick M. 2015. Nramp1 and other transporters involved in

cmr.asm.org 29

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://doi.org/10.2105/AJPH.34.8.841
https://doi.org/10.1073/pnas.1000862107
https://doi.org/10.1016/j.bpg.2006.05.004
https://doi.org/10.1016/j.bpg.2006.05.004
https://doi.org/10.1056/NEJM196909182811202
http://www.ebi.ac.uk/ena/data/view/CD001167
https://doi.org/10.1128/IAI.01189-07
https://doi.org/10.1371/journal.ppat.1001097
https://doi.org/10.1371/journal.ppat.1001097
https://doi.org/10.1016/j.mib.2010.10.003
https://doi.org/10.1016/j.mib.2010.10.003
https://doi.org/10.1038/nrmicro2490
https://doi.org/10.1038/nrmicro2490
https://doi.org/10.1128/IAI.00786-08
https://doi.org/10.1128/IAI.00786-08
https://doi.org/10.1073/pnas.1006098107
https://doi.org/10.1016/j.meegid.2011.08.029
https://doi.org/10.1128/JCM.39.4.1571-1576.2001
https://doi.org/10.1128/AEM.72.3.1833-1842.2006
https://doi.org/10.1128/IAI.00656-12
https://doi.org/10.1084/jem.20031319
https://doi.org/10.1084/jem.20031319
https://doi.org/10.1371/journal.ppat.0030193
https://doi.org/10.3121/cmr.1.1.5
https://doi.org/10.1128/AEM.03223-13
https://doi.org/10.1128/IAI.69.12.7873-7879.2001
https://doi.org/10.1128/IAI.69.12.7873-7879.2001
https://doi.org/10.1080/0307945021000005879
https://doi.org/10.1002/vms3.39
https://doi.org/10.1002/vms3.39
https://doi.org/10.1186/1471-2180-13-253
https://doi.org/10.1371/journal.pone.0051614
https://doi.org/10.1128/AEM.01020-13
https://doi.org/10.1016/j.ijfoodmicro.2013.02.012
https://doi.org/10.1016/j.ijfoodmicro.2013.02.012
https://doi.org/10.1017/S0950268815002794
https://doi.org/10.1017/S0950268815002794
https://doi.org/10.1177/014107680109400306
https://doi.org/10.1177/014107680109400306
https://cmr.asm.org
http://cmr.asm.org/

Gal-Mor

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

247.

248.

249.

250.

251.

January 2019 Volume 32

metal withholding during infection. J Biol Chem 290:18984-18990.
https://doi.org/10.1074/jbc.R115.643973.

Lavergne GM, James HF, Martineau C, Diena BB, Lior H. 1977. The
guinea pig as a model for the asymptomatic human typhoid carrier.
Lab Anim Sci 27:806-816.

Becker Y. 2004. The changes in the T helper 1 (Th1) and T helper 2 (Th2)
cytokine balance during HIV-1 infection are indicative of an allergic re-
sponse to viral proteins that may be reversed by Th2 cytokine inhibitors
and immune response modifiers—a review and hypothesis. Virus Genes
28:5-18. https://doi.org/10.1023/B:VIRU.0000012260.32578.72.

Fitzgerald TJ. 1992. The Th1/Th2-like switch in syphilitic infection: is it
detrimental? Infect Immun 60:3475-3479.

Jankovic D, Liu Z, Gause WC. 2001. Th1- and Th2-cell commitment
during infectious disease: asymmetry in divergent pathways. Trends
Immunol 22:450-457.

Wang JH, Layden TJ, Eckels DD. 2003. Modulation of the peripheral
T-cell response by CD4 mutants of hepatitis C virus: transition from a
Th1 to a Th2 response. Hum Immunol 64:662-673.

Balaram P, Kien PK, Ismail A. 2009. Toll-like receptors and cytokines in
immune responses to persistent mycobacterial and Salmonella infec-
tions. Int J Med Microbiol 299:177-185. https://doi.org/10.1016/j.ijmm
.2008.08.004.

Mastroeni P. 2002. Immunity to systemic Salmonella infections. Curr
Mol Med 2:393-406.

Ruby T, MclLaughlin L, Gopinath S, Monack D. 2012. Salmonella’s
long-term relationship with its host. FEMS Microbiol Rev 36:600-615.
https://doi.org/10.1111/j.1574-6976.2012.00332.x.

