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Abstract

In the past decade, the initial studies of the gut microbiota started focusing on the correlation of the composition
of the gut microbiota and the health or diseases of the host, and there are extensive literature reviews pertaining
to this theme. However, little is known about the association between the microbiota, the host, and pathogenic
bacteria, such as Salmonella enterica, which is among the most important foodborne pathogens and identified as
the source of multiple outbreaks linked to contaminated foods causing salmonellosis. Secretion systems, flagella,
fimbriae, endotoxins, and exotoxins are factors that play the most important roles in the successful infection of the
host cell by Salmonella. Infections with S. enterica, which is a threat to human health, can alter the genomic,
taxonomic, and functional traits of the gut microbiota. The purpose of this review is to outline the state of
knowledge on the impacts of S. enterica on the intestinal microbiota and highlight the need to identify the gut
bacteria that could contribute to salmonellosis.
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Background
An enteric pathogen is a microbe that impacts the
gastrointestinal tract (GIT) and causes gastrointestinal
diseases. These infectious pathogens, including bacteria
such as Escherichia, Campylobacter, Shigella, Yersinia,
Salmonella, and other genera, protozoa such as amoeba,
rotavirus, and other pathogenic microorganisms, are re-
sponsible for causing gastroenteritis [1]. Among enteric
pathogens there is often an age-associated bias with the
development of gastroenteritis upon exposure. For ex-
ample, Escherichia coli (E. coli) causes enteric disease in
people most commonly during early and late ages,
whereas rotaviruses are the most common among in-
fants and young children. Similarly, Campylobacter in-
fections occur most often in early childhood into young

adulthood, while Salmonella infections have higher rates
in infants and people over 65 [2]. Salmonella infections
are a significant global public health threat and contrib-
ute to morbidity and mortality worldwide [3]. The Sal-
monella genus is generally considered to be divided into
two species: S. enterica and S. bongori. Although, S. bon-
gori appears adapted to cold-blooded animals, it can in-
fect humans, but accounts for less than 1% of human
infections [4, 5]. On the other hand, several of the sub-
species of S. enterica are more commonly isolated from
warm-blooded animals. S. enterica includes six subspe-
cies: S. enterica subsp. enterica, S. enterica subsp. sala-
mae, S. enterica subsp. arizonae, S. enterica subsp.
diarizonae, S. enterica subsp. houtenae, and S. enterica
subsp. indica. Among these subspecies, S. enterica subsp.
salamae, and S. enterica subsp. arizonae, are more com-
monly isolated from cold-blooded animals [6, 7]. S.
enterica includes more than 2600 serotypes that differ
from each other based on the polysaccharide portion of
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lipopolysaccharide layer (O antigen) and/or the filament-
ous portion of the flagella (H antigen) [8]. Scallan et al
(2011) estimated that nontyphoidal Salmonella account
for approximately 28% of foodborne illness-associated
deaths [9]. The predominant subspecies associated with
severe disease is S. enterica subsp. enterica and among
its serotypes, there is also variability in the outcomes of
disease with some serovars causing relatively severe out-
comes. For example, S. enterica serovar Heidelberg con-
tributes to about 7% of the Salmonella-related deaths in
the U.S. [10] and 11% of reported invasive infections,
which are relatively high percentages considering that
they typically cause under 5% of infections [11].
S. enterica is a highly diverse Gram-negative bacterial

