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Preface

Enterobacteriaceae are a large family of Gram-negative, non-sporing bacilli. These
bacteria are a part of the natural flora of animals including humans, but some
pathogenic species are associated with intestinal and extra-intestinal diseases. They
are a common cause of urinary tract infections (UTIs) and diarrhea and can enter
the bloodstream causing life-threatening complications. Antibiotic resistance is also
expressed as a common characteristic among enterobacteria globally, as UTIs and
recurrent UTIs are associated with significant use of antibiotics promoting multi-
drug resistance. These bacteria can synthesize several enzymes such as extended-
spectrum fB-lactamases, carbapenemases, metallo-f- lactamases, and many others. It
is hard to treat the strains that are resistant to antibiotics due to the cause of recurrent
and untreatable infections.

This book describes important enterobacteria including Escherichia coli, Klebsiella,
Salmonella, Proteus, Shigella, Servatia, Enterobacter, Citrobacter, and other

species. Chapters address the identification, classification, and pathogenicity

of enterobacteria as well as the role of pathogenic enterobacteria in infection
including UTIs and food poisoning. Its presence in wild animals is also discussed. To
overcome the problem of antibiotic resistance, alternative treatment strategies like
bacteriophages are gaining popularity. As such, this book also examines the role of
bacteriophages in the management of UTIs caused by enterobacteria.

Written by experts from all over the world, this book provides a comprehensive
overview of enterobacteria and their pathogenesis, virulence factors, and treatment
strategies as well as their link to multi-drug resistance. It is a useful resource for
medical microbiologists, clinicians, researchers, and students interested in the study
of enterobacteria.

I'would like to wholeheartedly thank all the authors for their excellent contributions.
I am also grateful to Author Service Manager Sara Debeuc and the staff at IntechOpen
for their concern and encouragement in publishing this book.

Dr. Sonia Bhonchal Bhardwaj

Senior Assistant Professor,

Department of Microbiology,

Dr. Harvansh Singh Judge Institute of Dental Sciences and Hospital,
Panjab University,

Chandigarh, India
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Chapter1
Uropathogenic Escherichia coli

Navneet Kaur, Ashwini Agarwal, Malika Grover
and Sanampreet Singh

Abstract

Urinary tract infections (UTIs) are among the most common infections encountered
worldwide in clinical practice. Escherichia coli is by far the most frequent cause of
infections responsible for nearly 80-90% of the infections. The strains of E. coli causing
UTI are termed as uropathogenic E. coli. They vary from commensal strains as they
have acquired virulence and resistant determinants through plasmids, bacteriophages,
pathogenicity islands or DNA horizontal transfer of transposons which permits them to
victoriously colonize the urinary tract and cause a broader spectrum of disease. For the
fact, UPEC strains possess an abundance of both structural (as fimbriae, pili, flagella,
capsule, lipopolysaccharide) and secreted (toxins, iron-acquisition systems, enzymes)
virulence factors that play a crucial role in the pathogenesis. The pathogenesis of UPEC
involves adherence, colonization, evading host defenses and damage to host tissue to
achieve virulence. UTI is often treated empirically by broad-spectrum antibiotics in the
absence of culture and susceptibility results. This over-use of antibiotics has resulted in
the development of antibiotic resistance worldwide. Having a detailed understanding of
the bacterium and its virulence factors can help us in developing new treatment options
in presence of global antimicrobial resistance.

Keywords: UTI, UPEC, virulence factors, adhesins, toxins, antimicrobial resistance

1. Introduction

Urinary tract infections (UTIs) are among the most common infections encountered
worldwide in clinical practice accounting for approximately 150 million cases annually
causing heavy burden on health infrastructure [1]. Women, undoubtedly are at greatest
risk as compared to males and it is been observed that almost 50% of all women have
experienced UTI at least once in their lifetime. The infection may result either due to
the pathogenicity of the offending microorganism, host susceptibility or a combination
of both. While many different microorganisms are known to cause UTI which includes
bacteria, viruses and fungi, bacteria remain the main cause responsible for over 95% of
cases. Among bacteria, Escherichia coli (E. coli) is by far the most frequent cause respon-
sible for nearly 80-90% of the infections [2]. The most common route of infection of E.
coli is the bacterial colonization of the urethra followed by the ascension to the bladder.
Normally, E. coli is present as a commensal flora in the lower gastrointestinal tract of
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humans, nonetheless, there are a few highly adapted E. coli clones present that have
acquired specific virulence attributes, which gives them an escalated ability to adapt

to new niches and permits them to cause a broad spectrum of disease. Uropathogenic
Escherichia coli (UPEC) is simply the pathotype of extraintestinal

pathogenic E. coli which were first isolated from the urine of the patients having UTL
They differed from those cultured from the stool specimens of healthy individuals and
those causing diarrhea, hence the term UPEC. UPEC strains possess an abundance

of both structural (as fimbriae, pili, flagella) and secreted (toxins, iron-acquisition
systems) virulence factors that play an important part in the pathogenesis, however its
capability to adhere to host epithelial cells in the urinary tract serves as the most important
determinant of pathogenicity [3].

2. What is uropathogenic E. coli? How it causes infection?
2.1 Uropathogenic E. coli

Escherichia coli, a Gram-negative bacilli belonging to the family
Enterobacteriaceae resides in the gastrointestinal tract of humans as a part of their
microbiota. It normally remains in harmony with its host and seldom causes disease
except in an immunocompromised host. However, few strains of E. coli can split
from their commensal cohort taking on a pathogenic form. That means these strains
acquire specific virulence factors through plasmids, pathogenicity islands or DNA
horizontal transfer of transposons that bestow them the ability to adjust to new
niches and cause a broad spectrum of diseases [4]. Further, only the most successful
combinations of virulence factors persist to become specific pathotypes of E. coli [4].
The strains of E. coli which are pathogenic are divided into diarrheagenic or enteric
E. coli and extraintestinal E. coli (EXPEC) based on the body site they colonize.
Diarrheagenic E. coli includes enterotoxigenic (ETEC), enteropathogenic (EPEC),
shiga toxin-producing (STEC), enteroaggregative (EAEC), enteroinvasive (EIEC),
and diffusely adherent E. coli (DAEC). While EXPEC is mainly uropathogenic E. coli
(UPEC), neonatal meningitis E. coli (NMEC) and sepsis-associated E. coli. Based on
phylogenetic analysis using multilocus enzyme electrophoresis, pathogenic E. coli
pathotypes (from both intestinal and extra-intestinal E. coli) were divided into four
phylogenetic groups A, B1, B2 and D. These phylogenetic groups are representative
of their genetic origin [5].

Uropathogenic E. coli as described belongs to the extraintestinal pathogenic
E. coli group and is associated with a subset of serogroups and serotypes (01:H4, O1:H6,
O1:H7, O1:H", O2:H1, 02:H4, O4:H5, O6:H1, O7:H4, O7:H6, O7:H", O18ac:H7, O18ac:H",
022:H1, 025:H1, O75:H5 & 075:H7) and with the B2 or D phylogenetic groups [6].
UPEC possesses acquired virulence and resistant determinants which permits it to
victoriously colonize the urinary tract and cause disease.

2.1.1 CFTO073

CFTO073 is a prototypical strain of UPEC that was recovered from a woman
having severe pyelonephritis infection, it belongs to phylogenetic group B2. It was
noted to have increased hemolytic activity in comparison to other UPEC strains. On
sequencing, its virulence genes were found to be grouped into five pathogenicity
islands [7, 8].
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2.2 Route of infection

For UPEC to cause infection, the ultimate origin of it is the intestinal tract of the
human host which finally acts as a fecal reservoir. Principally apparent in women,
the first step is the bacterial colonization of the vaginal introitus and periurethral
meatus. Notably, colonization takes place in parallel with the loss of protective vaginal
Lactobacillus species. This follows ascension into the bladder and adherence to bladder
epithelium (uroepithelium). This is followed by UPEC internalization by umbrella
cells (it is the outermost layer of the uroepithelium). Inside the bladder cells, most
of the bacteria are exocytosed while the minority of them will evade this mechanism
gain entrance into the cytosol to form IBCs (intracellular bacterial communities).
When these intracellular bacteria stop replicating, they enter another stage known as
QIR (quiescent intracellular reservoir) and are behind recurrent UTI episodes.

In this manner, infection of the lower urinary tract has the power to advance to
kidneys and enter the bloodstream to cause urosepsis (Figures 1 and 2) [3].

UPEC pathogenesis — Colonization - Periurethral and vaginal areas along with
urethral colonization
Ascending route -Bladder

Attachment to epithelium & interaction with bladder
epithelium defense system

Host cell invasion

Intracellular proliferation

Eventual rupture of epithelial cell of bladde
Dissemination -Kidneys, Blood and re-infection
of surrounding epithelial cells

URBTER

BLADDER LUMEN

LUMEN UROPLAKIN
‘ COVERED
o e n— , UMBRELLA

BLADDER WALL B el ceus

s INTERMEDIATE CELLS
) BASAL CELLS

URETHRA -~ }LAMINA PROPRIA

E%bz‘::w *DE TRUSOR MUSCLE
_—

‘_{‘:\_{\.\J » ADVENTITIA

Figure 1.

Structure of the urinary bladder and urothelium. The urothelium (transitional epithelium) is believed to form
vital and essential hurdle to infection that includes mucus glycosaminoglycans retarding adherence of UPEC,
infection-vesistant umbrella cells and glycoprotein plates known as uroplakins.
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URDTHELTUM " {;DPEC
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Figure 2.

EXFOLIATIDN

UPEC pathogenesis. UPEC expresses pili systems (Fim H) for adherence to the epithelial cells of the bladder. It
follows invasion into the host cell which initiates veplication to form IBCs and a subpopulation also undergoes
cell elongation (filamentation). Ultimately the epithelial cell is overloaded and UPEC escapes, rupturing open
the host cell releasing motile short and elongated cells which can infect neighboring host epithelia to continue the

infective cycle.

3. Bladder defenses against UPEC

To cause infection, UPEC has to beat the natural

urinary tract defenses that

include physical and chemical defenses. Physical defenses include high urine flow,
exfoliation of cells, high urine osmolality and low pH. Chemical defenses of the

Bacterial aim

Host barrier

Attachment to the host cell surface with the help of adhesins (P
fimbriae, type 1 fimbriae)

Flow of urine, mucociliary blanket

Acquisition of nutrients by cellular lysis by hemolysin, iron
acquisition by siderophores

Sequestration of nutrients (iron through
intracellular storage)

Initial avoidance of bactericidal activity by the host—capsular
polysaccharides and lipopolysaccharide

Phagocytic cells, complement,
antimicrobial peptides

Late avoidance of bactericidal activity by the host—Antimicrobial
resistance

Antimicrobial therapy, acquired
immunity

Table 1.
Interaction of UPEC with the human host.
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urinary tract comprise secreted proteins such as THP (Tamm-Horsfall protein), IgA
(immunoglobulin), antimicrobial peptides and immune system activation (innate
and adaptive). Table 1 summarizes the interaction of UPEC with the human host.

4, Virulence factors of UPEC

There are various virulence factors possessed by UPEC which enable its coloniza-
tion and pathogenicity. These factors are inserted either in the genome (chromosome)
by insertion elements or transposons or encoded on plasmids. The virulence factors
are associated with the bacterial cell surface such as adhesins and factors that are
secreted and carried to the site of action such as toxins [9].

4.1 Adhesins

For UPEC to colonize and cause infection, it needs to be equipped with some
adhesive molecules which will promote attachment to the host cell surface. Adherence
to host cell is regarded as the crucial step for colonization because in normal instances
regular urinary flow does not permit colonization of the bacteria to the urinary tract.
The adhesive factors found in UPEC are known to be adhesins which exists either in
the form of filamentous surface organelles called pili or fimbriae or as non-filamen-
tous proteins in the outer membrane.

4.1.1 P fimbriae

Edén and his colleagues discovered in the year 1976 when they identified that
E. coli that was cultured from pyelonephritis cases attached in more numbers to exfo-
liated uroepithelial cells when compared to E. coli strains obtained from fecal samples
[10]. This strong adherence was linked to the presence of ‘fimbriae’ which when
isolated could also specifically adhere to the uroepithelial cell surface [11]. Those
bacteria which were expressing this type of fimbria could agglutinate human O eryth-
rocytes and the hemagglutination wasn’t been able to be inhibited by mannose hence
Mannose Resistant. This kind of agglutination made these new fimbriae distinct from
type 1 fimbriae. Later work revealed the receptor to which these new fimbriae i.e., ‘P
fimbriae’ binds is globoseries receptor which is a component of P blood group antigen
found in human erythrocytes and uroepithelial cells. Furthermore, this antigen was
identified to be a glycospingolipid (synthesized by specific glycosyltransferases and
constitutent of glycocalyx surrounding the uroepithelial cells) with a lipid moiety
anchored in the cell membrane and a chain of carbohydrates exposed on the eryth-
rocyte surface. These globoseries glycosphingolipid receptors (Gal-Gal) are spread
evenly all over the urinary tract especially in kidneys.

P fimbriae are said to increase UPEC virulence at various stages of infection. They
help the bacteria to persist longer in the intestinal tract and expand more strongly in
the urinary tract with the plan of colonization and going ahead with ascending infec-
tion [12, 13]. So, when they reach the urinary tract, E. coli strains having P fimbriae
attach, persists and even in the presence of enhanced immune response (engaging
toll-like receptors 4 and cytokine elaboration) invades kidneys and can cause bac-
teremia. For the reason, there is a correlation between P fimbriae and acute disease
severity in more than 90% of cases. However, <20% asymptomatic carriers also
express this P fimbriae. The adhesin complex is encoded by pap gene EFG sequences.
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There exist 3 molecular variants of PapG adhesin encoded by PapG class I through IV
alleles, these have different receptor binding preferences ultimately affecting clinical
outcomes. For example, allele class II is predominant among strains causing pyelone-
phritis and bacteremia whereas class III is frequently encountered in women having
cystitis and children [14].

4.1.2 Type I fimbriae

Type I fimbriae are considered as a crucial virulent factor in UTI but their exact
individual role is challenging to understand as they are expressed by pathogenic as
well as commensal strains of E. coli including other genera within family enterobacte-
riaceae. Additionally, it is found that there is an absence of any significant difference
in the frequency of the fim gene (which encodes type I fimbriae) among more or less
virulent strains [15]. These fimbriae are encoded by an operon that contains nine
genes present on the chromosome of most of the UPEC in the order of: fimB, fimE,

fimA, fiml, fimC, fimD, fimF, fimG, fimH; these encoding structural and regulatory
proteins [3].

Type I fimbriae bind to uroplakin Ia and IIIa (urothelial mannosylated glyco-
protein) through the FimH subunit [4]. FimH is a tip protein of type I fimbriae. In
addition, it may also bind to other cell-surface proteins such as integrins, fibronectin,
Tamm-Horsfall protein (THP), etc. This binding or interaction results in molecular
phosphorylation events that are necessary for the stimulation of signaling pathways
involved in invasion and apoptosis.

Besides, playing a role in attachment to bladder epithelium, it is also found to
directly trigger invasion by UPEC into epithelial cells of the bladder (BECs) where
they induce formation of IBCs and remain as reservoirs to act as a source of clinical
relapse [16, 17]. Some studies have given an insight to the fact that type I fimbriae
enhance the infectious potential of UPEC [18, 19] but the accurate timing of expres-
sion of fimbria during urinary tract infection remains blurred. It was also seen that
UPEC isolates obtained from clinical samples (urine) during infection expressed little
to no type I fimbriae [20]. In addition, fimbrial expression was more or less absent in
UPEC strains from the urine of women with cystitis [21].

The expression of these fimbriae is finely regulated attending to environmental
signals and is under the control of phase variation that determines the percentage of
fimbriated cells in the population.

Hultgren and colleagues, in the experimental murine model of UTI, found out that
E. coli which was obtained from bladder lumen did not express type I fimbriae, how-
ever, bacteria that were adhered to the bladder wall did express them. Therefore, their
contribution in adherence and colonization cannot be effectively determined by mea-
suring the expression of fimbriae in the bladder lumen [22]. There is also an observa-
tion that type I fimbriae are not especially prevalent in pyelonephritogenic strains and
adherence of bacteria to urinary catheters is also type I fimbriae dependent.

4.1.3 Dr adhesins

The Dr adhesin family consists of both fimbrial and afimbrial adhesins on E. coli
surface. There are four genesi.e., dra A, B, C, D which encode for adhesins and
structural proteins. These adhesins can bind to Dr blood group antigen (a component
of decay-accelerating factor which prevents lysis by complement). Inside the urinary
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tract, they attach to the epithelium of the bladder and type IV collagen present on the
basement membranes. Although, these adhesins are present in less number in UTI-
causing strains, however collective data from various sources shows that the genes
encoding for Dr adhesin family are widespread among cystitis and pyelonephritis
strains when compared to control strains (fecal isolates). In the experiments involving
mouse models, Dr adesins exhibits tropism for the basement membrane of the renal
intersititum, hence integral for chronic pyelonephritis development. Their presence
has been linked to epithelial invasion. Some studies in rat models also points out that
their interaction with the host cell receptors in kidneys is very much persistent. In
addition, it also has a role in the pathogenesis of UPEC as evident in a mouse model
study where Dr-positive strain leads to a disease pathologically similar to chronic
tubulointerstitial nephritis and a Dr-negative isogenic mutant causes no disease. Type
I fimbriae and Dr adhesin together are associated with invasion of epithelial cells of
bladder along with intracellular persistence by UPEC [23, 24].

4.1.4 S and FIC fimbriae

S and F1C fimbriae are also involved in the urinary tract infection process. Both
fimbriae are shown to have very related biogenesis genes however they have differ-
ent adhesin alleles. They exhibit binding to epithelial and endothelial cells from the
lower urinary tract and kidneys in humans [25, 26]. S fimbriae binds to sialic acid
epitopes which are present in renal sialylated lipoproteins. Also, they particularly are
also responsible for other extraintestinal infections such as sepsis, meningitis apart
from UTI because they may promote the dissemination of bacteria within the host
tissues. As per various pooled studies, F1C fimbriae are more usually seen in strains
from pyelonephritis and cystitis patients than fecal strains used as controls [27].
Furthermore, experiments conducted in a try to know their exact role in UTT have not
been reported clearly but in strain CFT073, in which type 1 and P fimbriae encoding
genes have been inactivated, F1C fimbriae were expressed at elevated levels demon-
strating a synchronize fimbrial expression in UPEC [28].

4.1.5 Other adhesins

Adhesins belonging to the Afa family are also involved in urinary tract infections. The
UPEC strains expressing them have distinctive renal tissue tropism. Further findings
suggest that these adhesins have properties that supports the development of chronic or/
and recurrent infections [4]. Other adhesins identified in vivo among UPEC strains are
type 1c, G, M, X adhesins which vary in molecular binding specificities and serologic
properties. Table 2 summarizes various UPEC adhesins contributing to virulence.
4.2 Toxins

There are three main types of toxins that are secreted by UPEC. These are:

A. Hemolysin

B. Cytotoxic necrotizing factor 1 (CNF)

C. Autotransporters
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Typeofadhesin  Corresponding receptor Encoding genes Special points
Type 1 fimbriae PMNs and epithelial cells with fim B, fim E, fim H —
mannose proteins and Pil
Type lc fimbriae ~ Unknown Foc —
Type 3 fimbriae M blood group mrkABCDF Mediate formation of biofilm
P fimbriae P blood group antigen: Gal-o 1-4 PapG, papGAP Associated with bacteremia,
cystitis and pyelonephritis
S/F1C fimbriae Sialyl-a-2-3 galactoside Sfalfac THP inhibits the adherence
G fimbriae Terminal N-acety-D-glucosamine — —
M fimbriae Galactose-N-acetylgalactosamine — —
Dr family Type 4 collagen & Drblood group  AfaE1-5, AfaF, Drb —
antigen operon
Table 2.

Summary of various adhesins of UPEC.

Apart from these, there are other toxins identified which are secreted by UPEC
strains and have cytotoxic activity. Toxins production by UPEC leads to inflammatory
response causing UTI symptoms.

4.2.1 Hemolysin

In 1921, Dudgeon et al., documented that 50% of E. coli isolates which caused UTI
were causing hemolysis on blood agar plates in comparison with 13% of fecal isolates.
This action was credited to the hemolysin protein secreted by E. coli (belonging to the
family of RTX toxins (repeats-in-toxin)) [29]. a-hemolysin (Hly A) is the most vital
virulence factor secreted by UPEC that is associated with pyelonephritis. The hly genes
encode for proteins that are needed to synthesize and secrete hemolysin. This toxin
shows dual activity dependent on concentration i.e., low and high concentration:

* At low concentrations, it can cause apoptosis of target host cells which involves
neutrophils, T-lymphocytes and renal cells and also stimulate the exfoliation of
epithelial cells of the bladder [30].

* At high concentrations, HlyA can lyse erythrocytes and nucleated host cells
including uroepithelial cells. This may enable UPEC to cross mucosal barriers
effectively, destroy effector immune cells and gain advanced access to nutrients
and iron stores of the host.

a-Hemolysin can also result in the elevated elaboration of IL-6 and IL-8 by induc-
ing Ca”* oscillations in renal epithelial cells. In addition, this toxin is associated with
renal complications in 50% of cases of pyelonephritis and also causes endothelial
damage and renal vasoconstriction. To add up permanent renal scarring is a usual
complication that follows infection by HlyA E. coli [31].