Sashinami H, Yamamoto T, Nakane A. 2006. The cytokine balance in the
maintenance of a persistent infection with Salmonella enterica serovar
Typhimurium in mice. Cytokine 33:212-218. https://doi.org/10.1016/j
.Cyt0.2006.02.002.

Chausse AM, Grepinet O, Bottreau E, Robert V, Hennequet-Antier C,
Lalmanach AC, Lecardonnel J, Beaumont C, Velge P. 2014. Susceptibil-
ity to Salmonella carrier-state: a possible Th2 response in susceptible
chicks. Vet Immunol Immunopathol 159:16-28. https://doi.org/10
.1016/j.vetimm.2014.03.001.

Johanns TM, Ertelt JM, Rowe JH, Way SS. 2010. Regulatory T cell
suppressive potency dictates the balance between bacterial prolifera-
tion and clearance during persistent Salmonella infection. PLoS Pathog
6:€1001043. https://doi.org/10.1371/journal.ppat.1001043.

Gonzalez JF, Hahn MM, Gunn JS. 2018. Chronic biofilm-based
infections: skewing of the immune response. Pathog Dis 76:fty023.
https://doi.org/10.1093/femspd/fty023.

Lanata CF, Tafur C, Benavente L, Gotuzzo E, Carrillo C. 1990. Detection
of Salmonella typhi carriers in food handlers by Vi serology in Lima,
Peru. Bull Pan Am Health Organ 24:177-182.

Lanata CF, Levine MM, Ristori C, Black RE, Jimenez L, Salcedo M, Garcia
J, Sotomayor V. 1983. Vi serology in detection of chronic Salmonella
typhi carriers in an endemic area. Lancet ii:441-443.

Weening EH, Barker JD, Laarakker MC, Humphries AD, Tsolis RM, Baum-
ler AJ. 2005. The Salmonella enterica serotype Typhimurium Ipf, bcf,
stb, stc, std, and sth fimbrial operons are required for intestinal persis-
tence in mice. Infect Immun 73:3358-3366. https://doi.org/10.1128/IAl
.73.6.3358-3366.2005.

Lawley TD, Chan K, Thompson LJ, Kim CC, Govoni GR, Monack DM.
2006. Genome-wide screen for Salmonella genes required for long-
term systemic infection of the mouse. PLoS Pathog 2:e11. https://doi
.org/10.1371/journal.ppat.0020011.

Kingsley RA, van Amsterdam K, Kramer N, Baumler AJ. 2000. The shdA
gene is restricted to serotypes of Salmonella enterica subspecies | and
contributes to efficient and prolonged fecal shedding. Infect Immun
68:2720-2727. https://doi.org/10.1128/1A1.68.5.2720-2727.2000.
Kingsley RA, Humphries AD, Weening EH, De Zoete MR, Winter S,
Papaconstantinopoulou A, Dougan G, Baumler AJ. 2003. Molecular and
phenotypic analysis of the CS54 island of Salmonella enterica serotype
Typhimurium: identification of intestinal colonization and persistence
determinants. Infect Immun 71:629 - 640. https://doi.org/10.1128/IA1.71
.2.629-640.2003.

Dorsey CW, Laarakker MC, Humphries AD, Weening EH, Baumler AJ.
2005. Salmonella enterica serotype Typhimurium MisL is an intestinal
colonization factor that binds fibronectin. Mol Microbiol 57:196-211.
https://doi.org/10.1111/j.1365-2958.2005.04666.X.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Clinical Microbiology Reviews

Bogomolnaya LM, Santiviago CA, Yang HJ, Baumler AJ, Andrews-
Polymenis HL. 2008. ‘Form variation’ of the O12 antigen is critical for
persistence of Salmonella Typhimurium in the murine intestine. Mol
Microbiol 70:1105-1119. https://doi.org/10.1111/j.1365-2958.2008
.06461.x.

Van Parys A, Boyen F, Leyman B, Verbrugghe E, Haesebrouck F, Pas-
mans F. 2011. Tissue-specific Salmonella Typhimurium gene expression
during persistence in pigs. PLoS One 6:€24120. https://doi.org/10.1371/
journal.pone.0024120.

Percy-Robb IW, Collee JG. 1972. Bile acids: a pH dependent antibacte-
rial system in the gut? Br Med J iii:813-815. https://doi.org/10.1136/
bmj.3.5830.813.