species that can be divided into typhoidal and nonty-
phoidal Salmonella serovars. Typhoidal Salmonella sero-
vars share virulence properties that were obtained
through convergent evolution and therefore these viru-
lence genes are absent from most non-typhoidal Sal-
monella serovars [12]. For instance, S. Typhi has specific
virulence factors, including typhoid toxin and Vi antigen
[7, 12, 13]. Nontyphoidal S. including Typhimurium,
Enteritidis, Heidelberg, Newport, Weltevreden, Choler-
aesuis, Saintpaul, Infantis and Javiana cause gastroenter-
itis, while typhoidal S. including Typhi and Paratyphi
serovars commonly cause typhoid fever [13]. Nontyphoi-
dal serotypes can be transferred between humans and
animals, whereas typhoidal serotypes are only transmis-
sible among humans [14]. Notably, nontyphoidal Sal-
monella disseminates rapidly in people with an impaired
immune system and in neonates [15]. Ninety-five per-
cent of S. enterica infections are associated with con-
sumption of contaminated food products [7]. More than
2600 serotypes of Salmonella have been identified [16,
17]. To clarify links between Salmonella serotypes and
food products, Jackson and colleagues (2013) indicated
that more than 80% of outbreaks caused by serotypes
Enteritidis, Heidelberg, and Hadar were associated with
eggs or poultry, while greater than 50% of outbreaks
caused by serotypes Javiana, Litchfield, Mbandaka,
Muenchen, Poona, and Senftenberg were attributed to
plant commodities. Serotypes Typhimurium and New-
port were linked to a wide variety of food commodities
[18]. These organisms invade the GIT causing salmonel-
losis, which is typically characterized by a self-limiting
gastroenteritis symptom, such as diarrhea, fever, abdom-
inal cramps, and vomiting [19].
The GIT is host to diverse taxa from across the tree of

life, such as bacteria, archaea, fungi, protozoa, and viruses
that make up the gut microbiota [20]. The gut harbors a
highly diverse microbial community, which impacts the
host’s nutrition, physiology, and immune system [21, 22].
The composition of the gut microbiota remains relatively
stable within healthy people throughout their lifetime

[23]. However, specific shifts in the composition and di-
versity have been linked to diet, diseases, and susceptibility
to infection. For instance, alteration of the intestinal
microbiota has been associated with acute inflammation
that can be triggered by enteric pathogens [24]. Salmon-
ella and other pathogens have been widely studied; how-
ever, the interactions between enteric pathogens and
intestinal microbes are not well understood. In this review
we will summarize the knowledge of the interaction be-
tween Salmonella and intestinal microbiota that is cur-
rently available and clarify the research that needs to be
undertaken to understand the consequences of theses
interactions.

Gut microbiota
Human gut microbiota/microbiome
The human body hosts up to 100 trillion (1014) mi-
crobes, with the majority residing in the GIT, which has
become the most investigated microbial community in
recent years [20, 25]. Most of the microbiota in the GIT
are primarily anaerobic bacteria. Typically, 97% of the
bacteria in the GIT are strict anaerobes, and only 3%
constitute the aerobic bacteria (facultative anaerobes)
[26]. The collective pan-genome of bacterial cells is lar-
ger than the human genome [25]. There are large differ-
ences in microbial load in different regions of the GIT.
To illustrate this, Helicobacter pylori resides in the stom-
ach at a concentration of 102–103 cells/ml. The mucosa
of the small intestine is dominated by the phyla Bacter-
oidetes and members of the Clostridiales cluster XIV
and IV, and the lumen contains members of the Entero-
bacteriaceae with a biomass of 104–105 cell/ml [22, 25].
The large intestine contains species from the phyla Bac-
teroidetes and Firmicutes with amounts in the range of
1011–1012, with other phyla including Proteobacteria,
Verrucomicrobia, and Actinobacteria being less repre-
sented (Fig. 1) [22, 25].
Generally, the composition of the gut microbiota shifts