4.2.2 CNF-1

CNF-1is frequently detected in E. coli strains causing UTT and almost always in
association with hemolysin with which it is linked genetically. This protein is secreted by
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E. coli in vitro and prompts actin stress fibers formation and membrane ruffle formation
in a Rho GTPase dependant manner. Various studies describe its potential role in UPEC
pathogenesis. CNF-1 appears to increase the attachment of PMNs (polymorphonuclear
leukocytes) to T84 monolayers (epithelial cells) theraby decreasing their phagocytic
effect. Besides, it leads to apoptosis in the 5637-bladder cell line, an event that might be
elucidate the exfoliation of bladder epithelial cells after UPEC infection [32].

4.2.3 Autotransporters

Autotransporters toxins also named as type V secretion toxins consists of SAT
(secreted autotransporter toxin) and VAT (vacuolating autotransporter toxin)
encoded by UPEC [33]. SAT is demonstrated more commonly among E. coli strains
(55% strains) associated with pyelonephritis relative to fecal strains (22%). SAT which
was first isolated from E. coli CFT073 have highest similarity to SPATES (seriene pro-
tease autotransporters of Enterobacteriaceae) proteins made by diarrheagenic E. coli
and Shigella species. Experiment shows SAT possess toxic activity against bladder and
kidney cell lines and theraby may have an important role in the pathogenesis of UTI.

VAT was originally discovered in avian pathogenic E. coli. In addition, there are Pic
and Tsh autotransporters recognized. Pic is known to have seriene protease activity
while Tsh lacks. These both are seen to be more prevalent in pyelonephritis strains
than fecal strains.

Moreover, recent studies have identified other proteins which are secreted by
UPEC and known to have cytotoxic activity. These are NRPS (nonribosomal peptide
synthases) and PKS (polyketide synthases) which are produced by B2 E. coli strains
and are involved in arresting cell cycle [3].

4.3 Iron acquisition by UPEC

Iron, a necessary cofactor for enzymes found in all organisms, remains concealed
by iron-binding proteins in humans. Iron is very crucial for the growth of the bacteria.
Therefore, bacteria colonizing and causing infections in humans should have some
systems to obtain it. Iron is present at a very low concentration at the infection site of
the urinary tract and UPEC is known to have multiple systems for iron scavenging.
One such potent way to hunt iron is the possession of siderophores by bacteria as it
has got a very high affinity for Fe’* that enables E. coli to escort iron back to the cell. It
is documented that siderophores are usual in E. coli strains causing UTI as compared
to fecal strains [34]. UPEC encodes a siderophore called enterobactin (which is also
present in commensal bacterium) in addition it contains multiple other iron acquisi-
tion systems such as yersiniabactin, salmochelin and aerobactin [35]. The gene that
encodes aerobactin has been identified to be iutA. Furthermore, there is fact that
UPEC does not use siderophores alone for scavenging iron, it also employs other iron
receptors that are found in the outer membrane which binds iron and takes it back
inside the bacterial cell. CFT073 (prototypical UPEC strain) encodes for 14 such outer
membrane iron receptors [36].

4.4 Extracellular polysaccharides

There are a variety of extracellular polysaccharides produced by E. coli such as O
antigen, core polysaccharides of LPS (lipopolysaccharide), colonic acid or capsule,
etc. Their role in the pathogenesis of UTI is not well understood. "LPS of UPEC is
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regarded important in stimulating proinflammatory response in cases of uncompli-
cated UTI. Also, it is also noted in animal models that acute renal failure due to LPS
is not dependant on the presence of functional LPS receptors TLR4 in the kidney but
systemic response to LPS.

The capsule is known to provide protection against phagocytosis and complement-
mediated bactericidal effect in the host. In addition, it has been found that the K2
capsule and not the K54 capsule acts to be confirmed urovirulence factor [3, 37].

4.5 Proteases

Proteases are enzymes that leads to the cleavage of peptide bonds. They are gener-
ally found in mobile genetic elements like transposons, plasmids or prophages [38].
Although, they are not needed for the survival and replication of bacteria, they may
be vital for virulence.

Omptins are considered outer-membrane proteases seen in various members of the
Enterobacteriaceae family. E. coli can encode upto 3 omptims such as ompT, ompP and
arlC [39]. OmpT have been recognized as a significant virulence factor in UPEC strains
causing cystitis, pyelonephritis, urosepsis as opposed to asymptomatic strains [39].

4.6 Flagella

Flagella is an organelle that accounts for the motility in bacteria and flagellated
UPEC is responsible for nearly about 70-90% of all UTIs. Genes for synthesis of
flagella form a well-regulated and directed cascade of three 3 classes. The benefits of
having flagella mediated motility by E. coli during colonization of the urinary tract
include the capability of dissemination to new sites of the urinary tract to obtain
nutrients and in addition to escape from immune responses of the host [4].

4.7 Chemotaxis

Chemotaxis is generally a behavior that is used by the bacteria to sense and then
respond to external chemical signals. There are mainly four chemotaxis protein recep-
tors that are necessary for chemotaxis in Escherichia coli such as Tar and Tsr (amino
acids), Trg (saccharides) and Tap (dipeptides) [40]. There is an observation of tar and
tsr being present in 100% and 98% of all motile UPEC isolates respectively. While trg
and tap were found significantly less among UPEC in comparison to fecal isolates [41].

5. Antimicrobial resistance in UPEC

Antimicrobial therapy is generally recommended for all symptomatic UTI cases
including uncomplicated and complicated cases. The choice of an antibiotic should
be led by spectrum and susceptibility patterns of the causative agent, its efficacy for
the particular indication, tolerability and adverse events, costs and availability, etc.
The most commonly used antimicrobials for treating uncomplicated cases include
nitrofurantoin, cotrimoxazole (first line), fosfomycin and pivmecillinam (alternative),
fluoroquinolones (second line). Ceftriaxone, cefepime, piperacillin-tazobactam, ami-
noglycosides and carbapenams are used for complicated cases [42]. The international
guidelines recommend the use of nitrofurantoin, fosfomycin trometamol and trime-
thoprim-sulfamethoxazole for the treatment of uncomplicated UTI. Fluoroquinolones
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in such situations should be kept in reserved as they are used to treat complicated UTI
and mild to moderate pyelonephritis [42].

UTIs and especially recurrent UTIs are associated with significant use of antibiotics
that promotes resistance. Antimicrobial resistance in UPEC and the spreading of mul-
tidrug resistant (MDR) UPEC is a concerning clinical problem, particularly in women
with recurrent UTIs. Increasing ineffectiveness of the antimicrobials has led to the
emergence of MDR UPEC (resistance to at least one antibiotic in three or more classes)
and XDR UPEC (resistance to at least one in all but at least two or fewer classes) [43].

The various mechanisms responsible for resistance include:

1. Bacterial mechanisms
* Target site inactivation
* Presence of p-lactamases enzyme
* Efflux pumps mechanism

* Through mobile genetic elements such as transposons, gene cassettes, insertions
sequences, integrons, etc.

2. Antibiotic consumption without bacterial characterization of the UTI pathogen.
3. Over the counter availability of antimicrobials, thus leading to its overuse.

5.1 Drug resistance mechanisms in different classes of antibiotics

5.1.1 Beta lactam drugs

They are cell wall synthesis inhibitors. One of the main mechanisms of resistance
in UPEC is the production of the f-lactamase enzyme which is encoded by the bla
genes, located on the plasmids. ESBL (extended-spectrum f-lactamase) is one of the
types of p-lactamases and is responsible for conferring resistance to penicillin, cepha-
losporins and monobactams. ESBLs are susceptible to cephamycins, carbapenems
and beta lactamase inhibitors; thus making carbapenems drug of choice in such cases.
CTX-M, TEM and SHV are most common ESBLSs observed among UPEC.

5.1.2 Fluoroquinolones

They are bactericidal drugs. It functions by inhibiting the enzymes topoisomerase
IT (DNA gyrase, which is encoded by gyr A and gyr B genes) and topoisomerase IV
(parC and parE) involved in winding—unwinding of the DNA. It is one of the most
widely prescribed drugs due to easily available oral formulations. Fluoroquinolone
resistance may be due to chromosomal mutations, plasmid mutations, alteration of
outer membrane proteins causing decreased antibiotic uptake and presence of efflux
pump systems.

Chromosomal mutation in DNA sequences of gyr A QRDRs i.e., quinolone resistance
determining region is predominantly responsible for fluoroquinolone resistance.
Resistance is also mediated via PMQR (plasmid-mediated quinolone resistance) genes
which include qnr genes such as qnrA, qnr B and qnr C.
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5.1.3 Fosfomycin

It is also a bactericidal drug that blocks cell wall synthesis at early stages. It’s a widely
used drug as a single dose of 3 g is used for the treatment of uncomplicated UTI, and
also because of its activity against ESBL and MBL (metallo-p-lactamases). Resistance to
fosfomycin is not widespread till date, however, if present may be conferred by:

* Presence of efflux pumps

* Enzymatic cleavage by Fos A, Fos X

* Point mutations
5.1.4 Trimethoprim-sulfamethoxazole

It works by inhibiting the folate synthesis pathway thus inhibiting the DNA
synthesis in the susceptible organism. Though widely used as a first-line therapy for
uncomplicated cystitis, the use of trimethoprim-sulfamethoxazole has been stopped
for empirical use because of its resistance. Over 20% of the UPEC isolates are resistant
to trimethoprim-sulfamethoxazole. Resistance to the drug is mediated by

¢ Efflux pump mechanism

* Target enzyme modification

* Mutational changes in target enzymes
5.1.5 Nitrofurantoin

Reactive intermediates are formed from nitrofurantoin by the action of flavopro-
teins as a result of which the bacterial ribosomal proteins are inactivated. Resistance
to nitrofurantoin till date is much lesser in comparison to the other drugs available,
this is attributed to the fact that it acts on multiple targets in the bacterial cell.
Resistance may develop due to gene mutations such as nsfA and nfsB genes [44].

6. New therapeutic options, what is in pipeline?

Emerging drug resistance has led to decreased therapeutic options. Therefore,
it is imperative to find alternative treatment options. The options are in pipeline for

Newer therapeutic and disease target Targetin UPEC Available evidence

Anti-adhesives

Mannosides for acute cystitis Type1pili (FimH)  Inamouse model, the reduced bacterial burden
was observed following treatment and also asa
prophylactic agent in mouse models [46, 47]

Galactosides for chronic cystitis and/or Fim-like (Fml) pili In experimental mouse model infected with
pyelonephritis chronic UTI, reduced bacterial burden in the
bladder and kidney [48]
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Newer therapeutic and disease target Targetin UPEC Available evidence

Vaccine

FimCH against acute and chronic UPEC expressing Phase 1 clinical trial showing no safety

cystitis type 1 pili concerns and a reduction in total UTI
recurrence in treatment cohort; approved
for compassionate use as an investigational
intervention

Uro-vaxom Contains a Licensed in 30 countries, represents a safe and

lyophilized mix effective treatment option for prophylaxis of
of membrane recurrent UTIs [49]

proteins from 18

different strains of

E. coli

Urovac Recurrent UTI [49]

Others

Non-steroidal anti-inflammatory drugs ~ UPEC In vivo mouse models. It demonstrates

(NSAIDS)—chronic and recurrent reduced bladder remodeling, and in human

cystitis clinical studies demonstrate effective
resolution of symptoms with a reduction in
overall antibiotic used when used in place of
antibiotics [50]

HIF-1a inhibition (AKB-4924) UPEC Decreased adherence and invasion of UPEC of
cultured human uroepithelial cells, decreased
inflammation and bacterial load in mouse
models of infection [51]

Probiotics—recurrent UTI UPEC Reduced frequency of infection in various
patient populations having rUTI [52]

Lactoferrin—cystitis UPEC Reduced adherence to human bladder

epithelial cell lines and reduced mouse bladder
bacterial burdens following treatment with
exogenous lactoferrin [53]

Antibiotic—recarbrio (Imipenem,
cilastatin and relebactam)

Approved by FDA (U.S. Food and Drug
Administration) for the treatment of
complicated UTI

Table 3.
Newer therapeutics options in pipeline for the treatment of urinary tract infections caused by UPEC [45].

preventing and treating infections caused by UPEC includes antibiotic recarbrio (FDA
approved), vaccines, anti-adhesives etc. Table 3 highlights newer therapeutics options
in the pipeline for the treatment of urinary tract infections caused by UPEC [54].

7.

15

Conclusion

Urinary tract infections, community and hospital-associated affects millions

of people especially women worldwide each year. As UPEC is the most common
microorganism behind these infections, so adequate knowledge and understanding of
UPEG, its virulence factors and antimicrobial resistance pattern is vital for adequate
treatment and prevent recurrences. In addition, this can help in developing new
therapeutics options in the era of widespread antimicrobial resistance.
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Bacteriophage Therapy for Urinary
Tract Infections Caused by
Escherichia coli
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Abstract

Urinary tract infections (UTIs) are the most prevalent bacterial diseases affecting
150 million people annually worldwide. Around 85% of UTlIs are caused by Escherichia
coli from the Enterobacteriaceae family. The pathogenesis of uropathogenic E. coli
(UPEC) involves adherence, colonization, evading host defenses, and damage to
host tissue to achieve virulence. The uncontrolled use of antibiotics worldwide during
therapy of UTIs has resulted in increased antibiotic resistance and the emergence
of multidrug resistance (MDR) and extensive drug resistant (XDR) to UPEC.
Bacteriophages have the potential to eliminate and manage resistant biofilm-forming
uropathogenic organisms, such as E. coli and control UTIs. The chapter discusses the
use of phages as an alternative treatment for UTIs caused by UPEC.

Keywords: urinary tract infection, uropathogenic E. coli, bacteriophages

1. Introduction

Urinary tract infections (UTIs) are one of the most frequent bacterial infections
and the primary causative agent is Escherichia coli [1]. The other causative agents
reported for UTIs include Staphylococcus saprophyticus, Pseudomonas aeruginosa,
Klebsiella, Enterobacter, and Proteus species [2]. E. coli, the primary causative
agent of UTI, is a Gram-negative bacteria from the Enterobacteriaceae family. The
enteropathogenic strains of E. coli are divided into two types: intestinal E. coli,
which have enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC),
enteroinvasive E. coli, enteroaggregative E. coli, enterotoxigenic E. coli (ETEC).

The second category is the uropathogenic E. coli, causing extraintestinal infections
(Table1). The uropathogenic serotypes 01 0K1, 06:K2, 04:K12, 016:K1, or 018:K5
are associated with the majority of UTIs [3]. Uropathogenic E. coli causes both
complicated and uncomplicated UTIs. UPEC has fimbria as an important virulence
factor. These fimbriae contain subunit protein (pap A) encoded by papA gene [4].
The type I fimbriae are most commonly expressed adhesins that allow the bacteria
to attach and colonize the human urogenital tract. The type I fimbriae constitutes of
Fim H protein (responsible for binding), Iaminin (part of extracellular matrix), and
secretory Ig A. Another fimbriae present in UPEC is P fimbriae (PapG) adhesion of
p fimbriae mediates the bacterial binding, thus inducing UTI symptoms [4]. Other
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Diarrheagenic E. coli or enteric E. coli Extraintestinal E. coli (EXPEC)

Pathotypes. Pathotypes: uropathogenic E. coli,
1. Bnterotoigenic E .coli (ETEC). neonatal meningitis E. coli (NMEC)
Serotypes.O1:H4, O1:H6,01:H7,01:H, O2:H1, O2:H4,
2. Enteropathogenic E. coli (EPEC). 04:H5,06:H1, 07:H4,07:H6, O7:H-, O18ac:H7, O18ac:H-,
3. Shiga-toxin-producing E. coli (STEC). 022:H, 025:H1, O75:HS and O75:H7.
4. Enteroaggregative E. coli (EAEC).
5. Enteroinvasive E. coli (EIEC).

6. Diffusely adherent E. coli (DAEC).

Table 1.
Pathogenic E. coli.

virulence factors in UPEC are F1C and S fimbriae enclosing the fac and sfa gene,
cytotoxic necrotic zing factor (NF1), iron-binding siderophores, and K1 capsular
polysaccharide.

Bacteriophages are viruses that attack bacteria. Antimicrobial resistance by
bacteria has now become a global threat and could kill 50 million people by the year
2050 as per the World Health Organization estimates [5]. Phages are now known to
cure antibiotic-resistant bacterial infections as well as decrease bacterial virulence
by overcoming the barriers bacteria used to avoid them. Bacteriophages are now
being explored as potential therapeutic tools for the elimination of bacterial patho-
gens. Bacteriophages can disrupt pathogenic processes associated with biofilm and
exopolysaccharide formation by microflora. Bacteriophage therapy is a promising
strategy to control bacterial infections as phages are very efficient in killing host
bacteria and do not disrupt other flora and have a low cost of production [6].
Antibiotics used alone have a broad spectrum of activity inducing drug resistance
in bacteria and are toxic, whereas phages are non-toxic [7]. Using other strategies,
such as herbal products, is more costly and less efficient and has a broad spectrum
when compared with phages that are safe and efficient even through oral adminis-
tration [8]. The combination of antibiotics and phage therapy and the use of phage
cocktails have great potential in the treatment of drug-resistant bacterial infections,
particularly UTIs. This chapter focuses on the use of phages in treating UTIs caused
by uropathogenic E. coli.

2. Phages as therapeutics for uropathogenic E. coli (UPEC)

Newer therapeutic options like phages are alternative treatment options for treat-
ing UTIs. Phages have been tried as a potential candidate for treating UTIs in a num-
ber of studies. Six Iytic bacteriophages each at a titer of 10° p.fu/ml to P. aeruginosa
causing UTI showed a decrease in the number of target bacteria [9]. In another study,
Pyo bacteriophages to S. aureus, E. coli, Streptococcus species, P. aeruginosa, and
Proteus species causing UTI were given twice to patients after transurethral resection
of the prostate in a solution form. The patients were asked to retain the phage solution
for 30-60 minutes in their bladders. After phage therapy, a decreased bacterial count
was seen in 67% of patients with no side effects [10]. In a recent study by Lorenz
et al. a pyobacteriophage cocktail solution was given twice daily for 7 days in UTI
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and was found to be comparable to regular antibiotic therapy [11, 12]. Emerging
antimicrobial resistance in UPEC has led to the emergence of multidrug-resistant
UPEC and extensively drug-resistant UPEC [10]. Initial studies showed the phage
preparations were locally and orally applied to UTIs caused by E. coli, Staphylococcus,
and Proteus species. A bacterial reduction of 84% was observed [13].

Broadly bacteriophages are now being used in infecting UPEC strains causing
UTIs in four ways (Table 2).

a.Phage cocktails

b.Genetically engineered phages

c. Phage lytic proteins

d.Phages in combination with antibiotics
2.1 Phage cocktails against UPEC

Monophage therapy or using a single phage has an important limitation, which
is a narrow host range. Phage cocktails use two or more phages for therapy mak-
ing the host range broad and overcoming host bacterial resistance to phages. The
phage cocktail or combination of phages to UPEC can recognize more than one host
receptor and hence infect many uropathogenic strains. A phage cocktail of T4 phage
and KEP10 phage was introduced in the peritoneal cavity of the mouse as the first
therapeutic candidate for the treatment of UTI caused by UPEC [14]. The efficacy
of T1, T4, and phiX174-like phages was also evaluated against UPEC. T1 phage was
found to be the most effective in killing UPEC as it had a broad lytic spectrums;
however, a combination of T1, T4, and phiX174 was capable of infecting a variety of
antibiotic-tolerant UPEC strains [15]. A cocktail of nine phages without horizontal
gene transfer and undesired genes from 99 T4-like coliphages to UPEC was used to
produce a cocktail and given to 15 healthy adults. No side effects were seen, indicat-
ing that phage therapy was safe to use in UTIs [16]. In a study, it was seen that phage
SP21 uses OmpC of E. coli 0157:H7 as a receptor, when this receptor was deleted, the
phage-resistant bacteria emerged after 8 hrs of incubation. On modifying the lipo-
polysaccharide of the bacteria, the resistant bacteria emerged after 6 hrs of incuba-
tion with phage SP22. When a combination of two phages SP21 and SP22 binding to
different host receptors of EHEC (E. coli 0157:H7) was used, it resulted in significant
delay at the time of emergence of phage-resistant E. coli (upto 30 hrs) as compared
to phages used alone [29]. Dual receptor phages to UPEC, which identify more than
one receptor, have also been identified. Dual receptor phages to UPEC reported are
T4 phages, T2 phages, and phage K1-5 of the family Podaviridae that infects both K1
and K35 strains of E. coli [17, 30, 31]. UPEC causes UTI by adhering to the urothelium
producing biofilms successfully evading them from the host immune system and
antibiotics. Phage cocktails have been found to be suitable for killing bacteria in
biofilms. Biofilms of E. coli on the surface of polyvinyl chloride were susceptible
to phage T4D+ [32]. Phage cocktails can be used for treating UTIs caused by E. coli
biofilms present on urinary catheters. However, any mutational or conformational
change in the host bacterial receptors can make the phages resistant to the bacteria,
which is a limitation of using this strategy.
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(1) Phage cocktails a. phage cocktail of T4 and KEP 10 phage induced in the peritoneal cavity of
mouse for treatment of UTI caused by UPEC [14].

b. Phage cocktail of T1, T4 and phi X 174 like phages evaluated against UPEC
were capable of lysing a variety of UPEC strains [15].

c. Phage cocktail of 9 phages from 99 T4 like coliphages to UPEC was found
to be safe and effective in UTI [16].

d. Dual receptor phages T4, T2 and K1-5 infecting K1 and K5 strains of UPEC
were found to be efficient [17].