Charles RC, Sultana T, Alam MM, Yu Y, Wu-Freeman Y, Bufano MK,
Rollins SM, Tsai L, Harris JB, LaRocque RC, Leung DT, Brooks WA, Nga
TV, Dongol S, Basnyat B, Calderwood SB, Farrar J, Khanam F, Gunn JS,
Qadri F, Baker S, Ryan ET. 2013. Identification of immunogenic Salmo-
nella enterica serotype Typhi antigens expressed in chronic biliary
carriers of S. Typhi in Kathmandu, Nepal. PLoS Negl Trop Dis 7:€2335.
https://doi.org/10.1371/journal.pntd.0002335.

Nagy TA, Moreland SM, Andrews-Polymenis H, Detweiler CS. 2013. The
ferric enterobactin transporter Fep is required for persistent Salmonella
enterica serovar Typhimurium infection. Infect Immun 81:4063-4070.
https://doi.org/10.1128/1A1.00412-13.

McLaughlin LM, Govoni GR, Gerke C, Gopinath S, Peng K, Laidlaw G,
Chien YH, Jeong HW, Li Z, Brown MD, Sacks DB, Monack D. 2009. The
Salmonella SPI2 effector Ssel mediates long-term systemic infection by
modulating host cell migration. PLoS Pathog 5:1000671. https://doi
.org/10.1371/journal.ppat.1000671.

Brodsky IE, Ghori N, Falkow S, Monack D. 2005. Mig-14 is an inner
membrane-associated protein that promotes Salmonella Typhimurium
resistance to CRAMP, survival within activated macrophages and per-
sistent infection. Mol Microbiol 55:954-972. https://doi.org/10.1111/j
.1365-2958.2004.04444 x.

Chan K, Baker S, Kim CC, Detweiler CS, Dougan G, Falkow S. 2003.
Genomic comparison of Salmonella enterica serovars and Salmonella
bongori by use of an S. enterica serovar Typhimurium DNA microarray.
J Bacteriol 185:553-563. https://doi.org/10.1128/JB.185.2.553-563.2003.
Erickson KD, Detweiler CS. 2006. The Rcs phosphorelay system is
specific to enteric pathogens/commensals and activates ydel, a gene
important for persistent Salmonella infection of mice. Mol Microbiol
62:883-894. https://doi.org/10.1111/j.1365-2958.2006.05420.x.
Matthews TD, Rabsch W, Maloy S. 2011. Chromosomal rearrangements
in Salmonella enterica serovar Typhi strains isolated from asymptom-
atic human carriers. mBio 2:@00060-11. https://doi.org/10.1128/mBio
.00060-11.

Hill CW, Gray JA. 1988. Effects of chromosomal inversion on cell fitness
in Escherichia coli K-12. Genetics 119:771-778.

Okoro CK, Kingsley RA, Quail MA, Kankwatira AM, Feasey NA, Parkhill J,
Dougan G, Gordon MA. 2012. High-resolution single nucleotide poly-
morphism analysis distinguishes recrudescence and reinfection in re-
current invasive nontyphoidal Salmonella Typhimurium disease. Clin
Infect Dis 54:955-963. https://doi.org/10.1093/cid/cir1032.

Octavia S, Wang Q, Tanaka MM, Sintchenko V, Lan R. 2015. Genomic
variability of serial human isolates of Salmonella enterica serovar Ty-
phimurium associated with prolonged carriage. J Clin Microbiol 53:
3507-3514. https://doi.org/10.1128/JCM.01733-15.

Merselis JG, Jr, Kaye D, Connolly CS, Hook EW. 1964. Quantitative
bacteriology of the typhoid carrier state. Am J Trop Med Hyg 13:
425-429. https://doi.org/10.4269/ajtmh.1964.13.425.

Kabamba ET, Tuan VP, Yamaoka Y. 2018. Genetic populations and
virulence factors of Helicobacter pylori. Infect Genet Evol 60:109-116.
https://doi.org/10.1016/j.meegid.2018.02.022.

Warner DF, Koch A, Mizrahi V. 2015. Diversity and disease pathogenesis
in Mycobacterium tuberculosis. Trends Microbiol 23:14-21. https://doi
.org/10.1016/j.tim.2014.10.005.

Helaine S, Thompson JA, Watson KG, Liu M, Boyle C, Holden DW. 2010.
Dynamics of intracellular bacterial replication at the single cell level.
Proc Natl Acad Sci U S A 107:3746-3751. https://doi.org/10.1073/pnas
.1000041107.