throughout life as people transition from newborns to
infants to young adults to elders. The GIT of newborns
is expected to be sterile at birth. However, major shifts
take place during and immediately after birth due to the
colonization with aerobic bacteria (Enterococcaceae and
Streptococcus) [27]. The gut microbiota composition of
infants is highly dynamic with low levels of total bacteria
[28]. The microbiota of infants is dominated by some
members of Clostridium, Bifidobacteria, and facultative
anaerobes like E. coli, while elderly people generally have
higher levels of Bacteroidetes and facultative anaerobes
like E. coli [29]. In young adults the composition of the
gut microbiota is dominated by Bacteroidetes and Firmi-
cutes with smaller portions of Actinobacteria, Verruco-
microbia, and Proteobacteria [25].
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A generally symbiotic relationship between the host and
the gut microbiota has been known to be strongly associ-
ated with health [22]. The host provides a nutrient-rich
and hospitable environment for the gut microbiota. In
parallel, the gut microbiota is extremely important as it
supports the host by enhancing metabolism, maturation
of the immune system, developing the GIT, and protect-
ing against pathogens [26, 30]. Also, intestinal bacteria de-
grade undigested foods by two main metabolic pathways:
saccharolytic and proteolytic pathways. Non-digestible
carbohydrates are degraded into monomeric sugars that
can be converted to beneficial products, such as short-
chain fatty acids (SCFAs), principally acetate, propionate,
and butyrate. These products have been shown to de-
crease the risk of developing gastrointestinal disorders,
cancer, and other metabolic syndromes [31–33]. Peptide
and amino acids, on the other hand, are hydrolyzed into
short or branched-chain fatty acids and other metabolic
elements, some of which are possibly toxic to the host,
such as uremic toxins [34, 35]. The gut microbiota usually
lives within the host in a commensal manner; however,
many external factors can alter the balance of this micro-
biota composition, potentially leading to gastrointestinal
diseases, such as salmonellosis.

Salmonellosis
Salmonella gastroenteritis
Salmonella infections are significant economic and public
health concerns, costing an estimated 3.7 billion dollars
per year [36, 37]. According to the Centers for Diseases

Control and Prevention (CDC), it is estimated that mem-
bers of the Salmonella genus cause 1.35 million infections
leading to 26,500 hospitalizations and 420 deaths per year
in the United States [38]. Salmonellosis can manifest in
several disease syndromes including Salmonella gastro-
enteritis, inflammation, enteric fever, bacterium, and other
syndromes [39, 40]. Salmonella gastroenteritis is the pre-
dominant form of salmonellosis and is characterized by
stomach cramps, diarrhea, fever, and sometimes vomiting
[3]. Human salmonellosis is most commonly associated
with consumption of contaminated foods, resulting in the
ability of Salmonella to colonize and persist in the GIT [7,
41–43]. It has been reported that the highest
hospitalization rates are among the elderly and young chil-
dren [38, 44]. As previously mentioned, the gut microbiota
composition of infants and old people are highly dynamic
with higher percentages of facultative anaerobes like E.
coli [29]. Thus, the ability of Salmonella to invade the GIT
is relatively high when the bacterial population of the GIT
is less stable due to higher levels of Proteobacteria [2].
Furthermore, young children have immune systems that
are still developing (immunocompromised) that also con-
tributed to their higher prevalence of salmonellosis com-
pared to adults [45]. Details of the interactions of
Salmonella and the GIT will be explored in greater detail
throughout the review.
The plasticity of bacterial genomes is known in Sal-

monella species to influence the acquisition of genes
through horizontal and vertical gene transfer [46]. This
plasticity can be achieved with the presence of mobile

Fig. 1 Normal gastrointestinal tract of humans harbors the high relative abundance of commensal bacteria, such as Bacteroidetes and Firmicutes
with smaller portions of Actinobacteria, Verrucomicrobia, and Proteobacteria
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genetic elements (MGEs), such as plasmids [11]. Plas-
mids play vital roles in the ability of Salmonella to sur-
vive in different food animal sources and cause
infections in humans [9]. Plasmids are self-replicating
genetic elements that can allow for gene transfer be-
tween different bacteria. The presence of plasmids can
impact the ability of S. enterica to cause disease and
avoid treatment strategies due to the presence of anti-
microbial resistance and virulence genes that they carry.
These factors have allowed for the dissemination of epi-
demic clones over large geographical distances that have
contributed to significant morbidity and mortality [47,
48]. Several plasmid types have been identified carrying
antimicrobial resistance and virulence genes [7]. Hori-
zontal gene transfer, with plasmids or other MGEs, can
impact the host range of the bacterium [7]. The acquisi-
tion of genes can be important for colonization of patho-
gens in the host cell. S. enterica and other pathogens can
enter the host’s GIT through the fecal-oral route, and
the effector proteins they harbor can manipulate and
overcome the intestinal epithelial barrier [49]. The abil-
ity of Salmonella and other enteric pathogens to invade
the GIT is relatively high when the colonic microbiota is
less stable due to higher numbers of Proteobacteria
during infections [2]. Despite the role of the intestinal
epithelium as a protective barrier against bacterial infec-
tions, the genetics of Salmonella itself play a significant
role in survival and growth in diversified host environ-
ments [7, 50]. Several strategies allow S. enterica to ef-
fectively compete with the gut microbiota and overcome
colonization, such as the expression of an assortment of
virulence factors and the exploitation of intestinal in-
flammatory processes.
S. enterica harbor the Salmonella pathogenicity island-