(2) Genetically a. Enzymatic engineered phage T7DspB was found to be more efficient in
engineered phages reducing biofilm formed by clinical E. coli isolates as compared to natural
lytic phage T7 [18].

b. Engineered phage K1F-GFP was found to be very effective in killing host
bacteria E. coli present in T24 epithelial cells of human urinary bladder [19].

c. Genetically engineered €2 phages were found to be more effective for 47 E.
coli strains found in UTL

(3) Phage lytic proteins a. E. coli specific phage lyase lysep 3 fused with N-terminal region of Bacillus
amyloliquefaciens was found to be highly efficient in lysing clinical
isolates of E. coli [20].

b. Phage lytic proteins in combination with chelating agent like EDTA was
used to disrupt Gram-bacterial cell outer membrane barrier [21].

c. Endolysins called ‘artilysins ‘ which can distort the LPS and has high
antibacterial effect against isolates of E. coli [22].

Artilysin Art-175 had high bactericidal activity against colistin resistant
E. coli isolates [23].

d. Phage lysin LySep® has high increased antibacterial activity against
E. coli [24].

e. Innolysins [combination of fused phage T5 endolysin and phage receptor
binding proteins (RBPs)]. Innolysin Ec6 and Ec21 was found to be highly
effective against UPEC [25].

(4) Phages in a. T4 phage and cefotaxime were highly effective in destruction of T4 host
combination with E. coli ATCC11303 biofilms as compared to antibiotic given alone [26].
antibiotics b. T4 phage with beta lactam, quinolone and mitomycin C were more effec-

tive in destruction of E. coli biofilms [27].

c. Phage cocktail with antibiotics was found to be effective in combating
drug resistant uropathogens [28].

Table 2.
Types of phage therapy for UPEC.

2.2 Genetically engineered phages against UPEC

Genetically modified or engineered phages have been reported for use in UTIs
particularly multidrug-resistant uropathogens. These genetically engineered phages
having desirable properties are made using genetic engineering methods, such as
homologous recombination, phage recombination of electroporated DNA, i vivo
recombination, and CRISPR-CAS- mediated genome engineering [33]. An enzymatic
engineered phage T7DspB, which expresses exopolysaccharide (EPS)-degrading
enzyme dispersin B (DspB), hydrolyses an adhesin required by E. coli K12 and clinical
E. coli isolates for biofilm formation. This genetically modified phage T7DspB had
more efficiency in reducing biofilm as compared to natural lytic phage T7 [18]. A
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phage specific for UPEC (E. coli K1) has been genetically modified using the CRISPR-
CAS mechanism. The phage called K1F-GFP was very effective in killing host bacteria
E. coli EV 36-RFP present in T24 epithelial cells of the human urinary bladder [19]. A
recent study shows e” phages having mosaic intercrossing of 2-3 ancestor phages and
devoid of genes conferring lysogeny, antibiotic resistance, or virulence were more
virulent and effective for 47 E. coli strains found in UTI [34]. Genetically engineered
phages can be especially beneficial in the treatment of UTIs caused by multidrug-
resistant bacteria, however, the cost factor, narrow host range, and host immune
responses are the limitation. The above studies show that engineered phages can be
used in killing biofilm-forming E. coli causing UTI as future therapy in humans.

2.3 Phage lytic proteins for UPEC

With the advancement of genomics phage, lytic proteins or enzymes are being
developed. They have high antibacterial activity against biofilm-forming multidrug-
resistant clinical isolates. Phages produce cell wall lytic proteins, such as endolysins
and virion-associated peptidoglycan hydrolases (PGH). Endolysins or lysins are
produced by the phages in the later stages of the lytic cycle. They lyse the host bacteria
“from within” when the phage lytic cycle ends [35]. Endolysin integrated with outer
membrane permeabilizers (omps) against UPEC and other Gram-negative bacteria,
which lead to the lysis of the bacterial cell wall. This endolysin showed high antibacte-
rial activity against the multidrug clinical isolates of Gram-negative bacteria [36].

A study used E. coli-specific phage lyase lysep3 fused with the N-terminal region of
Bacillus amyloliquefaciens found to be highly efficient in lysing clinical isolates of
E. coli, P. aeruginosa, A. baumanni, and Streptococcus strains [20].

Virion-associated peptidoglycan hydrolases (PGH) produced by phages are
enzymes that cause “lysis of cell wall from without” thereby killing the host bacteria
[37]. Early studies showed the use of phage lytic proteins in combination with a
chelating agent like ethylene diamine tetra acetic acid disodium dehydrate (EDTA)
to disrupt the Gram-negative bacterial cell outer membrane barrier [21]. Protein
engineering techniques are now being used to increase the efficiency of endolysin
penetration in UPEC. These endolysins engineered to fuse with OMPs can distort
the LPS of the Gram-negative bacteria and are called “artilysins.” The first study
on artilysin used modular endolysin OBPgp279 of P, fluorescens phage and PVP-
SE1gpl46 of Salmonella enterica serovar enteridis phage PVP-SE1 in integration with
seven outer membrane peptides. These resulting artilysins had a high antibacterial
effect against isolates of E. coli [22]. Another artilysin Art-175 was made and tested
on colistin-resistant E. coli isolates. High bactericidal activity was observed against
colistin-resistant E. coli isolates [23]. The c-terminal of E. coli phage lysin Lysep’ was
genetically engineered. It showed increased antibacterial activity against E. coli [24].
Endolysins have recently been engineered as “Innolysins,” which combine the binding
capacity of phage receptor binding proteins (RBPs). Twelve innolysins were made by
fusing phage T5 endolysin and RBPb5 in different configurations. Innolysin Ec6 was
highly effective against E. coli, innolysin Ec21 displayed bactericidal activity to E. coli
resistant to third-generation cephalosporins [25].

2.4 Phages in combination with antibiotics

Phage-antibiotic combinations are based on phage-antibiotic synergy (PAS)
that is antibiotics are more effective in treating biofilm infections in sub-lethal
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concentrations combined with phages than phages applied alone. The PAS also
significantly reduces the development of bacterial resistance as compared to phages
used singly [26]. The first study using phage-antibiotic combination to control E. coli
biofilm in vitro was when T4 phage and cefotaxime resulted in effective destruction of
T4 host E. coli ATCC 11303 biofilms as compared when antibiotic was given alone [27].
With other antibiotics, such as beta-lactam, quinolone, and mitomycin C, there was

a similar effect and an increase in T4 phage plaque size. PAS has been studied in other
pathogens like biofilm-forming Pseudomonas aeruginosa. When P. aeruginosa biofilms
were treated in combination with phages and different antibiotics like ceftazidime,
ciprofloxacin, colistin, gentamicin, and tobramycin showed high bactericidal activity
to P, aeruginosa in biofilms grown on human epithelial cell culture [38]. Another study
has shown the synergism effect of Cpl-711 endolysin of S. pneumoniae and amoxicillin
or cefixime on multidrug-resistant isolates of S. pneumoniae using mouse and zebraf-
ish models for experimental iz vivo infection [39]. In a recent study, phage cocktail
and antibiotics were used together to combat drug-resistant uropathogens (UPEC).
Synergistic effects of the phage cocktail with antibiotics showed phage antibiotic
synergism at a lower MIC value of antibiotics [28]. The PAS is quite complex and
influenced by many factors like phage and class of antibiotics used, at what concentra-
tion the phage lowers the MIC value of antibiotics, and the combination is effective

on drug-resistant uropathogens besides host factors like urine and serum. Thus, more
studies are needed in PAS to make it a successful therapy for uropathogens mainly
UPEC. The use of phages and limiting bacteria to nutrients like iron, which have an
important role in biofilm development has also been reported. By adding divalent
metal ions, such as Co(II) and Zn(II) to the culture medium a reduction in biofilm
development by UPEC was seen [40].

3. Conclusion

The major cause of UTIs worldwide is uropathogenic E. coli. The development
of resistance in uropathogenic E. coli is a serious therapeutic problem that requires
newer antibiotics and alternative forms of therapy, such as phages. In the treatment of
UTIs, studies are being conducted on various forms of bacteriophages, such as phage
cocktails, genetically modified phages, phage lytic enzymes and their derivatives, and
phage-antibiotic combinations. Clinical trials are being conducted on phage cocktails
and phage lytic enzymes for treating UTIs and no randomized control trials. The
phage therapy still requires validated clinical research to use different types of phage
therapy to eliminate UPEC and the biofilm formed in the urinary tract to control
UTlIs. More research on phage therapy is still required on drug-resistant uropatho-
gens. Undoubtedly in the future phages can emerge as pharmaceutical compounds,
an alternative to conventional antibiotics particularly for treating UTIs caused by
drug-resistant uropathogenic E. coli.
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Abstract

Salmonella genus represents most common food borne pathogens isolated from
food producing animals and is responsible for causing zoonotic infections in humans
and other animal species, including birds. As a result, Salmonella diseases are among
the most common problems for the humans, animals, and food industry around the
world. Despite rising attention about other pathogens, Salmonella continues to be the
most prominent cause of food borne disease worldwide. Salmonella can be transferred
to humans at any point along the farm-to-fork chain, most commonly through infected
animal-derived foods such as poultry and poultry related products (eggs), pork, fish,
and so on. Some Salmonella serotypes have been confined to a single serovar and
are known as “host-restricted” while the others have a wide host spectral range and
are known as “host-adapted” serotypes. Globally Salmonella infection causes huge
mortality and the infection plays a huge role in immune response by evolving multiple
mechanism to subvert immunity to its own benefit. Numerous infectivity markers and
determinants have indeed been reported to play essential role in Salmonella pathogen-
esis to colonize its host by invading and avoiding the host’s intestinal shielding system.

Keywords: Salmonella, serovars, infection, pathogenesis

1. Introduction

Salmonella is a species in the genus with worldwide public health implications
and is the major cause of foodborne disease, accounting for deaths of thousands of
people worldwide [1-9]. Salmonella is anaerobic in nature and is a Gram-negative,
rod-shaped bacterium belonging to the Enterobacteriaceae family. Salmonella is
divided into two species: Salmonella enterica and Salmonella bongori. More than
2600 S. enterica serovars have been defined so far, with most of these serotypes
likely to cause diseases in both humans and animals [10], whereas a few S. enterica
variants, such as Salmonella Gallinarum (SG) and Salmonella Pullorum (SP), are
non-flagellated and non-motile, the large percentage of Salmonella members are
motile by peritrichous flagella. The SG and SP are linked to clinical disease in poultry
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Figure 1.
Sources of Salmonella enterica.

and cause significant economic losses to poultry farming, particularly in develop-
ing countries [11-13]. According to recent data from the United States, Europe, and
Low and Middle Income Countries (LMICs), Salmonella is frequently occurring
international cause of foodborne disease. Salmonella also enhances food contamina-
tion in many natural environments [14]. Salmonella enteric found in the gut of food
animals more persistently, is characterized by chronic transmitters which remove
the bacterium with their own fecal matter. As a result, these carriers act as a res-
ervoir for future bacterial contamination, allowing Salmonella to spread through
infected milk, meat, eggs, and other agricultural products fertilized and developed
in Salmonella-infested manure [14]. Salmonella have been isolated from variety of
animals and their food products. These include poultry, ovine, porcine, bovine, liz-
ards and snakes (Figure 1). This book chapter attempts to discuss different aspects
of Salmonella serovars and Salmonella infection in different animals, with special
emphasis to understand the mechanism of its pathogenesis.

2. Brief history, morphology, physical and biochemical characteristics

In mid of nineteenth century, Salmonella was first reported by Eberth, which
was followed by Gaffky who isolated and demonstrated that Bacillus causes human
typhoid fever [15]. In 1885, Theobald Smith and Daniel Elmer Salmon from the gut of
pigs isolated Bacillus infected with swine fever (hog cholera) [15, 16]. An American
pathologist, Dr. Daniel Elmeri Salmon, in collaboration with Smith gave the name
Salmonella [17]. Most reference centres of Salmonella all over the world, including
Centers for Disease Control (CDC), use Salmonella nomenclature system of World
Health Organization (WHO) [18].
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Salmonella are anaerobic, chemo-organotrophic, rod-shaped with size
0.2-1.5 x 2-5 pm and are Gram negative in nature [19]. Except a few serovars vig
S. choleraesuis, all other members of this genus produce hydrogen sulphide and
majority of them do not perform lactose fermentation [20]. This crucial trait has
been used to produce a number of selective and differential media for Salmonella
culture, isolation, and presumptive identification. Salmonella-Shigella agar (SS),
brilliant green agar (BGA), xylose lysine deoxycholate (XLD) agar, Hektoen enteric
(HE) agar, MacConkey agar, lysine iron agar (LIA), and triple sugar iron (TSI) agar
are among the media frequently used [21, 22].

Salmonella is non-fastidious, as outside the living hosts it can grow and multiply
in a variety of environments. Salmonella is heat-sensitive, and is frequently killed at
temperatures of 70°C or above. The majority of serotypes thrive and grow in tempera-
tures ranging from 5 to 47°C with an optimum of 32 to 35°C. Few serotypes, however,
may thrive at temperatures as low as 2-4°C and as high as 54°C [23]. Salmonella grow
at pH ranging from 4 to 9, with optimum range of 6.5-7.5. Salmonella require high
water activity of about 0.99-0.94 for survival. At pH greater than 3.8, water activity
greater than 0.94 and temperature higher than 70°C, it shows no growth [23]. While
almost all serotypes do not make indole, hydrolyze urea, or deaminate phenylalanine
or tryptophan, the majority of serotypes rapidly convert nitrate to nitrite, ferment a
range of carbohydrates with acid production [20].

3. Salmonella nomenclature, taxonomy and serovars

The nomenclature system of Salmonella is a complex process. This genus is composed
of two main species, Salmonella enterica and Salmonella bongori. Salmonella enteric is
further divided into 06 subspecies on the basis of biochemical properties and genomic
relatedness [24]. The subspecies are denoted by Roman numerals: I. S. enterica subsp.
enterica; 11. S. enterica subsp. salamae; 111. S. enterica subsp. arizonae; 11la. S. enterica
subsp. diarizonae; IV. S. enterica subsp. houtenae; V. S. enterica subsp. indica. The S.
enterica subsp. enterica (I) is most common subspecies of Salmonella and is found to be
predominantly associated with around 99% of Salmonella infections in humans & warm
blooded animals. The remaining 05 subspecies and S. bongori are mainly attributed to
Salmonella infections in cold blooded animals and are rarely found in humans [25].

For serotypes in subspecies (I), CDC uses names i.e. Enteritidis, Typhimurium,
Choleraesuis and Typhi while as for the unnamed serotypes described post 1966
antigenic formulae are used in subspecies II, IV, VI and S. bongori. The name gener-
ally refers to the location (geographic) where the serovar/serotype was isolated first.
In order to avoid any confusion between species and serotype, the first letter of the
named serotype is written in capital and is not italicized. At the first citation of a sero-
type, the genus name is given first, followed by the word “serotype” or abbreviated
form “ser” and finally the serotype name is written. One of the examples is Salmonella
serotype or ser. Typhimurium. Afterwards the genus name can be directly written
followed by serotype name (e.g. Salmonella Typhimurium or S. Typhimurium [26, 27].

4. Salmonella infection

Infection with Salmonella causes morbidity and mortality all over the world, with
the host immune response varied depending on whether the infection is acute or
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systemic. In addition to this, anatomical location of Salmonella infection plays a huge
role in immune response as it evolves multiple mechanisms to subvert immunity to its
own benefit.

4.11In humans

S enterica subsp. enterica continues to be a leading source of disease in humans
and livestock around the world. The transmission of pathogens caused a huge por-
tion of public health and economic loss. As agricultural production began to increase
after World War II, Salmonellosis become more prevalent in different countries as
was the case with Europe. Despite the fact that the genus Salmonella contains over
2600 serovars, only 05-08 serovars cause the majority of human Salmonellosis cases
in the United States. As per CDC, Salmonella enteric ser Enteritidis (24.7%), S. ser
Typhimurium (23.5%), S. ser Newport (6.2%), and S. ser. Heidelberg were respon-
sible for approximately 60% of human cases. That year, 04 serotypes accounted for
46.4% of non-human isolates. Main reason for infection in humans and other mam-
mals is S enterica which is responsible for 99% of overall infection [28]. Non-invasive
non-typhoidal Salmonellosis, Invasive non-typhoidal Salmonellosis, and typhoid
fever are the three principal diseases produced by Salmonella in humans, and these are
all covered in greater depth below.

4.1.1 Non-invasive, non-typhoidal Salmonellosis

The non-typhoidal Salmonellosis (NTS) is associated with all the diseases of
humans caused by Salmonella serotype except for the distinct typhoidal serotypes:
Typhi and Paratyphi A-C. Salmonellosis is contracted orally through contaminated
food or water. About 1.3 billion cases are reported annually of Salmonellosis gas-
troenteritis, causing huge mortality, approximately 03 million deaths globally [29].
According to the recent reports, NTS gastroenteritis is infecting developing coun-
tries. Acute enterocolitis is a symptom of Salmonellosis, and it is often followed by
inflammatory diarrhea, which is only seen in people infected with invasive serovars
(S. Typhi). The symptoms appear usually between 6 and 72 h. Primary symptoms
of this disease are abdominal pain, diarrhea with or without blood, nausea, and
vomiting.

4.1.2 Invasive non-typhoidal Salmonellosis

In Sub-Saharan Africa, a new Salmonella strain is emerging, with pathogen-
esis that is distinct from its genetic equivalents. This novel pathogen is known as
Salmonella invasive non-typhoidal (iNTS). Salmonella serotypes S. Typhimurium and
S. Enteritidis are the most typically connected with invasive NTS, however other sero-
types such as Choleraesuis and Dublin have also been found to produce invasive illness
in humans. [30, 31]. In Africa it has been found that invasive isolates have dominating
genotype with several biological variations from the isolated strain (§T313) which
proves that its genotype has surfaced new pathogenic clade in Sub-Saharan Africa and
it may be the reason of invasive disease in humans [32]. In different parts of world
other strains have also evolved which include S. Typhimurium ST313 strain, which
gave an idea that this disease is spreading globally [33]. It was reported that iNTS are
the main cause of bloodstream infections in African children [34]. Soon after the
detection of AIDS in Africa, iNTS have also been reported in kids and adults and thus
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prompting a possible link between HIV and iNTS [34]. In New Jessey, first epidemio-
logical link of iNTYS and AIDS was made with iNTS remained a prevalent bacterial
bloodstream infection of kids and adults in Sub-Saharan Africa [32].

4.1.3 Typhoid fever

The main causative agent of Typhoid Fever is Salmonella Typhi. Every year about
21 million cases are being reported with almost 200,000 deaths globally. The yearly
death rate increased by 39% from year 1990 to 2010 [35]. It has been reported that
death rate caused by Salmonella Typhi in developing countries is comparatively
similar to the death rate caused by breast cancer, prostate cancer, and leukemia in
North America [36, 37]. Polysaccharide capsular agent allows S. Typhi to adapt to the
acidic environment of stomach soon after infection as S. Typhi (acapsular) being less
virulent [38, 39]. Unlike NTS, which has broad host specificity, S. Typhi is only found
in humans. [40]. Salmonella Typhi inhabits and duplicates in host cells, these cells
are used to translocate bacteria to liver, spleen and bone marrow. These cells include
dendritic cells, neutrophils and macrophages [41].

4.2 In livestock

Salmonella infections can be seen in reptiles such as turtles, lizards, and snakes;
birds like domestic pigeons and parrots; amphibians such as frogs and mammals such
as dogs and cats. These infections are not frequent in small captive animals. Infection
may be undetectable in reptiles, canines, and kittens although Salmonella could be
identified in the stools of healthy animals. The guts of some animals can happily
support these creatures which become the carrier animals of Salmonella. Diarrhea and
enteritis are the common symptoms of Salmonellosis. Septicaemia can also be caused
by Salmonella’s invasion in the host. This intrusion causes rise in body temperature,
which is usually associated with Salmonella infection-induced enteritis. Drowsiness,
loss of appetite and diarrhea are the clinical signs of Salmonella infection. The diar-
rhea could be severe, and typically domestic dogs and cats could become extremely ill
and unknowingly pollute the residence. While in birds, this disease is seldom visible.
However, animals or birds that are juvenile, aged, or weak may be badly harmed
by the diarrhea-induced exhaustion. They develop sepsis and expire. Most of the
affected organisms may experience diarrhea for a short period of time but the major-
ity make a full recovery. Any recuperating animal can act as a vector of infection for
a period of time. Salmonella can dwell in low numbers in the gastrointestinal system
and lymphatic system, especially in locations like caecum of birds. Salmonella infec-
tion may recur if the organism develops another disease [42].