Westermann AJ, Gorski SA, Vogel J. 2012. Dual RNA-seq of pathogen
and host. Nat Rev Microbiol 10:618-630. https://doi.org/10.1038/
nrmicro2852.

Issue 1 e00088-18

cmrasm.org 30

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://doi.org/10.1074/jbc.R115.643973
https://doi.org/10.1023/B:VIRU.0000012260.32578.72
https://doi.org/10.1016/j.ijmm.2008.08.004
https://doi.org/10.1016/j.ijmm.2008.08.004
https://doi.org/10.1111/j.1574-6976.2012.00332.x
https://doi.org/10.1016/j.cyto.2006.02.002
https://doi.org/10.1016/j.cyto.2006.02.002
https://doi.org/10.1016/j.vetimm.2014.03.001
https://doi.org/10.1016/j.vetimm.2014.03.001
https://doi.org/10.1371/journal.ppat.1001043
https://doi.org/10.1093/femspd/fty023
https://doi.org/10.1128/IAI.73.6.3358-3366.2005
https://doi.org/10.1128/IAI.73.6.3358-3366.2005
https://doi.org/10.1371/journal.ppat.0020011
https://doi.org/10.1371/journal.ppat.0020011
https://doi.org/10.1128/IAI.68.5.2720-2727.2000
https://doi.org/10.1128/IAI.71.2.629-640.2003
https://doi.org/10.1128/IAI.71.2.629-640.2003
https://doi.org/10.1111/j.1365-2958.2005.04666.x
https://doi.org/10.1111/j.1365-2958.2008.06461.x
https://doi.org/10.1111/j.1365-2958.2008.06461.x
https://doi.org/10.1371/journal.pone.0024120
https://doi.org/10.1371/journal.pone.0024120
https://doi.org/10.1136/bmj.3.5830.813
https://doi.org/10.1136/bmj.3.5830.813
https://doi.org/10.1371/journal.pntd.0002335
https://doi.org/10.1128/IAI.00412-13
https://doi.org/10.1371/journal.ppat.1000671
https://doi.org/10.1371/journal.ppat.1000671
https://doi.org/10.1111/j.1365-2958.2004.04444.x
https://doi.org/10.1111/j.1365-2958.2004.04444.x
https://doi.org/10.1128/JB.185.2.553-563.2003
https://doi.org/10.1111/j.1365-2958.2006.05420.x
https://doi.org/10.1128/mBio.00060-11
https://doi.org/10.1128/mBio.00060-11
https://doi.org/10.1093/cid/cir1032
https://doi.org/10.1128/JCM.01733-15
https://doi.org/10.4269/ajtmh.1964.13.425
https://doi.org/10.1016/j.meegid.2018.02.022
https://doi.org/10.1016/j.tim.2014.10.005
https://doi.org/10.1016/j.tim.2014.10.005
https://doi.org/10.1073/pnas.1000041107
https://doi.org/10.1073/pnas.1000041107
https://doi.org/10.1038/nrmicro2852
https://doi.org/10.1038/nrmicro2852
https://cmr.asm.org
http://cmr.asm.org/

Persistence of Salmonellae

Ohad Gal-Mor was awarded his Ph.D. in
Molecular Microbiology from Tel-Aviv Uni-
versity in 2003. He gained his postdoctoral
training at the University of British Colombia
in the laboratory of Prof. Brett Finlay, where
he studied virulence mechanisms of Salmo-
nella enterica. Since 2009, he has been the
director of the Infectious Diseases Research
Laboratory at the Sheba Medical Center, Tel-
Hashomer, Israel. In 2014, Dr. Gal-Mor was
appointed a Senior Lecturer (Assistant Pro-
fessor) at the Department of Clinical Microbiology and Immunology in
the Sackler Faculty of Medicine, Tel-Aviv University. He teaches Clinical
Microbiology for medical students in the Sackler Faculty of Medicine
and Virulence Mechanisms of Human Pathogenic Bacteria at the School
of Graduate Studies. The main interests of the Gal-Mor laboratory are
virulence and resistance mechanisms of Salmonella enterica, host spec-
ificity, Salmonella evolution, and the interactions of various Salmonella
serovars with their hosts.

January 2019 Volume 32 Issue 1 e00088-18

Clinical Microbiology Reviews

cmrasm.org 31

1sanb Aq 8T0Z ‘82 J8qWBAON uo /610 wse 1w/ :dny woly papeojumoq


https://cmr.asm.org
http://cmr.asm.org/