1 (SPI-1) encoded type III secretion system (T3SS) and
Salmonella pathogenicity island-2 (SPI-2) encoded T3SS,
which facilitate the attachment, invasion, and internal-
ization of Salmonella during infection in the host cell.
To illustrate, S. Typhimurium contains genes, such as
those for the Salmonella invasive proteins (Sips) and
Salmonella outer proteins (Sops) encoded in the SPI-1
T3SS. These proteins alter the actin cytoskeleton of in-
testinal epithelial cells, resulting in membrane ruffling
and bacterial internalization [51]. Furthermore, SopE in-
duces nitrate production by the host, which boosts Sal-
monella growth in the host cell [52]. Once Salmonella is
engulfed within intestinal epithelial cells, the host cell
membrane is rearranged leading to the formation of a
membrane-bound organelle termed a Salmonella con-
taining vacuole (SCV), where Salmonella can replicate to
high numbers before exiting the cell and infecting new
host cells [53]. The SPI-2 T3SS genes are expressed in-
side the SCV, resulting in the rapid induction of intes-
tinal inflammation [54]. In addition to SPIs, plasmids,

carrying virulence genes, are essential for the infection
process to host cells in order to ensure nutrient supply
[55], compete against commensal bacteria [56], avoid
killing by innate immune system, and manipulate the
host to establish infection [57].

Inflammatory response
The innate immune system plays a crucial role in
controlling infections when Salmonella has been de-
tected. To illustrate, the O-antigen and lipid A of Sal-
monella are detected by the innate immune system
elements including complement component 3 and
macrophages, which result in the production of pro-
inflammatory cytokines, such as IL-22, IL-18, TNF-α,
and other cytokines [58]. Thereby, the induction of
cytokines culminates the host defense pathway, in-
cluding neutrophil recruitment, macrophage activa-
tion, and the release of an antimicrobial protein [24].
Cattle infected with S. Typhimurium displayed a
massive infiltration of neutrophils following infection
[59]. Neutrophils limit pathogen loads in the mucosa
and in the intestinal lumen at later stages of infection
[60]. Macrophages also contribute to pathogen clear-
ance; for instance, proteins called toll-like receptors
(TLRs) on the surface of macrophages can recognize
pathogen-associated molecular patterns (PAMPs) and
eliminate the pathogens [61]. Moreover, macrophages
produce nitric oxide (NO), which diffuses across cel-
lular membranes to combat pathogens [62]. Addition-
ally, during S. Typhimurium infection, IL-18 plays a
vital for induction of inflammation within the first 12
h of infection and recruits neutrophil and mature nat-
ural killer (NK) cells to the site of infection. The NK
cells express perforin, which plays a major role in the
induction of mucosal inflammation [63]. This inflam-
mation plays important roles in the pathogenesis of
Salmonella in the GIT.
Microbial communities play a fundamental role in

regulating immunity in the GIT [22]. The intestinal
microbiota mediates colonization resistance against
enteric pathogens through activation of antimicrobial
host immune mechanisms. For instance, Lactobacillus
reuteri plays an important role in the induction of IL-
22, a cytokine that enhances the mucosal barrier
against pathogens [58, 64]. Another important support
of the immune response modulated by the microbiota
involves the stimulation of IL-1B, which results in the
recruitment of neutrophils to the site of the infection
[65]. However, infections with Salmonella result from
competition with the gut microbiota during an intes-
tinal inflammatory response [66]. To illustrate this
phenomenon, during a S. Typhimurium infection,
neutrophils that migrate into the lumen of the colon
release reactive oxygen species (ROS), which oxidizes
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