4.3 In domestic fowl and poultry

Salmonella causes four types of infections in poultry, all of which are serious:
Pullorum serovars of S. enterica causes Pullorum disease, S. Gallinarum causes fowl
typhoid, arizonae subspecies of S. enterica causes arizonosis [43] and several subspe-
cies of Salmonella like S. Infantis, S. Enteritidis and S. Typhimurium cause paraty-
phoid. The unique S. enterica serovars Pullorum and Gallinarum seen in poultry have
been largely eliminated from European and North American industries. Nonetheless,
these serovars pose a greater hazard to avian safety and wellness in areas of the
globe which have low industry development, particularly in areas with inadequate
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protection. Despite the fact that these two serovars of S. enterica are normally found
in chicks, spontaneous occurrences caused by these serovars. Residential chicken are
among the major reservoirs of this bacteria, posing a risk to human health through
the intake of contaminated foods have indeed been reported in other birds like guinea
fowl and turkeys.

Poultry products have been found as a major origin of Salmonellosis on numerous
occasions. Across the year 2000, an approximate 182,060 Americans were sick with S.
Enteritidis after eating tainted eggs [44]. During 1985 and 1999, eggs were blamed for
about 80,010 S. Enteritidis cases in the United States [45]. In addition, consumption
of infected chicken has been recognized as a major potential cause for S. Enteritidis
transmission [46]. Several of the serovars which are frequent in humans are also
abundant in poultry, demonstrating the relevance of livestock as a source for the
spread of Salmonella in people [47]. Salmonella’s potential to infect chicken is highly
linked to the transmitting serotype, as well as the maturity and genetic lineage of the
bird. The disease caused by Gallinarum serovar of S. enterica, Fowl Typhoid (FT)
spreads mostly through fecal-oral route [48]. There are also diseases mostly restricted
to the gut caused by different Salmonella serovars in poultry [43]. Salmonellosis is the
most common symptom of Typhimurium serovar infection in small birds. Fatality
rates differ greatly, ranging from as low as 10% to as high as 80% in extreme cases.

4.4 In cattle

Salmonellosis is a leading cause of death and disease in livestock, some of which
are commonly detected which are infected sub-clinically. As a result, cattle serve
as a significant storehouse for diseases infecting humans. Several studies have been
published during last decade with an emphasis on multi drug resistance variants and
significance of Salmonella for food sector [49, 50]. Surprisingly, although extensive
research was done on Salmonellosis, the infection and its associated risks remain un-
addressed [43]. Salmonellosis is still a disease that affects livestock all over the world
and is largely caused by the S. Dublin and S. Typhimurium. Additional serotypes have
been linked to cattle infections on a stochastic basis [48]. Studies documented the
identification of 101 distinct serotypes of Salmonella in cattle, most of which had a
reduced incidence [43, 51]. In late 1960s, Salmonella infections in the livestock sector
of Britain peaked with over 4000 cases reported in 1969 [48, 51]. Seven (07) serovars
of Salmonella were found in 48% of the 730 isolated Salmonella from livestock in the
United States [50]. There is a risk of novel strains being imported which was reported
in United Kingdom as 10 Salmonella serovars were identified which were of non GB
origin [43].

4.5 In pigs and sheep

S. enterica serovars Choleraesuis was first detected in swine when it was thought
to be the causative agent of swine fever (hog cholera). The susceptibility of swine
to Salmonella is determined by a number of parameters like the infecting serotypes
and the pig’s age. Further, the incidence of Salmonellosis varies from region to region
and is weakly linked to swine population, farming techniques, and their mixing [43].
Salmonella serovars linked to clinical illness in swine can be separated into two cat-
egories: Choleraesuis like host specific serovars and S. Typhimurium like ubiquitous.
However, the presence of S. Choleraesuis has substantially decreased since then, and
itis currently only spotted occasionally whereas Typhimurium still remains a severe
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threat to the swine sector especially in United States. Several serovars like Typhimurium,
Copenhagen, Agona, Derby and Heidelberg were by far the most prevalent serovars

in swine in the United States in the first decade of this century. Three of these serovars
were isolated from humans during this time span [52]. During last 02 decades, research
studies on other serovars have increased either due to improved surveillance or due to
increased occurrence of infection.

Sheep Salmonellosis appears to be frequent in nations with considerable sheep
population, including United Kingdom, Australia, New Zealand, and the United
States of America. The seasonality of Salmonellosis spread and the incidence of
diseases caused by widespread serovars is usually linked to sheep mobility and
transportation [53, 54]. The Ovis strains of Serovar Abortus with restricted hosts
are predicted to be introduced into diseased sheep flocks and spread via the fecal
oral route [55]. However, there is no strong evidence that bacteria are transferred by
drinking, nutrition, or the wastes of other hosts. Transmission of grazing livestock
through the nasal channel may be possible due to many serovars causing pneumonia
in lamb. Pulmonary discharge may transmit the bacteria to other animals.

4.6 In horses, dogs and cats

Salmonella Typhimurium was initially reported as the causative agent of Colitis in
late 1910 and subsequently prevailed as a cause of Salmonellosis in horses throughout
the world. Antibiotic use in conjunction with hospitalization stresses has been shown
to have a significant impact on the horse’s sensitivity to Salmonella infection. The only
host suitable for hooved animals is Salmonella Abortusequi, which causes horse para-
typhoid disease. The surge and decline in prevalence of disease by distinct serovars
has become a significant characteristic of the epidemiology of horse salmonellosis in
the United States. This could lead to an increase in herd immunity and decrease in the
pathogenicity of the individual serovar.

Salmonella infection in cats and dogs can be subclinical, with just occasional shed-
ding. The infection fluctuates, ranging from moderate to severe gastritis, with the
possibility of miscarriage, systemic dissemination, or sepsis [56]. Salmonella can be
excreted over a month by healed animals, and persistent transmission with intervals
of re-emergence is conceivable. Salmonella have the ability to propagate zoonotic
infections and may play a role in the establishment of antibiotic resistance in bacteria
[57]. The majority of the infestations were medically quiet, however some developed
moderate diarrhea. Recent research has shown that dogs fed with uncooked meat can
eliminate the bacterium in their stools for a longer period.

5. Salmonella pathogenesis

The favorable outcome of a pathogen is based on its capability to enter a host,
evade host defense barrier and initiate infection. Salmonella has developed contrast-
ing schedule to destabilize normal host cellular functions that allow it to get involved
in and multiple inside the host cell. Depending upon the serotype of Salmonella
involved and health status of human host, the acuteness of Salmonella infection var-
ies. Elderly people, immune-suppression patients and children below 05 years of age
are more prone to Salmonella infection. The ability of Salmonella to invade, replicate
and remain alive within the human host makes it more morbific that finally results
into harmful mortal disease.
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Salmonella produces different virulence factors that play an important role in its
pathogenicity. These involve (1) the potential to invade the cell (2) a perfect lipopoly-
saccharide coat (3) to replicate intra-cellularly and (4) feasibly the secretion of toxins
[58]. The organisms establish a colony in ileum and colon after ingestion followed
by occupying the intestinal epithelium and grows rapidly within the epithelium
and lymphoid follicles. Salmonella invasion mechanism is partially understood. On
epithelial cell surface there is the presence of specific receptors. When the organism
incursion occurs, enterocyte membrane goes through disarrangement that results in
pinocytosis of organism. Invasion depends on rearrangement of cell cytoskeleton and
may be entailed to increase in cellular inositol phosphate and calcium. After invasion,
organism has ability to proliferate intra-cellularly thereby escalating to mesenteric
lymph nodes and all over the body by systematic circulation; absorbed by reticulo-
endothelial cells that limits and checks the expansion of an organism. There is a per-
ceptible genetic control involving multiple genes in both chromosomes and plasmids
for attachment and invasion. Some organisms has the ability to infect liver, spleen,
gall bladder, bone, meninges etc. depending upon the host defense. Human Salmonella
(gastroenteritis) resides in intestine. However, most serotypes get perished on time.
After invading the intestine, most of Salmonellae brings on an acute inflammatory
response that may lead to ulceration, also they might elaborate cytotoxins that forbid
protein synthesis. It is not clear if these cytotoxins play a role in the inflammatory
response or ulceration. On the other hand, invasion of the mucosa induces epithelial
cells to produce and release pro-inflammatory cytokines such as IL-1, IL-6, IL-8, TNF-
2, IFN-U, MCP-1, and GM-CSF. These trigger an acute inflammatory response in the
body and may also be accountable to harm the intestine [59]. Due to the inflammatory
reaction, symptoms such as fever, chills, stomach pain, leukocytosis, and diarrhea are
frequent. Polymorphonuclear leukocytes, blood, and mucus may be seen in the stool.

One of the features of Salmonella is non-phagocytic nature on human host cells
during invasion [60], where it literally induces its own phagocytosis in order to gain
access to its host cell. Salmonella pathogenicity islands (SPIs), gene clusters positioned
at the major chromosomal DNA region and encoding for the structures required in the
invasion activity, provide the remarkable genetics that enable this brilliant technique
[61]. Bacteria tend to infiltrate the epithelial cells of the intestinal wall when they enter
the digestive tract via contaminated water or food. Type III secretion systems, or SPIs,
are multi-channel proteins that allow Salmonella to infuse its effectors into the cyto-
plasm via the intestinal epithelial cell membrane. The bacterial effectors subsequently
activate the signal transduction pathway and lead the host cells actin cytoskeleton to be
rebuilt, causing the epithelial cell membrane to ruffle outward and engulf the bacteria.
The membrane ruffle’s morphology is similar to the process of phagocytosis [62].

The ability of the Salmonella strains to remain in the host cell is important for
pathogens as strains lacking this capability are non-virulent [63]. After the host cell
engulfs Salmonella, the bacterium is enclosed in a membrane compartment called a
vacuole, which is formed of the host cell membrane. The presence of the bacterial
foreign body activates the host cell immune response under normal circumstances,
which result in the fusion of the lysosomes and the secretion of the digestive enzymes
to break down the intracellular bacteria. Although, Salmonella uses the type III secre-
tion system to inject other effector proteins into the vacuole, it causes the modifica-
tion of the compartment structure. The re-assembled vacuole obstructs the fusion of
the lysosomes and this allows the intracellular survival and replication of the bacteria
inside the host cells. The ability of the bacteria to continue within macrophages allows
them to be carried in the reticulo-endothelial system (RES) [64].
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The mechanisms of Salmonella gastroenteritis and diarrhea are well known now.
Only strains that infiltrate the intestinal mucosa are associated with the appearance of
an acute inflammatory reaction and diarrhea; the secretion of fluid and electrolytes
by the small and large intestines causes the diarrhea. Even though, the secretion is not
just an indication of tissue destruction and ulceration, the mechanisms of secretion
are indistinct. Unlike Shigella and invasive Escherichia coli, Salmonella infiltrates the
intestinal epithelial cells but, do not escape the phagosome. Therefore, the extent
of intercellular spread and ulceration of the epithelium is much less. From the basal
side of epithelial cells, Salmonella escapes into the lamina propria. Systemic spread
of the organisms can occur that causes the enteric fever. Following the invasion of
the intestinal mucosa, activation of mucosal adenylate cyclase occurs; that results in
the increase in cyclic AMP that causes secretion. It is not understood that by which
mechanism adenylate cyclase is stimulated; it might involve local production of
prostaglandins or other components of the inflammatory reaction.

6. Conclusion

Globally, Salmonellosis is the main cause of bacterial disease in all living creatures.
All over the world it is posing very serious public health concerns and compromising
the yield and output of animal husbandry production. The effort of isolating, identi-
fying, and reporting Salmonella serotypes must continue for diagnostic, therapeutic,
and public health objectives, despite the fact that the nomenclature for Salmonella
is constantly evolving and the argument over the naming for the type species is still
ongoing. Salmonella outbreaks have been linked to a variety of foods, and researchers
are scrambling to figure out how this infection impacts humans and animals. This
infection is a leading source of morbidity and mortality worldwide, with the host
immune response differing depending on nature of infection. The genetic makeup of
Salmonella made it possible for its strains to adapt to different environmental condi-
tions. The implications of this infectious disease in humans vary depending on its
serotype and the health level of the human host. Thus for better understanding the
genetics of Salmonella and to investigate the mechanisms that contribute to pathogen-
esis evolution, a lot of work has been done. Occurrence of two different, potentially
complementary evolutionary approaches to host range and virulence were evaluated
using genome sequencing of Salmonella serovars. It includes horizontal gene transfer,
gene loss which actually affects its ability to colonize. Gene acquisition by horizontal
transfer (associated with SPIs, transposable elements, phages, and plasmids) and
gene loss or loss of function, which affects host range. In spite of the presence a
greater amount of research findings related to Salmonella infection and pathogenesis
mechanism in host animals, several key queries remain intact viz the exact role of
virulence genes and genomic islands of particular serovar in animal models. Thus
the need of hour is to have an in depth understanding of Salmonella pathogenesis for
developing intervention strategy to minimize the disease’s prevalence and spread, as
well as assisting in the production of novel drugs and treatments which might lead to

improved treatment of Salmonellosis in living creatures.
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Abstract

Wildlife can be a reservoir of infectious agents for humans and domestic and wild
animals. In this regard, widespread Salmonella spp. in wildlife is a problem for public
and environmental health. Currently, more than 2500 serovars of Salmonella spp.
are widely distributed among humans, animals, and the environment. This ubiquity
favors the bidirectional transmission of the pathogen between wild and domestic
animals. Moreover, when farmed animals acquire Salmonella spp. from wildlife,
the likelihood of humans becoming infected increases. The risk is higher in forest
environments impacted by human activities or when animals are removed from their
natural habitat. Consequently, human contact with wild animals in captivity increases
the risk of salmonellosis outbreaks. These animals are often carriers of Salmonella
spp. strains multiresistant to antibiotics, which makes it difficult to treat and control
the disease. Therefore, prevention and control measures of this pathogen must
include both the pathogen-host relationship and the environment, with a surveillance
system for emerging and re-emerging diseases from wildlife.

Keywords: wild fauna, Salmonella asymptomatic carrier, salmonellosis,
anthropized forest environment, wild animals in captivity

1. Introduction

Natural environments have been altered by the destruction of forests and habitats to
expand habitable zones for humans. These changes expose humans and animals to infec-
tious agents that were restricted to certain species and geographical areas. Furthermore,
these changes cause an epidemiological, sanitary, and environmental rearrangement of
diseases, especially those with zoonotic profiles, as in the case of salmonellosis [1].

Salmonella spp. is a bacterium with pathogenic characteristics often associated with
food infections and outbreaks, with serious public health implications. Infections can
affect people, livestock such as cattle, pigs, sheep, poultry, pets, and even wild animals.
Concerning wild animals, the characteristic ubiquity of the bacterium also favors cross-
contamination to domestic animals, especially in areas for livestock close to forests.

Epidemiologically, one of the main characteristics of Salmonella is its condition as a
latent carrier [2]. Latency corresponds to a state in which the individual does not pres-
ent clinical symptomatology, but continues eliminating the agent intermittently in the
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feces. Thus, these asymptomatic latent carriers become natural reservoirs and, conse-
quently, maintainers of the pathogen both in the food chain and in the environment.

Naturally, wild animals can be asymptomatic carriers of Salmonella spp., with the
bacterium remaining in equilibrium with the intestinal microbiota. When these animals
are kept away from their natural habitat, the resulting stress compromises their immune
system and destabilizes the microbiota, leading to increased elimination of the pathogen
in feces. Therefore, wild animals kept in captivity tend to have a higher prevalence of
Salmonella spp. than free-living animals, possibly leading to outbreaks of salmonellosis
in humans due to cross-contamination by serotypes of Salmonella spp. This scenario is
even worse when the serotype involved is multidrug-resistant to antibiotics.

The maintenance of wild animals in captivity is a major public health concern,
especially in the case of reptiles. We conducted a study with fecal samples of 30 tegu
lizards born in captivity that were asymptomatic latent carriers of Salmonella spp.,
with nine serotypes with resistance to at least two antibiotics being isolated [3]. In
another study using 31 snakes kept in captivity, 58% tested positive for Salmonella
spp. and seven serotypes were isolated [4]. Some of the animals, both among the
tegus and the snakes, tested positive for more than one serotype with different
resistance profiles. In preserved forest areas, the prevalence of Salmonella spp. in
wild animals is usually lower. Our research team sampled 518 free-living wild animals
in forest fragments (388 mammals, 114 birds, and 16 reptiles) from 2015 to 2021 in
four mesoregions of Bahia (north-central Bahia, south-central Bahia, Metropolitan
Salvador, and south Bahia), Brazil, and observed that only three mammals (unpub-
lished data) and one bird [5] tested positive for Salmonella spp.

Notably, the manifestation of salmonellosis is associated with factors inherent to
the etiological agent, the host, and the environment. The correlation between the
three will determine the impacts on biosecurity and persistence of the bacterium in
ecosystems, food, and carriers. The prevention and control of this pathogen demand
interdisciplinary and international cooperation based on shared data to ensure a more
effective approach to outbreaks.

2. General characteristics of the genus Salmonella

Salmonella is a genus of pathogenic bacteria named by Ligniéres in 1900, after the
veterinarian pathologist and microbiologist Daniel Elmer Salmon, who isolated the
agent and associated it with a disease for the first time [6]. These bacteria are part
of the Enterobacteriaceae family and are morphologically composed of non-spore-
forming, Gram-negative, facultatively anaerobic, rod-shaped bacteria, with optimum
growth temperature between 35°C and 37°C [7].

Currently, Salmonella spp. is divided into two species: Salmonella enterica and
Salmonella bongori. The first species is divided into six subspecies with a Roman numeral,
as follows: enterica (serogroup I), salamae (serogroup II), arigonae (serogroup Illa),
diarizonae (serogroup IlIb), houtenae (serogroup IV), and indica (serogroup VI) [8, 9].

Salmonella bongori (serogroup V) has 23 serotypes and S. enterica has more than
2500 serotypes (S. enterica subsp. enterica serogroup I = 1547, S. enterica subsp. salamae
serogroup II = 513, S. enterica subsp. arizonae serogroup IIIA = 100, S. enterica subsp.
diarizonae serogroup IIlb = 341, S. enterica subsp. houtenae serogroup IV = 73, and
S. enterica subsp. indica serogroup VI = 13 [10]. This characterization of species and
subspecies into serotypes is based on the model proposed by Kauffman-White from
differences observed in flagellar (H), capsular (K), and somatic (O) antigens [11].
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Species Salmonella enterica Salmonella bongori
Subspecies enterica salamae  arigonae  diarigonae  houtenae  indica

Dulcitol + + — — — * ¥
Malonate — + + + — _ _
Gelatinase — + + + + — ¥

Sorbitol + + + + + — +
Galacturonate — + — + + + +

Salicin — — — — + — _

*Variable according to serovar.

Table 1.
Biochemical characteristics of Salmonella species and subspecies.

The species and subspecies of Salmonella also have distinguishing biochemical
characteristics (Table 1). These bacteria are catalase-positive and oxidase-negative
and can form hydrogen sulfide through the enzyme cysteine desulfhydrase, which
promotes sulfur reduction. Moreover, they can reduce nitrite to nitrate and use citrate
as an energy source. In contrast, they do not produce indole or hydrolyze urea [6].

Salmonella is a bacterium of worldwide geographical distribution and, there-
fore, many animal species, including wild animals, can act as a reservoir of its
various serovars [12]. Wild and domestic animals and humans can be affected by
any of the more than 2500 different serovars [13]. S. enterica subsp. enterica deter-
mines infections mainly in warm-blooded animals [11], chiefly mammals [14],
and is associated with most of the world’s foodborne diseases [11]. Nevertheless,
different serovars of this subspecies have been isolated from exotic reptile kept as
pets, as we will report throughout this chapter. The other subspecies of S. enterica
are uncommon for humans and are usually found in cold-blooded animals and
environmental samples [14]. Similarly, S. bongori is more common in cold-blooded
animals, especially reptiles, and in the environment [6], but can also infect
humans [15].

Salmonella habitat, based on the host’s specificity and clinical manifestations, can
be characterized as follows: a. highly adapted to humans, corresponding to serotypes
S. Typhi, and S. Paratyphi A, B, and C; b. highly adapted to animals, responsible for
paratyphoid fever in animals, consisting of S. Dublin (cattle), S. Choleraesuis and S.
Typhisuis (pigs), S. Abortusequi (equines), and S. Pullorum and S. Gallinarum (birds);
and c. zoonotic Salmonella, which affect humans and domestic and wild animals indis-
tinctly and are involved in food poisoning and gastroenteritis. This third group is more
representative of public health due to its high morbidity and mortality rates [6, 9].

Notably, Salmonella spp. can survive in the environment, mainly in organic mat-
ter, and can continue infecting for 280 days in soils used for cultivation, 120 days in
pastures, 30 days in bovine feces, and 28 days in bird fecal matter [6, 16]. Moreover,
it adheres to the surface of plant roots and survives for long period underground [17].
This occurs because these bacteria, which inhabit the intestinal tract of humans and
animals, are eliminated in the feces and can then contaminate both water and soil.
Furthermore, in aquatic ecosystems, Salmonella can adhere to sediments [18] and
survive in high densities in these systems and water after 56 days [19]. In this regard,
sediments provide a protective layer for enteric bacteria from a nutrient reserve and
prevent stress from the aquatic environment [20].
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3. Salmonella spp. in wild animals

The increased demand for wild animals raised as domestic animals has become
a public health and environmental concern due to the spreading of pathogens [21].

Class Year Animal Pet Salmonella serovar Cases: numbers Ref.
(P) of Illnesses (I);
Free Hospitalizations
(F) (H); Deaths (D)
I H D
Reptiles 2021 Turtle P S. Typhimurium 87 32 01 [22]
2020 Bearded Dragon P S. Muenster 18 11 00 [22]
2020 Turtle P S. Typhimurium 35 1 00 [22]
2019 Turtle P S. Oranienburg 26 08 00 [22]
2017 Turtles P S. Agbeni 76 30 00 [22]
2015 Crested Geckos P S. Muenchen 22 03 00 [22]
2015 Turtle P S. Sandiego 133 38 00 [22]
S. Poona
2014 Crested Dragon S. Cotham 166 61 00 [22]
2014 Snake S. Enteritidis 1 1 00 [23]
2012- Turtle S. Sandiego 473 78 00 [22]
2013 S. Pomona
S. Poona
2009 Bearded dragon P Salmonella enterica 19 NI 00 [24]
subsp. houtenae
6,7:24,224:—
2009 Bearded dragon P S. Rubislaw 01 01 00 [25]
2009 Bearded dragon P S. Apapa 01 01 00 [26]
2009 Bearded dragon P S. Pomona 01 NI NI [27]
2008 Turtle P S. Abony 4,5: b: enx 01 01 00 [28]
2008 Snake P S. enterica subesp. 03 01 00 [29]
Arizonae 41: z4,
z23: -
2007 Terrapin S. Pomona 01 NI NI [30]
2006 Bearded dragon S. Apapa 03 NI NI [26]
2005- Snakes S. Paratyphi B biovar 03 NI NI [29]
2008 Java 4,5,12:b: 1,2
S. Morehead 30: i: 1,5
S. enterica subesp.
Diarizonae 47: -: -
2005 Turtle P S. Braenderup 6,7: e, 06 00 00 [29]
h:e, n, z15
2005 Turtle S. Paratyphi B 01 NI 00 [31]
2003 Turtle S. Enteritidis 01 01 00 [32]
2003 Snake S. enterica 01 01 01** [33]
subsp. arizonae
2000 Water dragon S. Rubislaw 02 01 01** [34]
2000 Iguana Salmonella bongori 01 01 00 [35]
sorovar 44: 723
2000 Iguana P S. Poona 01 NI 00 [36]
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Class Year Animal Pet Salmonella serovar Cases: numbers Ref.
(P) of Illnesses (I);
Free Hospitalizations
(F) (H); Deaths (D)
I H D
Amphibians 2011 Frog P S. Typhimurium 241 72 00 [22]
2009  African dwarf frog P S. Typhimurium 85 00 00 [37]
2001 Frog and toad NI S. Javiana 55 09 00 [38]
Small 2020 Hedgehog P S. Typhimurium 49 1 00 [22]
Mammals 2019 Hedgehog P S. Typhimurium 54 08 00 [22]
2018 Guinea Pig P S. Enteritidis 09 01 00 [22]
2014 Frozen Feeder e S. Typhimurium 41 06 00 [22]
Rodents
2012 Hedgehog P S. Typhimurium 26 08 01 [22]
2010 Frozen Feeder K S. entérica subsp. 34 01 00 [22]
Rodents enterica 4,[5],12:i:-
2008- Feeder mice e S. Typhimurium 12 NI 00 [39]
2009 DT191
2005- Frozen Feeder R S. Typhimurium 04 00 00 [40]
2006 Rodents
2003~ Rodent P S. Typhimurium 28 06 00 [41]
2004
2000 Hedgehog F S. Typhimurium 37 00 00 [42]
Wild Birds 2021 Wild Songbird P/F Salmonella spp. 29 14 00 [22]
2001 Owl NI S. Typhimurium 40 04 00 [43]

NI: not informed.

*4-day-old neonate developed Salmonella meningitis.
**3-month-old child with microcephaly.

***3-week-old baby developed Salmonella meningitis and died.
****Used to feed pet reptiles.

Table 2.
Salmonellosis outbreaks in humans associated with wild animals (2000-2021).

Cases of salmonellosis in humans caused by contact with wild animals kept away
from their natural habitat have been reported (Table 2). These animals are often the
carriers of not only Salmonella strains, but of other pathogens, for which there are not
always effective control measures [44].

As shown in Table 2, among wild animals in captivity, reptiles cause most out-
breaks of salmonellosis in humans [45, 46]. Salmonellosis in reptiles usually occurs
asymptomatically [47]. The animals shed the bacterium intermittently and the
elimination of the pathogen may increase due to stress factors [48]. Moreover, it is dif-
ficult to diagnose even in the presence of clinical signs [47]. However, human infec-
tions arising from human-reptile interaction can lead to clinical conditions ranging
from mild to severe enteric infections, hospitalizations, and even deaths, especially in
children, the elderly, and people with comorbidities [45].

Human contamination by Salmonella spp. from reptiles can be direct or indirect
through secretions and excretions [49]. In a study conducted in southwest England
between 2010 and 2013, 27.4% (48/175) of children under the age of five who had
some contact with reptiles tested positive for Salmonella spp. and hospital admission
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rates totaled 50% for children under 1 year of age [50]. In another study conducted
between 2008 and 2009 in New Zealand with 378 cloacal swabs of 24 different

exotic reptile species kept as pets, 11.4% tested positive for Salmonella enterica subsb.
Enterica, with emphasis on the serovars Onderstepoort (30.2%), Thompson (20.9%),
Potsdam (14%), Wangata (14%), Infantis (11.6%), and Eastbourne (2.3%), which
can also cause infectious conditions in humans [51].

The participation of free-living wild reptiles in the epidemiology of Salmonella
should also be stressed. In a park in Poland, 16 free-living road-killed snakes were
analyzed and 87.5% were positive for Salmonella spp. [52]. Briones et al. [53] analyzed
free-living wild reptiles in preserved areas in Spain and found that 41.4% tested posi-
tive for Salmonella enterica, with 27 serotypes identified, 37.5% of which were associ-
ated with salmonellosis in humans. Regarding the group of affected animals, snakes
and lizards are more prevalent than chelonians [51, 54].

A high prevalence of Salmonella spp. with serotype diversity is also found in
amphibians. In a study conducted in Indiana County, Pennsylvania (USA), Chambers
and Hulse [55] collected 92 free-living amphibians and found that 39.1% tested posi-
tive (23 salamanders and 13 frogs), with isolated serotypes Muenchen, Enteritidis,
Typhimurium, Senftenberg, and Montevideo. The prevalence of Salmonella in
amphibians was also examined in 58 Bufo marinus of the West Indies and 41% tested
positive to five serotypes, especially Salmonella enterica subsp. Enterica serovar
Javiana (33%) and S. Rubislaw (33%) [56]. In Thailand, eight serotypes of Salmonella
spp. were identified (Hvittingfoss, Newport, Thompson, Stanley, Wandsworth,
Panama, Muenchen, and subsp. diarizonae ser. 50:k:z) in 69.07% of the amphibians
sampled in three different habitats - rural areas, protected areas, and urban areas.

Of these serotypes, the first six have already been isolated in people in Thailand.
Surprisingly, the animals coming from urban areas were negative [57]. The prevalence
of Salmonella in amphibians regarding habitat remains unclear, although a possible
cause is an environmental contamination by sewage [58]. This scenario is a public
health concern because these amphibians can spread Salmonella spp. from the aquatic
environment.

Outbreaks of salmonellosis in humans associated with contact with wild birds
have been reported [59-61]. In 2000, an outbreak was reported in New Zealand
caused by S. Typhimurium DT160, which led to the death of wild birds in rural
areas, mainly sparrows, and enteric infections in humans [62]. In 2001, New Zealand
reported an outbreak of human salmonellosis by S. Typhimurium DT160 related to
contact with dead wild birds [63]. In 2001, two outbreaks were reported in the United
States with at least 40 people contaminated with S. Typhimurium from the dissection
of owls in two primary schools [43].

Between 1995 and 2003, Pennycott et al. [64] sampled 779 free-living wild birds
in Great Britain and identified that the most prevalent serotype was S. Typhimurium.
In Norway, S. Typhimurium variant O: 4,12 was identified in 96% of the isolates in a
sample of 470 wild birds of 26 different species [44]. Despite the acute and chronic
infection caused by Salmonella, in wild birds, it is asymptomatic [65]. During migra-
tion, the immune system can be affected by stress, as in the case of hunger, which
may lead to a greater release of the pathogen by feces, contributing to even greater
environmental contamination.

Regarding wild mammals, some species such as African pygmy, ferrets, hedge-
hogs, prairie dogs, primates, and sugar gliders are raised as pets [66], which can cause
salmonellosis infections and outbreaks from direct human contact with carrier ani-
mals or indirectly due to access to or living in the same contaminated environments
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as these animals [49]. Two human outbreaks in Norway, caused by S. Typhimurium
4.5, 12:1: 1.2 associated with hedgehogs, were reported from August to October 1996
and from July to November 2000, with 28 confirmed cases and 37 confirmed cases,
respectively. In both cases, hedgehogs were the only common source, with positivity
rates of 39% and 41%, respectively for the outbreaks of 1996 and 2000 [42].

Free-living wild mammals can also be asymptomatic carriers of Salmonella spp.;
however, the prevalence is usually lower than when these animals are bred in captiv-
ity. From 2002 to 2010, 2713 animals were sampled in Italy, a total of 1612 mammals
(1222 canids, 221 mustelids, 100 rodents, 69 ungulates), resulting in 7.25% animals
positive for Salmonella spp. (63 canids, 25 mustelids, 5 ungulates, 24 birds), with
emphasis on the Typhimurium serotype [67].

Notably, urbanization causes the spread of zoonotic agents due to new ecological
interactions [68], from changes in eating habits to changes in migration routes [69].
When wild animals have access to urban spaces or modified environmental areas,
they also come into contact with waste produced by humans, such as garbage and
sewage. Moreover, these spaces are a food source for these animals [70]. Due to inef-
fective waste management, contaminated environments can be the source of numer-
ous pathogens and favor the spread of antimicrobial resistance genes [71].

4. Antimicrobial resistance in wild environments

Antibiotic resistance is a health threat for humans, animals, and the environment
[72]. Regarding microorganisms, this resistance initially occurred in the absence of
anthropogenic factors and without the clinical application of antibiotics [73]. Thus,
this resistance can develop naturally from the ecological evolution of microorgan-
isms, such as gene mutation, due to environmental pressure [74]. However, human
factors have contributed to greater antimicrobial resistance with a direct impact on
ecosystems [75].

The anthropization of forest areas favors the contact of wildlife with domestic
animals and humans [76]. In this regard, resistance can be acquired through the
consumption of water or food and can also occur through direct contact with human
waste and sewage [77]. Another factor that favors the spread of resistant microorgan-
isms is the displacement capacity of the carrier [78]. However, although wildlife has
not had direct access to antibiotics, natural habitats altered by demographic expan-
sion can enhance the sharing of resistance across different ecological niches [79].
According to Jechalke et al. [80], free-living wild animals that have not been exposed
to antibiotics exhibit high drug resistance rates due to environmental contamination.
Gilliver et al. [81] identified a marked prevalence of antibiotic-resistant wild rodents
that were not exposed to antimicrobials.

Residues from antibiotics applied in human and veterinary medicine enable the
spread of resistant agents to wild species through environmental contamination, espe-
cially among those that share the same habitat [82, 83]. Therefore, antimicrobial resis-
tance can be greater in forest areas close to rural properties due to the inappropriate
use of antibiotics to prevent and control diseases or due to their use as animal perfor-
mance enhancers [84]. These conditions increase contamination of the environment,
water resources, the food chain, and, finally, human and animal health. Sub-doses of
antibiotics may select multiresistant plasmids [85]. It should be noted that resistance
plasmids are highly associated with cases of resistance to beta-lactam antibiotics in
gram-negative bacteria from extended-spectrum f-lactamases (ESBLs) [86].
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Antimicrobial residues that accumulate in sediments can determine changes in the
microbiome of soils in aquatic and terrestrial environments [87]. These effects are
intensified by erosion, surface runoff, and displacement of soil minerals [88]. When
these elements reach the springs or are used for irrigation, or when the sediment is
used as decomposed organic matter for agriculture, cyclic, rotational maintenance of
this contamination occurs in the environment [89].

5. Conclusion

The alteration of forest areas through anthropic actions favors increases the spread
of infectious agents since it enables a pathogen to leave its ecosystem and natural
hosts and adapt to other environments and reservoirs. These new interactions cre-
ate different environmental, epidemiological, and sanitary patterns, especially in
emerging and neglected zoonoses, and hinder control and eradication, as in the case
of salmonellosis. Wild animals raised as pets or illegally kept in captivity also increase
the prevalence of salmonellosis cases in humans mainly caused by exotic serotypes of
Salmonella, due to direct contact with the bacterial strains in these animals.

Since Salmonella spp. can also be transmitted by wild animals, prevention and
control measures should include sanitary-environmental factors and an international
health inspection system for emerging and re-emerging diseases originating from
wild fauna. These measures would enable a better understanding of the epidemiology
and pathogenesis of infections and reduce economic and health costs with diagnosis
and medications.
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Salmonella: The Critical Enteric
Foodborne Pathogen
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Abstract

Persistent cases of Salmonella infection have urged great attention and surveillance
on this foodborne pathogen. Salmonella continues to be a significant foodborne
disease worldwide for both animals and people in the twenty-first century. It is
one of the leading causes of foodborne pathogens infecting animals and humans.
Salmonellosis is a principal cause of food poisoning and is, hence, a severe public
health problem. The history, classification and nomenclature of Salmonella, as well as
its characteristics, clinical manifestations, epidemiology and route of contamination,
will be covered in this chapter to help readers gain a better understanding and over-
view of this microbe.

Keywords: Salmonella, foodborne, pathogens, food poisoning

1. Introduction

Foodborne illnesses are defined by World Health Organization (WHO) as dis-
eases, usually either infectious or toxic in nature, caused by agents that enter the body
through the ingestion of food. Foodborne diseases could be caused by a wide range
of biological and chemical agents or hazards resulting in varying degrees of severity,
ranging from mild indisposition to chronic or life-threatening illness, or both. These
agents include bacteria, viruses, protozoa, helminthes, and natural toxins, as well as
chemical and environmental contaminants.

Foodborne illness or disease caused by foodborne pathogens occurred every year
in both developed and developing countries throughout the world. The incidence of
foodborne disease is difficult to be estimated globally but it was reported that an esti-
mate of 600 million or almost 1in 10 people in the world fall ill after eating contami-
nated food and 420,000 die every year. Centers for Disease Control & Prevention, US
in 2011 [1] estimated that roughly one of six Americans or 48 million people get sick,
128,000 are hospitalized, and 3,000 die of foodborne diseases. Among these, children
under 5 years of age carry 40% of the foodborne disease burden, with 125,000 deaths
occuring every year [2].
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2. History background

Salmonella was a prevalent pathogen that infected the digestive tracts of both
human and animals. Salmonella contamination in food, water and the natural environ-
ment is mainly caused by faecal contamination in the environment (Figure 1). Some
Salmonella serovars are host-specific; for instance, serovars Typhi and Paratyphi A can
only be colonised in humans, serovar Abortusovis in sheep and serovar Gallinarum in
towl. Salmonella serovars also induce infectious syndromes distinct to their type; for
example, the highly adapted serovar Typhi causes systemic infection called typhoid
exclusively in humans. Serovar Typhimurium causes non-typhoidal salmonellosis
(NTS) in human, which is one of the most prevalent serotypes responsible for infec-
tions, including acute gastroenteritis in humans [1] and animal species like hens [4],
pig [5] and mice [6]. Serovar Abortusovis causes high rates of abortion in flocks, ewes,
sheep and goat [7, 8], and serovar Dublin originally discovered in cattle, which adapted
to infect other animals such as bovines and fox [9-11]. Infection by serovar Dublin in
human is rare but causes rather severe invasive bloodstream infection [10].

In 1880, Karl Eberth discovered a bacillus-like pathogen in the spleen and Peyer’s
patches of typhoid patients. He was a student of the famous Rudolf Virchow [12].
Four years later (in 1884), Georg Gaffky, a German microbiologist, successfully grew
the pure culture of the bacterium [13]. Theobald Smith was the first to discover what
would be later known as Salmonella enterica (var. Choleraesuis) while working in
the Veterinary Division of the United States Department of Agriculture (USDA) as
aresearch laboratory assistant in a department headed by Daniel Elmer Salmon, the
veterinary pathologist. At first, the agent responsible for swine fever or hog cholera
was thought to be caused by Salmonella Choleraesuis, prompting both Salmon and
Smith to name the bacterium “Hog-cholerabacillus” [14]. In fact, Salmon and Smith
were first to discover and isolate S. Choleraesuis from pigs in 1886. Incidentally, it was
not until 1900 that the name and genus Salmonella was used when it was proposed by
Joseph Leon Ligniéres and named after Daniel Elmer Salmon as an honorific attribute
to the discovery made by his group [15].
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Figure 1.
Schematic diagram showing important structural components of Salmonella Typhi
(Source: Hu & Kopecko, 2003 [3]).
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3. Classification and nomenclature

To characterise and communicate about this bacterial genus, scientists have
used comprehensive Salmonella nomenclature. Historically, Salmonella strains were
classified based on their epidemiology, host range, clinical symptoms, biochemical
reactions and surface antigenic patterns. Previously, the name Salmonella was derived
from the geographical location where the first strain is isolated; for example, S.
Heidelberg, S. Derby, S. London. Other than that, it was also named according to its
clinical conditions or host specificity, such as S. typhimurium, S. enteritidis, S. typhi,
‘S. gallinarum), °S. abortusovis’ or S. choleraesuis. However, it was soon realised that
these so-called species were ubiquitous [16].

A great number of serovars have been described as a result of O and H antigens
analysis initiated by White in 1926 and continued by Kauffmann later in 1941. The
species that were defined by Kauffman as ‘a group of related sero-fermentative phage
types’ created more than 2000 serovar names according to the species. However, the
concept of one serovar one species was discovered to be unsuitable since biochemical
test still could not separate most of the serovars. Although the terms serotype and
serovar are interchangeable, according to the Bacteriological Code, serovar is now
recommended for scientific communication (1990 Revision).

In the early years, Kauffman identified Salmonella serovars in 1966 based on its
antigenic composition, and there were multiple species within its genus. He found
Salmonella serovars and a variety of species within the genus using the antigenic formula.
Some clinically important Salmonella strains were found before 1966, and the majority of
serovars were named after the illness and/or the host, such as S. typhi and S. typhimurium,
or by the geographical area or origin of the species that were first isolated.

The epidemiologic classification of Salmonella is based on the preferences of the
hosts. S. Typhi was the first of the host-restricted serotypes that only infect humans.
The second group includes host-adapted serotypes associated with one host species
but can cause disease in other hosts. An example of a host-adapted serotype was
S. Pullorum, which was discovered in an avian. The remaining serotypes are in the
third group. Each year, the three most common serotypes recovered from humans are
Salmonella Enteritidis, Salmonella Typhimurium, and Salmonella Heidelberg.

Given the complexities of the various Salmonella species, it was proposed that
the genus Salmonella was separated into three species: S. choleraesuis, ‘S. typhosa’ (S.
typhi) and ‘S. kauffmannii’ ‘S. kauffmannii’ contains entirely additional serovars. S.
enterica, according to Kauffmann and Edwards (1952), should include all salmonel-
lae. S. enterica subsp. enterica (S. enterica subsp. 1) are the most frequent Salmonella
serovar among the approximately >2600 Salmonella serovars that have been found to
date [17]. Human and warm-blooded animal infections with Salmonella infections are
virtually always caused by strains belonging to the O-antigen serogroups (bacteria’s
surface of their outermost layer), A, B, C1, C2, D, and E [18]. The oligosaccharides
associated with lipopolysaccharide determine the O antigen.

Salmonella infections that are typically isolated from cold-blooded animals and the
natural environment but uncommonly isolated from human are caused by serovars in
the S. enterica subspecies salamae (S. enterica subsp. I1), arizonae (S. enterica subsp.
IlIa), diarizonae (S. entericasubsp. I1Ib), houtenae (S. enterica subsp. IV), indica
(S. enterica subsp. V1), and S. bongori.

The White-Kauffmann-Le Minor scheme, previously designated as Kauffman-
White scheme, described Salmonella’s characterisation based on antibody recognition
with antigens on Salmonella’ surface. Three major antigenic determinants are used
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to classify Salmonella into three groups in the scheme: flagellar H antigens, somatic
O antigens and virulence (Vi) capsular K antigens. This scheme is an established
document that lists all identified serovars [19, 20]. The document has been updated
by the World Health Organisation (WHO) Collaborating Centre for Reference and
Research on Salmonella at the Pasteur Institute, Paris, France, and every newly
identified serovar is reported in the journal Research in Microbiology yearly. The
WHO Collaborating Centre for Reference and Research on Salmonella, in the Pasteur
Institute in Paris, has updated the document. As a result, every newly discovered
Salmonella serovar as well as other relevant microorganism is reported in the journal
Research in Microbiology every year [21].

On the recommendation of the WHO collaborating centre, the current nomencla-
ture used by the Centers for Disease Control and Prevention (CDC), Department of
Health and Human Services, USA, is widely recognised. It is based on a two-species
system (S. enterica and S. bongori), with multiple serovars in each species [22].
Microbiologists in clinical and public health have praised the system for meeting their
needs [23]. Salmonella nomenclature is currently divided into two species, S. enterica
and S. bongori, which has six subspecies and one subspecies, respectively. The nomen-
clature is summarised in Table 1. In addition, the relationship of phylogenetic tree
among Salmonella subspecies is demonstrated in Figure 2.

Serovar names should not be printed in italics because they are no longer con-
sidered species names. For example, S. enteritidis becomes S. enterica subsp. enterica
serovar Enteritidis, or simply written as Salmonella serovar Enteritidis and can be
shortened to S. Enteritidis. Only serovars of S. enterica subsp. enterica are given
names associated with disease syndrome or host habitat, while others represent the
geographical origin of the first isolate found. On the other hand, other subspecies’
serovars are identified by their antigenic formula O:H.

Serovars designated by antigenic formulae include the following: (i) subspecies
designation (subspecies I through VI); (ii) O (somatic) antigens separated by a comma if
needed, followed by colon: (iii) H (flagellar) antigens (phase 1) separated by a colon and
(iv) H antigens (phase 2, if present) (for example, Salmonella serotype I 39:210:-) [25].

Genus Species (not Subspecies (symbol) Serovar name (with examples)
(capitalised, capitalised, italic) (not capitalised, italic) (capitalised, Roman)

italic)

Salmonella enterica enterica (subspecies I) Choleraesuis, Enteritidis,

Paratyphi, Typhi, Typhimurium

salamae (subspecies II) 9,46:2:239

arizonae (subspecies IIIa) 43:229:-

diarigonae (subspecies 6,7:1v:1,5,7

I11b)

houtenae (subspecies IV) 21:m,t:-

indica (subspecies VI) 59:236:-
Salmonella bongori (subspecies V) 13,22:239:-

Adapted from Su and Chiu [24].

Table 1.
Salmonella nomenclature.
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Figure 2.
Summary of relationship of phylogenetic tree among Salmonella subspecies and other bacterial species (adapted

from veference [1]).

4, Characteristic

Salmonella belongs to the family Enterobacteriaceae, a gram-negative, facultative
anaerobic and rod-shaped bacterium. The bacteria are 3-5 pm long and 0.7-1.5 pm
wide. They are commonly motile with peritrichous flagella that help the bacteria to
move, aerogenic, grow on nutrient agar, glucose-fermenting, non-lactose fermenting,
often gas producer, urease-negative, citrate-utilising, oxidase-negative, potassium
cyanide-negative and acetylmethyl carbinol-negative [26, 27].

Some serovars have peculiarities that are a mutant of normal motile serovars and can
change to non-motile. The majority of isolates expressing H antigen exist in two phases: a
motile phase I and a non-motile phase II. A Cragie tube can be used to switch non-motile
cultures into the motile phase after they have been established in the primary culture [28].
Most Salmonella strains are prototrophic and can grow in a minimal medium utilising
glucose as the sole carbon energy source and ammonium ion as a nitrogen source. Some
host-adapted serovars (e.g., Typhi, Paratyphi A, Gallinarum, Sendai and Abortusovis)
are auxotrophic and require one or more growth factors. The biochemical characteristic
of Salmonella is shown in Table 2. Most species produce hydrogen sulphide, which can be
detected by growing them on media containing ferrous sulphate, such as triple sugar iron
(TSI). However, certain serovars, such as S. Typhi, never produce gas from glucose.

Salmonella lives predominantly in the intestines of animals and have adapted to
live with their hosts [29]. Salmonella enterica subsp. enterica inhabits warm-blooded
animals, whereas all other S. enterica subspecies and S. bongori live in cold-blooded
animals and rarely infect humans. In terms of the types of hosts infected, S. enterica
subsp. enterica serovars can be clustered to host-adapted, host-restricted and general-
host [30]. Table 3 lists out the host range of Salmonella. The host-adapted Salmonella
infects habitually a single host but is capable of causing disease in another animal.
Host-restricted Salmonella infects only a single host, while general-host Salmonella
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Characteristics Salmonella enterica subsp. Salmonella
enterica  salamae  ari; diari: houtenae  indi bongori
Subspecies group I I Ila 1IIb v VI \Y%
a-glutamyltransferase  d + - + + + +
B-Gluocuronidase d d - + - d -
Dulcitol + + - - - d ¥
Galacturonate - + - + + + ¥
Gelatinase - + + + + + —
Glucose + + + + + + +
Hydrogen sulfide + + + + + + +
Indole test - - - - - — _
Lactose - - - + — + d
Lysine decarboxylase + + + + + + +
L(+)-tartrate + - - — — — _
Malonate - + + + — — —
Methyl red test + + + + + + +
Murate + + + - - + ¥
Ortho-nitrophenyl-f-  — - + + - d +
D-Galactopyranoside
test
Phage Ol susceptible ~ + + - + - + D
Potassium cyanide - - - - - - _
broth
Salicine - - - + - . D
Sorbitol + + + + + - +
Urease - - - - - - —

Voger-Proskauer test - - - - - - —

Note: +: more than 90% positive reactions; —: less than 10% positive reactions; d: 10-90% strains positive; ONPG:
ortho-nitrophenyl-p-D-galactopyranoside.

Table 2.
Biochemical characteristics of Salmonella species and subspecies.

has the capability of infecting a variety of animals. However, the disease’s progression
may vary depending on the host [31].

Most Salmonella grows at a temperature of 7-48°C with the optimal growth at
37°C. However, some strains are capable of withstanding extremely low temperature,
2°C, or high temperature, 54°C [32]. Unfortunately, they are not commonly heat
resistant and usually die within 1-10 min at 60°C and less than 1 min at 70°C.

The water activity (a,,) of foods influences the time and temperature needed to kill
Salmonella and reduces the effectiveness of the heat treatment. Salmonella needs high
water activity (a,,) between 0.94 and 0.99, optimally at 0.995 but can survive in foods
with low a,, [33]. Low-a,, foods, such as nuts, flour, butter and chocolate, can extend the
time and temperature required to kill the bacteria [34]. Some rare serotypes, such as S.
Senftenberg strain 775 W, has 10-30 times more heat resistant than S. Typhimurium in
low-a,, food products with high carbohydrate or high fat [35]. Salmonella grows ata pH
value of 4-9 with the optimum growth at a pH value of 6.5-7.5 [36].

72



Salmonella: The Critical Enteric Foodborne Pathogen
DOI: http://dx.doi.org/10.5772/intechopen.103900

Classification Serovar Natural host Rare hosts
Host restricted Typhi Humans None
Paratyphi A Humans None
and C
Sendai Humans None
Abortusovis Ovines None
Gallinarum Poultry, birds None
Pullorum Poultry, birds None
Typhisuis Swine None
Abortusequi Equines None
Host adapted Choleraesuis Swine Humans
Dublin Bovines Human and bovines
General-host Typhimurium Humans, poultry, swine, bovines, and rodents None
Enteritidis Humans, poultry, and rodents Swine and bovines

Adapted from references [30, 31].

Table 3.
Host range of Salmonella enterica subsp. enterica serovars.

5. Clinical manifestation

Salmonellosis is a type of food infection that can occur when you eat foods that
contain Salmonella bacteria. Once ingested, the bacteria may initiate infection and
cause illness. The illness’s possibility and severity depend largely on the dose, the
host’s resistance and the specific Salmonella strain causing the disease. The bacteria
are disseminated by direct contact with the animal or human excrement through fae-
cal to the oral pathway or spread out indirectly by ingesting food contaminated with
Salmonella from faeces or raw food through cross-contamination. Clinical manifesta-
tion in human can be classified into four syndromes: gastroenteritis, enteric fever,
septicaemia and asymptomatic chronic carriage.

5.1 Gastroenteritis

Non-typhoidal salmonellosis caused gastroenteritis, a condition commonly called as
food poisoning. It is a condition resulted from the inflammation of the gastrointestinal
tract spread by faecal to an oral route such as enteric fever. Frequently related serovars
reported caused gastroenteritis related to outbreaks are Enteritidis, Typhimurium and
Heidelberg [37]. Non-typhoidal salmonellosis is the leading cause of death and hospi-
talisations among other foodborne pathogens in the USA [1], and the estimated cases of
non-typhoidal salmonellosis worldwide massively exceed the enteric fever cases.

The incubation period is 12-72 hours as a result of ingesting tainted food or
drinking tainted water and dose-dependent on bacteria that infect the intestines
[38]. Symptomatic disease in healthy adults occurs if they are being infected with
10°-10° CFU/mL Salmonella. Common symptoms are diarrhoea, vomiting, abdominal
pain, nausea, myalgia and headache. In addition, chills and fever within 38-39°C can
also occur to the patient. In severe cases, it can lead to severe dehydration and bloody
diarrhoea in rare cases. The duration of the symptoms varied from 2 to 7 days but
generally resolved by itself without the need for treatment within a week.
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5.2 Enteric fever

Enteric fevers are severe systemic forms of salmonellosis and occasionally life-threat-
ening illness. Enteric fever that is caused by S. Typhi and S. Paratyphi A, B or C infections
is called as typhoid fever and paratyphoid fever, respectively [39-41] . Paratyphoid fever
is a similar illness causing a milder form of enteric fever compared to the typhoid fever.

S. Typhi is responsible for causing the most endemic and epidemic cases of enteric fever
worldwide with 200,000 deaths and 23 million illness cases per year [42].

The incubation period varied from 6 to 30 days after infection [43] giving rise to
symptoms such as gradual fever (38-40°C) over several days, headache, hepatospleno-
megaly, myalgias, diarrhoea and constipation when the onset of the systemic disease
takes place. Some people develop a transient skin rash with rose-coloured spots, which
can be confused with malaria. Therefore, typhoid fever should be suspected in a travel-
ler who is unresponsive to anti-malarial treatment. If left untreated, the symptoms
can last for weeks or months. Without treatment, symptoms may last from weeks or
months, and it can be deadly [44]. The fatality rate was reported to be at 10-30% if left
without treatment but improved to 1-4% fatality in treated patients [45, 46].

5.3 Bacteraemia/septicaemia

Bacteraemia is the presence of viable bacteria in the bloodstream that may occur
through a wound, injection or a surgical procedure. Septicaemia is referred to the
presence and proliferation of germs in the blood. Septicaemia is a medical term that
refers to blood poisoning. Salmonella bacteraemia is a condition in which the presence
of Salmonella bacteraemia in the blood elicits a systematic inflammatory response that
can be fatal. It is an intermediate stage of infection in which the patient is not showing
any symptom and the bacteria cannot be isolated from faecal specimens. Bacteraemia
can further progress to septicaemia whereby the bacteria multiply in the blood and
giving symptoms such as chills, fever, high respiration rate or very fast heart rate.

Bacteraemia can be caused by all Salmonella subspecies but is more commonly
associated with S. Choleraesuis, S. Paratyphi, S. Typhi and S. Dublin. The increased
risk is seen in old, young and immunocompromised persons. The severity of the
infection depends on the bacterial dose, immune response of the patient and the
virulence of the Salmonella strain [47]. The severe development of septicaemia was
reported higher to occur in cancer patients and immunecompromised individual
infected with human immunodeficiency virus (HIV) [48, 49].

5.4 Chronic carrier

After treatment for salmonellosis, some patients become Salmonella carriers and shed
faeces with Salmonella for an extended time, making them a reservoir or carrier for the
pathogen, thus making them a chronic carrier. Salmonella can continue to be excreted in
stool for many weeks following resolution of an initial diarrheal episode without symp-
toms exhibited by the patients. The factors of the host and pathogen that influence the
occurrence of carrier state study are limited; hence, the condition is poorly understood
[48]. Chronic carrier state occurred higher in patients infected with S. Typhi compared
to non-Typhi. About 1-4% of patients that recovered from typhoid fever become chronic
carriers, while only 0.2-0.6% of patients infected with non-typhoidal salmonellosis
progress into the chronic carrier [50]. The chronic carrier state is associated with carci-
noma of the gallbladder, which the host could form into the chronic carriage [51].
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6. Epidemiology

Epidemiology is the study of the distribution and causative agents of disease and
the application of the study to the control of diseases. The epidemiology of salmonel-
losis cases differs extensively on the type of Salmonella spp. implicated. Annually,
enteric fever was estimated to cause 200,000 deaths in 22 million illness cases, which
mainly occurred in non-developed countries [45] and is low in developed countries.
Enteric fever is endemic in many places on the African and Asian continents, as well
as in countries throughout Europe, Central and South America and the Middle East.
The prevalence and fatality rate caused by the enteric fever may vary greatly from
one location to another. Enteric fever is uncommon in the USA and certain European
nations, with less than 10 Salmonella cases reported per 100,000 people annually. The
majority of cases reported in these nations are linked to travel, with foreigners or trav-
ellers returning from Pakistan, Africa or India, bringing the disease with them [45].

Contrary, non-typhoidal salmonellosis (NTS) incidence is increasing and con-
tinues to lead the gastroenteritis cases worldwide affecting 155,000 deaths from 93.8
million cases estimated every year [37]. Epidemiology data are well documented in
developed countries, such as the USA and the countries of Europe, but are poorly
compiled in less-developed countries like Asian and African countries. Owing to
less effective monitoring systems, statistics on salmonellosis incidence are limited in
countries of Asia, Africa and South and Central America, where only 1-10% of cases
are reported [52-55]. It was reported that the most frequent serotype in Asia and
Africa was Salmonella Enteriditis, accounting for 38% and 26% of the clinical isolates,
respectively. NTS disease is an extremely serious infection in Vietnam, and the high
death rate (26%) is comparable to the incidence in sub-Saharan Africa, which is a sig-
nificant risk factor for both infection and mortality in HIV-infected individuals [54].

7. Pathogenicity

Pathogenicity of Salmonella is dependent on the serovar and the host. However,
factors that influencing serovar—host specificity are not well known [56]. The basic of
Salmonella virulence mechanism is associated with the invasion of intestinal mucosa
and multiplication in gut-associated lymphoid tissue (GALT). Salmonella will invade
non-phagocytic cells in the intestine by promoting their self-uptake in a complicated
and dynamic process similar to phagocytosis [57].

Salmonella infection in human can cause either systemic disease with rare association
with food poisoning or one that can cause enteritis or localised disease. In oral infection,
Salmonella must go through a variety of host defence mechanisms and different environ-
ments in the stomach during the progression of infection before successfully entering
the intestinal tract. Salmonella adapted to these settings by using a broad variety of genes
that may be reflected as virulence determinants, including Salmonella-specific virulence
genes, housekeeping genes and regulatory genes. Virulence genes involved in invasion
and critical for intracellular survival are grouped in large chromosomal DNA regions
termed as Salmonella pathogenicity islands (SPIs). SPIs often exist in huge clusters of
genes that are found in the vast chromosomal DNA regions that contribute to a certain
virulence phenotype that manifests at a given period during infection [58].

Significant pathogenicity islands in Salmonella are SPI-1 and SPI-2. SPI-1 being the
most well-defined SPI and required for virulence encodes the type III protein secretion
system (T3SS), which injects effector proteins into host cells and provides the essential
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mechanism for intestinal invasion and enteritis formation [59]. The T3SS is the most
significant Salmonella virulence factor. SPI-1 genes are involved in host cell invasion,
immune cell recruitment, apoptosis, and biofilm formation, while other transcription
factors encoded outside SPI-1 engage in the expression of SPI-1-encoded genes. SPI-1s
regulatory network is intricate and extremely important [37]. SPI-1s ubiquity is con-
served and essential for Salmonella pathogenicity, as shown by its direct role in invasion.
The T3SS of SPI-1 and SPI-2 has been suggested to be inversely regulated [52, 53].
This is an appealing hypothesis as Salmonella systemic infection to a host must
first infiltrate M cells, where SPI-1 expression is required, and then replicate within
macrophages, where SPI-2 expression is required. Mutations in SPI-2 genes encod-
ing the type III secretion apparatus, on the other hand, diminish the expression of
genes encoding a transcriptional activator of SPI-1 (sipC, prgK and hilA), suggest-
ing the interaction between SPI-1 and SPI-2 [60]. Over the previous decade, around
30 SPI-2 T3SS effectors have been discovered. Thirteen of them are involved in
the regulation of Salmonella-containing vacuole (SCV) membrane dynamics, the
location of Salmonella-containing vacuole (SCV) inside host cells, immunological
modulation, cytoskeletal changes and the motility of infected cells, among other
things [61].

8. Route of contamination by Salmonella

Salmonella is broadly spread in various food types and extensively distributed in
the environment. The most common vehicle for Salmonella includes poultry, eggs, live-
stock animal and dairy products [62-64]. The contamination of Salmonella can occur
at various points along the food chain route, as described in the diagram in Figure 3.
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Food that is based on poultry forms the key reservoir of Salmonella and poses a
risk to be transferred to other medium [65]. The host that the bacteria colonise ranges
from wild birds to domestic animals [66, 67]. In most scenarios, Salmonella bacteria
multiply in chicken and poultry, in which they then become the reservoir for the
pathogen (EFSA, 2010). Colonisation in the intestines of the animal becomes the key
source of contamination in many points and is typically widespread in the abattoir
and poultry processing facilities [68].

9. Conclusion

Salmonella is a gastrointestinal microorganism with numerous abilities to infect
and survive in human and animal hosts. This chapter optimistically gives a better
insight of Salmonella’s history background, nomenclature, characteristic, clinical
manifestation, epidemiology, pathogenicity and the possible route of contamination.
It is worth noting that, despite the advancement in sanitary procedures and quality
control in food processing and manufacturing, the infection of these gram-negative
bacteria still triggers increase in morbidity and mortality in humans worldwide.
Therefore, increased attention and surveillance of this dangerous pathogen should be
emphasised and strengthened for the better management of the disease.
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Carbapenemases Produced by
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Centre of the National Social
Insurance Fund of Maroua:
Cameroon
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Abstract

The aim of this study is to determine the types of carbapenemases moving around the
city of Maroua with a view to contribute to the development of a control strategy against
the enterobacteria that produce them. The investigation carried out on the biological
samples showed that 5.97% of the sample contained carbapenem-resistant microorgan-
isms. This includes 2.20% of urine samples, 0.94% of osteitis samples, 0.63% of wound
pus samples, 1.26% of stool samples and 0.94% of blood samples. The microorganisms
responsible for this resistance to carbapenems are 5.26% for each of species Arizona,
Citrobacter braakii, Enterobacter gergoviae, P. vulgaris, and Serratia ficaria, 26.32% for the
species E. gergoviae and P. mirabilis and 21.05% for the species S. odorifera 1. All these
enterobacteria produce at least one carbapenemase, which 36.84% are of the KPC type,
10.53% of the OXA-48 or OXA-181 type and 52.63% of types that could not be deter-
mined by the algorithm proposed by Nordmann et al. used for this purpose. The types of
carbapenemases determined in this revealed 11 substrates and inhibition profiles associ-
ated with their production. This highlighted the difficulty of applying an inhibition law in
situ in the context of probabilistic antibiotic therapy.

Keywords: carbapenemases, enterobacteriaceae, substrate profile

1. Introduction

The increasing complexity of the phenomenon of resistance of enterobacteria
against beta-lactamines in Cameroon will be a major public health problem if

85 IntechOpen
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nothing is done. The study of the enzymatic systems involved in inducing these
resistances in the cities of Yaoundé, Ngaoundéré and Douala has shown evolutions

in space and time [1-3]. In the city of Maroua, the alarm was raised with the
identification of multi-resistant microorganisms in dairy products and raw meat sold in
the city [4, 5]. These resistances have been attributed to the production of high-level
cephalosporinases and b-lactamases including Carbapenemases [5, 6]. The concern in
relation to these observations is that, microorganisms with similar profiles have started
to be isolated from biological samples at the National Social Insurance Fund (MSC-
NSIF) of Maroua. Moreover, cases of death were noted due to infections by this
category of Enterobacteriaceae before the end of the analysis of the samples, although
routine antibiotics were administered (MSC-NSIF patient files). The emergence of
carbapenemase-producing Enterobacteriaceae (EPC) in the city of Maroua could in the
future, become the main factor of therapeutic failures. In a socio-economic context
where probably antibiotic therapy remains the most widely used strategy, knowledge
of the enzyme systems involved in these enterobacteria could make patient manage-
ment more effective. The objective of this study is to determine the types of
carbapenemases moving around in the city of Maroua with a view to developing a
strategy control to fight against the enterobacteria that produce them.

2. Materials and methods
2.1 Study site

The study took place at the MCS-NSIF (Medico-Social Centre of National Social
Insurance Fund of Maroua) in Maroua, which is located between 10°35’North latitude
and 14°19'East longitude [7]. The MCS-NSIF is one of the hospitals in the distric of
Maroua I first. It is adjacent to the road that connects the ‘Djarma’ crossroads to the
third and northernmost entrance of the SODECOTON company. This hospital receives
among its patients, those who clinical examinations require the realisation of the
antibiogram.

The requirement of an antibiogram by the clinician was the criteria retained for the
choice of the samples to be analysed. In compliance with this requirement, a sample of
318 biological samples was taken from patients received at the MCS-NSIF laboratory
in Maroua. This sample consisted of 123 urine samples, 71 vaginal samples, 70 stool
samples, 27 blood samples, 13 osteitis pus samples, 9 urethral samples and 5 wound
pus samples. The material collection were done between the month of january and
febuary in 2018.

2.2 Isolation, purification and selection of resistant carbapenem strains
2.2.1 Isolation of enterobacterial strains

The plating technique carried out near a flame maintained by a Bunsen burner was
used to isolate the strains of interest [8]. Biological material that remained attached to
the sterile loop handle was streaked onto MacConkey agar in a Petri dish. For the
microorganisms to be isolated from the blood, a pre-culture in bovine heart-brain
infusion incubated at 37°C for 18 hours in an oven preceded the implementation of the
technique.
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2.2.2 Purification of enterobacterial strains

The quadrant method was used to purify the strains of interest [8]. One of the
colonies from among those having the same appearance during the isolation phase was
used for this purpose. The first quadrant was formed by inoculation in tight streaks
using a sterile loop. The loop used at this stage of the operation is flamed to red and
cooled by touching an unused area of the agar. The Petri dish is rotated at an angle
of 90° and the loop is passed once through the first quadrant to form the second
quadrant. The same procedure is used to form the other two quadrants.

2.2.3 Selection of strains of interest

The standardised method for determining the susceptibility of bacteria to antibi-
otics using ertapenem 10 pg, imipenem 10 pg and meropenem 10 pg was used to select
the strains of interest [9]. First, a suspension containing 10° CFU/mL of bacteria for
each of the purified strains was prepared. Swabbing for each of the prepared suspen-
sions was performed on Miiller-Hinton (MH) contained in a petri dish. The
carbapenem discs were placed at a distance of 3 cm from each other in each of the
seeded Petri dishes. All prepared Petri dishes were incubated at 37°C for 18 hours in an
oven. It should be noted that the disc quality test was validated on E. coli ATCC 29522
reference strains classified as susceptible. The determination of resistant, intermediate
or susceptible traits was based on the comparison between the inhibition diameters
obtained and those of the EUCAST reference [9].

2.3 Determination of the enzymatic character of carbapenem resistance

The Carba NP test which is a biochemical colorimetric test was used to demon-
strate the enzymatic activity of carbapenem resistance in the strains of interest [10].
A 100 L volume of Tris-HCI B-PER II (Bacterial Protein Extraction Reagent) lysis
buffer, 20 mM, pH 7.5 and one colony of bacteria were introduced into each of two
1.5 mL Eppendorf tubes prepared for each strain to be tested. The resulting mixture
was homogenised using a 1000 L micropipette. Subsequently, 100 L of solution (A)
containing 0.54% (W/V) phenol red and 0.2 mM zinc sulphate was introduced into
control tube 1. The same volume of solution (A), this time containing concentrated
carbapenem 6 mg/mL, was introduced into test tube 2. Both tubes were incubated at
37°C in the incubator for 2 hours. The appearance of a yellow coloration was
interpreted as positive and therefore the presence of carbapenemase, whereas the red
coloration was interpreted as negative and therefore the absence of carbapenemase.

2.4 Determination of carbapenemase classes produced by the strains of interest

The classes of carbapenemases produced by the Enterobacteriaceae were
determined using phenotypic inhibition and synergy tests [9]. After swabbing on MH,
the antibiotics were arranged with a distance of 3 cm between them. These were
imipenem (IMP), ertapenem (ETP), meropenem (MRP), amoxicillin (AMX),
cefotaxime (CTX), ceftazidime (CAZ), EDTA, clavulanic acid (CMA), cloxacillin
(CXC), cefepime (CFP), piperacillin-tazobactam (PIT) and aztreonam (AZT). The
elements used in the algorithm to identify the types of carbapenemases produced by
the strains of interest were arranged as follows (Figure 1):
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Figure 1.
Layout of the elements of the carbapenemase class identification algorithm.

CLASS TYPE AMX AMC PIT CTX CAZ IMP ETP MRP AZT

A KPC R S/1 R R R S//R I/R  S/I/R R
KPC + BLSE R I/R R R R I/R I/R I/R R

B IMP/VIM/NDM R R I/R R I/R  S//R I/R S/I/R S
IMP/VIM/NDM + BLSE R R I/R R R I/R R S/I/R R

D OXA-48/0XA-181 R R S/I/R  S/T S S/1 S/ S/ S
OXA-48/0XA-181 + BLSE R R I/R R R I/R I/R  I/R R

Legend: R = Resistant I = Intermediate S = Sensitive [11].

Table 1.
Resistance phenotypes resulting from the expression of carbapenemases veported in Enterobacteriaceae without or
with extended-spectrum lactamases.

The classes of carbapenemases produced by the isolated Enterobacteriaceae were
determined from the algorithm (Table 1).

2.5 Determination of minimum inhibitory concentrations of carbapenems

The E-test, an agar diffusion technique, was used to determine the minimum
inhibitory concentrations (MICs) [12]. The commercially available strip was adapted
with easily accessible blotting paper. This blotting paper, cut to the size of 10 cm x
1 cm, was divided into 10 zones of equal size (widthwise) by lines obtained with a
pencil. This paper was sterilised in an autoclave at 125°C for 15 minutes. To determine
the MICs of the ETP, 640 g of antibiotic was introduced into a sterile 10 mL volumet-
ric flask. This mass was dissolved in 5 mL of sterile distilled water measured with a
pipette. After complete dissolution, the volume was made up to the mark to obtain a
concentrated solution C1 64 mg/L. Solution C1/2 was obtained by removing 1 mL of
solution C1 and adding it to a tube containing the same volume of sterile distilled
water. Concentrated solution C1/2n was obtained by pipetting 1 mL of the prepared
concentrated solution C1/n into 1 mL of distilled water. Once the 10 dilutions had
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been obtained, 25 L was taken from each tube using a 50 L micropipette and arranged
along with the blotting paper in the corresponding zones respecting the gradient (C1,
C1/2, C1/4, C1/8, C1/16, C1/32, C1/64, C1/128, C1/256, C1/512). The same procedure
was adopted for the determination of MICs for MRP and IMP.

2.6 Identification of carbapenemase-producing strains

The identification of carbapenemase-producing strains of Enterobacteriaceae has
followed a three-stage procedure [13].

2.6.1 Orientation of the diagnosis by observing particularly discriminating features of the
Enterobacteriaceae

Characteristics such as pigmentation and mucoid of colonies, invasion of solid
media by colonies, appearance of small colonies were observed directly on the culture
medium after incubation at 37°C for 24 h. For mobility, 20 L of a suspension from a
colony dissolved in 1 mL of peptone water and incubated at 37°C for 30 minutes was
placed on a slide using a 50 L micropipette and covered with a coverslip. This mount
was viewed under the 40X objective of the microscope to observe the movement of
the bacteria. Suspicion of enterobacteria was made when the bacteria were either
immobile or showed peritrich-like mobility.

For Gram staining, a colony from the culture medium was placed in a thin layer on
the slide using a platinum loop. The layer formed was fixed by the flame maintained
by the Bunsen burner. This layer was covered with gentian violet for 45 seconds,
rinsed with water and then covered again with Lugol’s. This Lugol’s was cleaned after
45 seconds with 95° alcohol in a wash bottle and then rinsed with water. The washed
slide was then covered with Fuchsin for 45 seconds, rinsed again with water, dried and
read under a 100X microscope objective. The presence of an enterobacterium was
confirmed if a Gram-negative bacillus was observed with bipolar staining.

2.6.2 Revelation of the biochemical chavacteristics that characterise their metabolism

The biochemical characteristics of the metabolism of the enterobacteria retained
after diagnostic orientation were obtained using the API 20E gallery. Firstly, the tubes
were moistened by introducing 10 mL of sterile distilled water. A bacterial suspension
for each species was prepared by diluting the colonies from MH in 5 mL of sterile
distilled water. Each tube in the gallery was inoculated with the corresponding sus-
pension using a sterile Pasteur pipette. They were filled by pressing the Pasteur pipette
inwards and to the side to avoid bubbles. The wells for citrate (CIT), Voges
Prauskauer (VP), gelatinase (GEL) traits were filled completely (tube and cup) for
aerobic conditions. For the Arginine dehydrogenase (ADH), Lysine decarboxylase
(LDC), Ornitine decarboxylase (ODC), Hydrogen sulphide (H2S) and Urease (URE)
wells, the filling was done only at the level of the tube and the well was filled with
paraffin oil to create anaerobic conditions. The whole set was incubated at 37°C in the
incubator for 22 hours and then a drop of developer was introduced in some wells.
These were FeCl3 in the Tryptophan deaminase (TDA) well, Kovacs reagent in the
Indole (IND) well, —naphthol and NaOH in the VP well and Nit1, Nit 2 in the BNit
well. The staining obtained in each well provided guidance on the positivity or nega-
tivity of the reaction.
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2.6.3 Identification

The result of the reactions obtained in each well is fed into the Enterobacteriaceae
identification software which displays the species of Enterobacteriaceae responsible
for the biochemical properties obtained in the API 20 E gallery wells.

2.7 Data analysis

The data obtained were analysed using SPSS 20 and API 20 E Enterobacteriaceae
identification software. The SPSS 20 software was used to convert the experimental
results into percentages. This software was also used to calculate Pearson’s correlation
values between inhibition diameters and carbapenem MICs. The second software was
used to determine the species of enterobacteria from the results obtained from the API
20 E gallery.

3. Results and discussion
3.1 Results
3.1.1 Identification of microovganisms and mechanism of resistance to carbapenems

The proportion of biological samples containing carbapenem-resistant microor-
ganisms was 5.97%. This proportion is distributed between urine samples, which
represent 2.20%, osteitis pus 0.94%, wound pus 0.63%, stool 1.26% and blood 0.94%.
The presence of carbapenem-resistant microorganisms was not observed in urethral
and vaginal swabs. The percentage of samples that did not contain carbapenem-
resistant microorganisms was 94.03%. This frequency was distributed among urine
samples 36.48%, osteitis pus 0.63%, wound pus 3.46%, urethral 2.83%, vaginal
22.33%, stool 20.75% and blood 7.55% (Table 2).

The species of enterobacteria responsible for carbapenem resistance in biological
samples are variously distributed. Urine samples contain 36.84% of carbapenem-
resistant microorganisms. This percentage is distributed between the species

Biological samples Frequency (%) Totals
Containing resistant carbapenem Not containing resistant
enterobacteria carbapenem enterobacteria
Urine 2.20 36.48 38.68
Pus from osteitis 0.94 0.63 1.57
Pus from wounds 0.63 3.46 4.09
Urethra 0.00 2.83 2.83
Vaginal 0.00 22.33 22.33
Stool 1.26 20.75 22.01
Blood 0.94 7.55 8.49
Totals 5.97 94.03 100.00
Table 2.

Frequency of biological samples with and without carbapenem-vesistant Enterobacteriaceae.
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Enterobacter gergoviae 10.53%, Enterobacter asburiae 5.26%, Proteus mirabilis 5.26%,
Proteus vulgaris 5.26%, Serratia ficaria 5.26% and Serratia odorifera 1 5.26%. The
proportion of 21.05% of carbapenem-resistant microorganisms was obtained in ostei-
tis pus. This proportion is represented by the microorganisms Arizgona 5.26%, P.
mirabilis 10.53% and S. odorifera 1 21.05%. Carbapenem-resistant microorganisms
identified in wound pus samples account for 10.53%. These were E. gergoviae 5.26%
and P. mirabilis 5.26%. In blood samples, the proportion of microorganisms of interest
is 10.53%. It is represented by E. gergoviae 5.26% and S. odorifera 15.26%.
Carbapenem-resistant microorganisms in stool samples represent a proportion of
21.05%. These are Citrobacter braakii 5.26%, E. gergoviae 5.26%, P. mirabilis 5.26% and
S. odorifera 1.5.26% (Table 3).

3.1.2 Phenotypes of identified carbapenemases
3.1.2.1 Dissemination of identified carbapenemases among entevobacteria

The carbapenemases circulating in the city of Maroua are of several types and in
different proportions. The KPC type which represents 36.84% of identified
carbapenemases is produced at 5.26% by each of the species Arigona, E. asburiae,

P. mirabilis, P. vulgaris, S. ficaria and at 10.53% by the species E. gergoviae. Type
OXA-48 or OXA 181 represents 10.53% of all these carbapenemases. The species

P. mirabilis and S. odorifera 1 each contributes 5.26% of the production. Eight types of
carbapenemases produced by enterobacteria do not fit into the reference algorithm.
These are non-determined types (NDPs) 1, 2, 3, 4, 5, 6, 7 and 8. NDE 1 represents
10.53% of all carbapenemases and is produced by E. gergoviae and S. odorifera 1, which
each contributes 5.26%. TND 2, which accounts for 10.53%, is produced by the
microorganism P. mirabilis. TND 3 produced by a single microorganism, S. odorifera 1,
is present at 5.26%. TND 4, produced by the microorganism P. mirabilis only, occupies

Biological samples Enterobacteriaceae species
N g Totals
S .
S 0§ . &3
3 ] -2 = & 3
sy § 0§ £ § f 5§ ¥
S D T S S N
RY S = = B} S t .g
=~ R * S . . S .
< &} &3] = Ry S %} %)
Urine 0.00 0.00 10.53 5.26 5.26 5.26 5.26 5.26 36.84
Pus from osteitis 5.26 0.00 0.00 0.00 0.00 1053  0.00 5.26 21.05

Pus from wounds 0.00 0.00 5.26 0.00 0.00 5.26 0.00 0.00 10.53

Urethra 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Vaginal 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Blood 0.00 0.00 5.26 0.00 0.00 0.00 0.00 5.26 10.53

Stool 0.00 5.26 5.26 0.00 0.00 5.26 0.00 5.26 21.05

Totals 5.26 5.26 26.32 5.26 5.26 26.32 5.26 21.05 100.00
Table 3.

Frequency of Enterobacteriaceae species identified in the biological samples taken.
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Carbapenemase types

Enterobacteria species b Totals
-
N - ~ o < n o ~ o
% < ) < 9 g ] < <
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= g R g g g g g g
; g g g g £ £ g g
- - - - - - - -
b ] ] 2 g ] ] ] 2
9 N < < 3 < < < < <
& i ] =} ] ] g g -] -]
M o =] =] =] =] (=] =] =] =]
Arizona 5.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.26
Citrobacter braakii 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.26 0.00 0.00 5.26
Enterobacter gergoviae 10.53  0.00 5.26 0.00 0.00 0.00 0.00 0.00 526 5.26 26.32
Enterobacter asburiae 5.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.26
P. mirabilis 5.26 5.26 0.00 10.53 0.00 5.26 0.00 0.00 0.00 0.00 26.32
P. vulgaris 5.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.26
Serratia ficaria 5.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.26
S. odorifera 1 0.00 5.26 5.26 0.00 5.26 0.00 5.26 0.00 0.00 0.00 21.05
Totals 36.84 10.53 10.53 10.53 5.26 5.26 5.26 5.26 5.26 526 100.00
Table 4.

Dissemination of civculating carbapenemase types between the identified enterobacteria species.

5.26%. The TND 5, 6, 7, 8 each represents 5.26% produced respectively by the micro-
organisms S. odorifera 1, C. braakii, and E. gergoviae for the last two types (Table 4).

3.1.2.2 Distribution of carbapenemase types in biological samples

The carbapenemases circulating in the city of Maroua are differently distributed in

biological samples. The KPC type was found in 21.05% of urine samples, 5.26% of
osteitis pus samples and 10.53% of wound pus samples. For type OXA-48 or OXA-181,
5.26% is present in osteitis pus and 5.26% in blood samples. TND 1 is only found in
urine samples at a proportion of 10.53%. TND 2 was present in 5.26% of urine samples
and in the same proportion of osteitis pus samples. TND 3 was present in 5.26% of the
osteitis pus samples only. TND 4, 5, 6, 7 are only found in stool samples and represent
5.26% each. TND 8 is only found in blood samples and represents 5.26% (Table 5).

3.1.3 Substrate and inhibitor profiles

The results of the Carba NP test showed that all the Enterobacteriaceae identified
in the biological samples use an enzymatic mechanism as a means of resistance to
carbapenems. On the other hand, the study of the substrate and inhibitor profiles
highlighted three cases, namely enzymatic activity implying resistance (R), decreased
enzymatic activity leading to intermediate resistance (I) and a complete absence of
enzyme activity implying sensitivity (S).

3.1.3.1 Carbapenemase substrate and inhibitor profiles

The carbapenemase KPC has described two different profiles defined as (P1 and P2).
The P1 profile is observed with the microorganisms Arizona isolated from osteitis pus
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Carbapenemase types

Biological samples Totals

OXA-48 or OXA 181
Undetermined 1
Undetermined 3
Undetermined 4
Undetermined 5
Undetermined 6
Undetermined 7
Undetermined 8

KPC

§ Undetermined 2

Urine 21.05 0.00 10.53 0.00 0.00 0.00 0.00 0.00 0.00 36.84

Pus from osteitis 526 526 0.00

w
N
=
R
i
=)}

0.00 0.00 0.00 0.00 0.00 21.05

Pus from wounds 1053 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.53

Blood 0.00 526 0.00 0.00 0.00 0.00 0.00 0.00 0.00 526 10.53

Stool 0.00 0.00 0.00 0.00 0.00 526 526 526 526 0.00 21.05

Totals 36.84 10.53 10.53 10.53 526 526 526 526 526 526 100.00
Table 5.

Distribution of carbapenemases in biological samples.

samples, P. mirabilis isolated from wound pus samples, S. ficaria, E. gergoviae, E. asburiae,
P. vulgaris isolated from urine samples. The P1 profile, which is characterised by enzy-
matic activity on all substrates (ETP, IMP, MRP, AMX, CAZ, CTX, CFP) is not inhibited
by the carbapenemase inhibitors used (AMC, CXC, AZT, EDTA, PIT). The MICs in the
P1 profile are greater than 64 mg/L for ETP, 16 mg/L for IMP and 64 mg/L for MRP.

The second P2 profile was observed with E. gergoviae isolated from wound pus
samples. Enzymatic activity towards all substrates was maintained in the presence of
the inhibitors used, except for AMC, for which it was rather reduced. The MIC values
here are above 64 mg/L for ETP and 16 mg/L for IMP and MRP respectively.

The identified OXA carbapenemases describe a single substrate and inhibition
profile. This P3 profile is observed with P. mirabilis and S. odorifera 1 isolated from
osteitis pus and blood samples respectively. The activity of the enzyme in this profile
is observed on certain substrates (AMX, CFP) and in the presence of inhibitors
(CXC, AMC, PIT). It is decreased on the substrates (ETP, IMP, MRP) as well as on one
of the inhibitors, EDTA. Another characteristic of this profile is the absence of enzy-
matic activity towards the substrates CAZ, CTX and one of the inhibitors, AZT. The
MICs for these microorganisms are greater than 64 mg/L for ETP, 4 mg/L for IMP,

4 mg/L and 8 mg/L for MRP in P. mirabilis and S. odorifera 1, respectively.

The P4 profile characterising the TND 1 carbapenemase was identified in
E. gergoviae and S. odorifera 1, all isolated from urine samples. The activity of the
enzyme is observed towards the substrates ETP, MRP, AMX, CAZ, CFP and in the
presence of the inhibitors CXC, AMC, AZT, PIT. This enzymatic activity is dimin-
ished in the presence of IMP, one of the inhibitors, EDTA and is absent in the presence
of the substrate CTX. The MICs are greater than 64 mg/L for ETP in both microor-
ganisms, equal to 16 mg/L in E. gergoviae for IMP and MRP respectively, and 4 mg/L
for IMP and 32 mg/L for MRP in S. odorifera 1.

Only P. mirabilis isolated from urine samples and osteitis pus expressed the P5
profile. This P5 profile associated with the production of the TND 2 carbapenemase
shows an absence of enzymatic activity on the CAZ substrate. However, this activity is
observed with regard to the substrates (ETP, IMP, MRP, AMX, CTX, CFP) and in the
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presence of all inhibitors (AMC, CXC, AZT, EDTA, PIT). MICs are greater than
64 mg/L for ETP, equal to 32 mg/L for IMP and greater than 64 mg/L for MRP when
isolated from urine and equal to 32 mg/L for MRP when isolated from osteitis pus.

The P6 profile is expressed by the S. odorifera 1 microorganism isolated from
osteitis pus which produces TND 3 carbapenemase. The enzymatic activity of this
profile is observed on the substrates ETP, AMX, CAZ and in the presence of the
inhibitors CXC, AMC, PIT. This decreased enzymatic activity on the substrates IMP,
MRP and in the presence of the inhibitors AZT and EDTA are absent with respect to
CTX. The MIC values here are above 64 mg/L for ETP and 4 mg/L for IMP and MRP.

The P. mirabilis microorganism isolated from stool samples and producing the
TND 4 carbapenemase expresses the P7 profile. This profile is characterised by an
enzymatic activity towards each of the two substrates ETP, AMX and towards three
inhibitors CXC, AZT, PIT. This enzymatic activity is decreased on the substrates IMP,
MRP, CFP and in the presence of the inhibitor EDTA. Finally, no enzymatic activity
was observed on the substrates CAZ, CTX and in the presence of the inhibitor AMC.
The MIC values for this microorganism are greater than 64 mg/L for ETP and equal to
4 mg/L for IMP and MRP respectively.

The P8 profile described by TND 5 carbapenemase is observed with S. odorifera 1
isolated from stool samples. It is characterised by an enzymatic activity towards the
substrates ETP, AMX, CAZ and in the presence of the inhibitors CXC, PIT. This
enzymatic activity, which is diminished in the presence of the substrates MRP, CFP
and the inhibitors AZT, EDTA, is absent on two substrates IMP, CTX and on an
inhibitor AMC. The MICs here are greater than 64 mg/L for ETP, equal to 0.125 mg/L
for IMP and 2 mg/L for MRP.

The C. braakii species producing the TND 6 carbapenemase isolated from stool
samples express the P9 profile. The enzymatic activity here is observed on ETP and
AMX substrates and in the presence of the inhibitors CXC and PIT. This enzymatic
activity is decreased on both substrates MRP, CFP and in the presence of the inhibitor
EDTA. It is absent on the substrates IMP, CAZ, CTX and in the presence of the
inhibitors AMC, AZT. The MICs here are greater than 64 mg/L for ETP, equal to
0.5 mg/L for IMP and 4 mg/L for MRP.

The P10 profile is observed with the TND 7 carbapenemase produced by
E. gergoviae isolated from stool samples and is characterised by enzymatic activity on
the substrates ETP, AMX and in the presence of the inhibitors CXC, PIT. This enzy-
matic activity is decreased in the presence of two substrates MRP, CAZ and the
inhibitor EDTA. There is no enzymatic activity on two substrates IMP, CTX and on
two inhibitors AMC, AZT. The MICs are above 64 mg/L for ETP, 0.5 mg/L for ETP,
and 4 mg/L for MRP.

Finally, the P11 profile is always found in E. gergoviae isolated from blood samples
but which produces the TND 8 carbapenemase. It is characterised by enzymatic
activity on three substrates ETP, IMP, AMX and on three inhibitors CXC, AMC, AZT.
This enzymatic activity is decreased in the presence of the substrates MRP, CFP and in
the presence of the inhibitor PIT. On the other hand, it is absent on the substrates
CAZ, CTX and in the presence of the inhibitor EDTA. The MICs are greater than
64 mg/L for ETP, 16 mg/L for IMP and 0.5 mg/L for MRP (Table 6).

3.2 Discussion

Biological samples containing carbapenem-resistant Enterobacteriaceae
represented 5.97%. This percentage is distributed between urine samples (2.20%),
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osteitis pus (0.94%), wound pus (0.63%), blood (0.94%) and stool (1.26%).
Carbapenem-resistant Enterobacteriaceae were not identified in urethral and vaginal
swabs. The high proportion of carbapenem-resistant microorganisms in urine could be
explained by the fact that this medium is potentially an extra-digestive reservoir for
ESBL-producing Enterobacteriaceae [14]. The emergence of carbapenem resistance in
some of the biological samples taken reflects the increasing complexity of the phe-
nomenon in enterobacteria [15]. This complexification of the resistance phenomenon
in the city of Maroua had already been observed in bacteria contaminating the food
sold there [4, 5]. Several explanations can be found for the emergence of carbapenem
resistance in the city of Maroua. The emergence of carbapenem resistance could be the
consequence of exponential and uncontrolled use of antibiotics [6, 16-18]. The flow of
populations between risk areas (Europe, Asia) and the city of Maroua could also
contribute to the importation of strains expressing these types of resistance [19]. The
opening of the University of Maroua, which contributes enormously to the migration
of populations from various origins to the city, is also a major risk factor for the
transport of multidrug-resistant strains of bacteria. The emergence of this type of
resistance may finally be due to an exchange of the genes responsible for their
expression between bacterial species from the digestive tract or the environment [20].
This exchange can take place via the phenomena of transduction [21], conjugation
[22], or transformation [23].

Using API 20 E galleries, Arizona, C. braakii, E. gergoviae, E. asburiae, P. mirabilis,
P. vulgaris, S. ficaria and S. odorifera 1 were identified as the carbapenem-resistant
Enterobacteriaceae in the specimens. These Enterobacteriaceae are variously distrib-
uted in the samples. The species E. gergoviae, E. asburiae, P. mivabilis, P. vulgaris, S.

ficaria, S. odorifera 1 were identified in urine specimens. Those found in osteitis pus
were Arigona, P. mirabilis, S. odorifera 1. Two microorganisms, E. gergoviae and P.
mirabilis were isolated from wound pus samples. The microorganisms isolated from
blood were E. gergoviae, S. odorifera 1. Finally, C. braakii, E. gevgoviae, P. mirabilis and
S. odorifera 1 were identified in stool samples. The proportions of carbapenem-
resistant Enterobacteriaceae in biological samples were 36.84% in urine samples,
21.05% in osteitis pus and stools respectively, and 10.53% in blood and wound pus
samples. This distribution in biological samples shows that Enterobacteriaceae are
likely to cause deleterious effects in the organism from a variety of environments [24].
The diversity of environments where these enterobacteria have been identified can be
explained by the great power of adaptation that characterises them [25] and the
multi-resistance to antibiotics that does not facilitate their elimination [16, 17].

The enzymatic mechanism of resistance to carbapenems was demonstrated in
100% of the Enterobacteriaceae that were identified. This observation is in agreement
with the fact that enzymatic inactivation of carbapenems is the main mechanism used
by enterobacteria to resist their bactericidal effects [26]. The yellow colour change of
phenol red used as a colour indicator to show the presence of enzymatic activity on
carbapenems has been interpreted as the result of acidification of the reaction medium
[27, 28]. This acidification of the reaction medium is a consequence of hydrolysis of
the -lactam ring at the amide bond which produces a carboxyl function [29]. The level
of expression of this reaction confers certain characteristics to enterobacteria. These
characteristics were assessed indirectly on culture media using the inhibition
diameters-MIC relationship [9]. The inhibition diameters-MIC correlation for selected
carbapenems (r = 0.578, p < 0.01 for IMP and r = 0.858, p < 0.01 for MRP) allowed
three characteristics to be defined. The first characteristic is resistance to carbapenem,
which indicates the presence of enzymatic activity (R). The second characteristic is
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intermediate resistance which is the result of decreased enzyme activity (I). The third
characteristic, marked by an absence of enzyme activity (S), defines the susceptibility
of the enterobacteria to carbapenem [9].

The interpretation of the characteristics expressed by the enterobacteria in the
presence of the substrates and inhibitors defined by the algorithm used made it
possible to highlight three types of carbapenemases in these enterobacteria isolated
from biological samples. These are carbapenemases of the KPC, OXA-48 or OXA-181
type and TNDs. The dominant proportion of KPC carbapenemases (36.84%) can be
explained by the fact that they are the most abundant and widespread among
enterobacteria [30]. They are also characterised by the existence of several variants
that differ only by the substitution of one or two amino acids [31]. In contrast, the low
percentage of OXA-41 or OXA-181 carbapenemases (10.53%) in the samples can be
justified by the fact that this is an enzyme produced from a single auto transferable
plasmid that does not carry additional resistance genes [32]. The low proportion of
each of the TNDs can be explained by the fact that they are new phenotypes of point
synthesis due to the presence of integrons. Integrons sometimes contain transposons
from which some transposase-containing Enterobacteriaceae can be naturally geneti-
cally engineered to form highly expressed resistance operons [33].

The types of carbapenemases identified are differently distributed in biological
samples and between enterobacteria. This random distribution within species of
Enterobacteriaceae could be justified by the ease with which resistance-conferring
genes diffuse between microorganisms [11]. It is this random distribution that may
explain the difficulty in effectively applying probabilistic and/or therapeutic antibiotic
therapy in cases of infection with resistant carbapenem enterobacteria [34]. The
enzymatic activity of carbapenemases, which is manifested by hydrolysis at the amide
bond of the said ring, has made it possible to describe 11 different substrates and
inhibition profiles.

The first substrate and inhibition profile, P1, is characterised by enzymatic activity
on all carbapenems including monobactam (AZT) used. The fact that this enzymatic
activity is not influenced by the presence of EDTA proves that the enzyme does not
need a heavy metal to hydrolyse the substrates. These characteristics are unique to KPC-
type class A carbapenemases produced from plasmids [35]. It was also observed that the
activity of this enzyme is maintained in the presence of its inhibitors PIT and AMC. This
observation highlights a synergy of action between the carbapenemase KPC and an
ESBL. Indeed, in the presence of a “suicide” inhibitor that serves as a decoy, such as
clavunate or tazobactam, the bacteria compensate for the enzymatic deficit by amplify-
ing the synthesis of ESBLs [6, 36]. This hyperproduction can be mediated by mutations
in the promoter of the gene and/or by an increase in the number of plasmids carrying
the bla gene. These ESBLs would therefore play the known role of multiplying the
targets of antibiotics to limit their effectiveness [37]. From the above, it appears that
bacteria of the P1 profile have the capacity to produce both KPC-type carbapenemases
and ESBLs, all of which are class A.

Measurement of MICs for this profile using the E-test showed that variations are
only observable between P. vulgaris, E. asburiae, E. gergoviae and P. mirabilis. From
16 mg/L for P. vulgaris and E. asburiae, it increases to 64 mg/L for E. gergoviae and
P. mirabilis. The fluctuations obtained with the MIC values for carbapenems in these
microorganisms could be explained by the existence of two KPC variants between
these identified enterobacterial species [31].

The second substrate and inhibition profile (P2) is associated with the
carbapenemase identified in E. gergoviae isolated from wound pus. The enzymatic
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activity here shows several similarities with the P1 profile. The only difference is the
decrease in enzyme activity in the presence of AMC. The MIC values do not differ from
those obtained with E. gergoviae isolated from urine samples. This slight variation in
MIC suggests that the same KPC is produced in the P1 profile by this microorganism in
both urine and wound pus. The decrease in enzyme activity in the presence of clavunate
may be due to insufficient ESBL production to contain all the suicide inhibitor mole-
cules. The consequence is a decrease in the number of enzyme molecules available for
substrate hydrolysis which would then lead to a decrease in enzyme activity.

The third substrate and inhibition profile (P3) is expressed by OXA-type
carbapenemases (48 or 181) produced by P. mirabilis and S. odorifera 1 isolated from
osteitis pus and blood samples respectively. This profile is characterised by enzymatic
activity on CXC, decreased on the three carbapenems and not observed at all on AZT.
EDTA has no discernible influence on this activity. All these characteristics are con-
sistent with the description of a class D carbapenemase [35, 38]. Another observation
on this profile is that the activity of the enzyme resumes on AZT in the presence of
CTX. The resumption of enzyme activity on AZT in the presence of CTX illustrates
the theory that the combination of two -lactams can be antagonistic if one of them is
an -lactamase inducer. CTX would therefore induce the production of ESBLs that
could hydrolyse AZT. This illustrates the fact that P. mirabilis and S. odorifera 1 are
likely to produce inducible ESBLs in addition to OXAs. Analysis of the MICs obtained
in these two species shows that there are no differences in the activity of this enzyme
either at the level of the microorganisms or the samples. This suggests that the OXA
produced by these microorganisms originates from the same plasmid that has
migrated from one species to another [39].

The P4 profile is only found in E. gergoviae and S. odorifera 1 isolated from urine
samples. It is characterised by an enzymatic activity on ETP and MRP but diminished
with respect to IMP. The inhibitors clavunate and tazobactam have no effect on this
enzymatic activity. This observation can be explained by the fact that these bacteria
produce class B carbapenemases or, a combination of ESBL and chromosomal type A
and/or B carbapenemases [16, 17]. The decrease in enzymatic activity in the presence
of EDTA validates the hypothesis of the presence of a class B carbapenemase [38]. The
combination of these observations leads us to believe that the genes coding for the
synthesis of both class A and B carbapenemases, both chromosomal, are present in
these bacteria. It is, therefore, the inhibition of class B carbapenemase by EDTA that
would be at the origin of the decrease in enzymatic activity. In this context, the
decrease in enzymatic activity would then be due to the reduction in the quantity of
carbapenemases potentially active on carbapenems. In view of the above, it is possible
that the bacteria E. gergoviae and S. odorifera 1 possess in their chromosomes both
genes coding for the synthesis of class A and B carbapenemases. The MIC measure-
ments for these microorganisms did not show any differences apart from that
obtained with IMP (16 mg/L and 4 mg/L in E. gergoviae and S. odorifera 1 respectively).
This difference in MICs can be explained by mutations that may occur in the amino
acid sequence homology or by the level of production of one or the other of these
carbapenemases.

The P5 substrate and inhibition profile is found in P. mirabilis isolated from urine
samples and osteitis pus. This profile is characterised by enzymatic activity on all
substrates except CAZ. This activity is maintained in the presence of all inhibitors.
This suggests a most likely plasmid hyper production of KPC associated with
cephalosporinase. The different profiles for this microorganism (P1 when derived
from wound pus and P5 when derived from either urine samples or osteitis pus),
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although suspected of producing all the KPCs, would be the result of the difference in
the enzyme that accompanies the production of these KPCs.

The P6 profile is found in S. odorifera 1 isolated from osteitis pus. It is characterised
by an enzymatic activity towards ETP. This activity decreases on IMP and MRP. The
presence of inhibitors has no visible effect on the enzymatic activity. The analysis of
this P6 profile shows several similarities with the P3 profile. The same is true for the
MIC values, which are close to those of the P3 profile. The great similarity observed
between the P6 and P3 profiles suggest that S. odorifera 1 and P. mirabilis, both
isolated from osteitis pus samples, produce carbapenemases of types OXA-48 or
OXA-181. However, the increase in enzymatic activity observed with the P6 profile
of S. odorifera 1 is thought to be the result of possible mutations in the OXA
carbapenemases and the production of a cephalosporinase that activates the
hydrolysis of CAZ [9].

The P7 profile expressed by P. mirabilis isolated from stools is characterised by an
enzymatic activity on ETP and decreased on IMP and MRP substrates. The presence of
clavunate shows inhibition of the enzymatic activity. This enzymatic activity, the extent
of which varies from one carbapenemase to another, can be explained by the fact that it
is the product of genes carried by the chromosomes [35, 40, 41]. The inhibition of the
latter by clavunate validates the hypothesis of a class A carbapenemase.

The P8 profile identified in S. odorifera 1 isolated from stools shows enzymatic
activity on ETP. This activity decreases on MRP and disappears on IMP. The inhibitor
clavunate causes a loss of enzyme activity while EDTA has no effect on this activity.
The MIC values show that the enzyme activity is distinct from one substrate to
another. The fact that the enzyme activity is distinct on carbapenems and cephalo-
sporin (CTX) sensitivity shows that this bacterium produces a chromosomal
carbapenemase [35]. The inhibition of enzyme activity in the presence of clavunate
supports the hypothesis of a class A carbapenemase [38]. Suspected carbapenemases
may be SME, IMI-1 [40, 41]. The multiple similarities observed between the P7 and P8
profiles suggest that the carbapenemase produced in profile P8 may be a mutated
form of that produced by P. mirabilis isolated from stool samples.

The P9 profile observed with the C. braakii microorganism isolated from stools is
characterised by enzymatic activity on the ETP. This activity decreases with respect to
MRP and disappears with respect to IMP and cephalosporins (CAZ, CTX). The
presence of the inhibitor EDTA has no effect on the enzymatic activity contrary to
clavunate and AZT which inhibit this activity. The strong similarity between the P9
and P8 profiles suggests that the same carbapenemase is mutated between C. braakii
and P. mirabilis isolated from stool samples.

The P10 profile found in E. gergoviae isolated from stools always shows an enzy-
matic activity that varies from one carbapenem to another. With a few exceptions,
this P10 profile is similar to the P9 profile. The observations show that the two profiles
are similar and the few differences observed could reflect the presence of mutations in
the genes producing these enzymes.

The last profile P11 is the fourth substrate and inhibition profile obtained with E.
gergoviae isolated from blood. It is characterised by an enzymatic activity on ETP and
IMP. This activity is diminished in the presence of MRP. The disappearance of this
activity in the presence of EDTA indicates that the activity of this enzyme requires the
presence of heavy metal [42]. No inhibition of the enzyme activity is observed with
classical class A carbapenemase inhibitors. All these observations point to a class B
carbapenemase [43]. The difficulty in typing this carbapenemase from this substrate
and inhibition profile is the demarcation observed with other classical class B
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carbapenemases. This demarcation comes from the fact that the enzymatic activity
here decreases towards MRP whereas class B carbapenemases exhibit enzymatic
activity on all carbapenems [43]. The decreased enzymatic activity of this P11 profile
on MRP can be explained by the presence of mutations in the primary amino acid
sequence homology at the active site [44]. The presence of these mutations may be a
consequence of being produced from integrons carrying ‘cassette’ genes from which
several genes can be assembled [10]. The fact that this P11 profile shows activity on
AZT and towards CAZ and CTX suggests the presence of an ESBL.

4. Conclusion

The objective of this work was to determine the types of carbapenemases moving
around the city of Maroua in order to contribute to the development of a control
strategy against the enterobacteria multidrug resistance. It was found that Arigona, C.
braakii, E. asburiae, E. gergoviae, P. mirabilis, P. vulgaris, S. ficaria and S. odorifera 1 are
the species of enterobacteria that produce carbapenemases in biological samples
(urine, wound pus, osteitis pus, blood, stools). The carbapenemases identified are of
the KPC, OXA and undetermined types. 11 different substrates and inhibition profiles
are expressed by these microorganisms, some of which are able to produce two
different classes of carbapenemases, others of producing a carbapenemase-BLSE or
cephalosporinase combination. These 11 profiles have shown the difficulties of apply-
ing law of inhibition of these carbapenemases in situ in the context of probabilistic
antibiotic therapy. This observation is valid whether the enterobacterium is identified
or the biological medium of isolation is known.
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Abstract

Foodborne pathogens of Enterobacteriaceae including Escherichia coli, Salmonella,
Shigella, Yersinia, etc., causes a great number of diseases and has a significant impact
on human health. Here, we reviewed the prevalence, virulence, and antimicro-
bial susceptibility of Enterobacteriaceae belonging to 4 genera: E. coli, Salmonella,
Shigella, and Yersinia. The routes of the pathogens’ transmission in the food chain;
the antimicrobial resistance, genetic diversity, and molecular epidemiology of the
Enterobacteriaceae strains; novel technologies for detection of the bacterial communi-
ties (such as the molecular marker-based methods, Immunoaffinity based detection,
etc.); and the controlling of the foodborne pathogens using chemical/natural com-
pounds or physical methods (such as UV-C and pulsed-light treatment, etc.), is also
summarized.

Keywords: foodborne pathogens, Escherichia coli, Salmonella, Shigella, Yersinia,
detection and control

1. Introduction

Foodborne illness is the biggest health problem in the world. Due to unsanitary
food processing methods, this situation is very serious in developing countries.
Approximately 70% of diarrhea cases in developing countries are related to the con-
sumption of contaminated food. An estimated 3.5 billion people have been infected,
with 450 million people affected, most of them children [1]. There are many causes of
foodborne illness, among which the most important are foodborne pathogens, includ-
ing E. coli (E. coli), Salmonella, Shigella, and Yersinia. They can cause many diseases
and have a significant impact on people’s health and finance. E. coli is considered one
of the main human foodborne pathogens. It is linked to a variety of acute and invasive
human illnesses, and it is easy to spread across different ecosystems. Salmonella is a
gram-negative, rod-shaped, flagellar facultative anaerobic bacteria belonging to the
Enterobacteriaceae [2, 3]. Salmonella is divided into two categories: Salmonella enterica
and Salmonella bangri [2, 3]. For S. enterica, more than 2600 sera have been isolated and
described, many of which are pathogenic to humans and animals [2-4]. And Shigella is
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the third most common foodborne bacterial pathogen, according to the CDC. Yersinia
also causes a range of foodborne illnesses with distinct characteristics in humans, rang-
ing from asymptomatic carriers to hemorrhagic colitis and fatal typhoid fever.

In recent years, the detection of foodborne pathogens has developed rapidly. Many
techniques such as PCR, nanotechnology, nucleic acid hybridization are widely used
[5]. There are also many control methods for foodborne pathogens. In the present
paper, we summarized the transmission, antimicrobial resistance, genetic diversity,
and molecular epidemiology of the Enterobacteriaceae strains, and also novel tech-
nologies for detection and the controlling of the foodborne pathogens.

2. Transmission of pathogens in the food chain

Foodborne pathogens are transmitted through the food chain in many ways, such
as insect transmission, fecal-oral transmission, food and water transmission, animals
transmission, and so on. Some pathogens, such as E. coli or Salmonella enteritidis can
be passed from animal hosts to people, but Salmonella typhi has no animal host and is
highly harmful to humans.

Insects are considered to be carriers of foodborne pathogens. Their association
with degradable substances and their endogenous and coexistence (with humans)
are behavioral patterns that are particularly important for the ability of flies, cock-
roaches, and ants to transmit foodborne diseases. A study conducted in an ant colony
in a Brazilian hospital found that several bacteria, including E. coli and Salmonella,
were related to ants. Another study found cockroaches and several cockroach-related
bacteria in several buildings in Spain, including Salmonella (hospitals), E. coli (hospi-
tals, restaurants, companies, and grocery stores), and Enterobacteria (shops and food
industry factories). In addition, an assessment of cockroaches gathered from hospi-
tals, houses, grocery shops, and restaurants in the South Canary region of southwest
India revealed that more than 4% of cockroaches tested positive for several Salmonella
strains [6]. But existing understanding about the health dangers posed by flies and
food is inadequate currently. Flies are at risk of transmitting foodborne pathogens
because they have a bowel movement every 4 to 5 minutes during the day [7]. In gen-
eral, houseflies can promote the spread of pathogens in four different ways: through
body hair and surface, through the glandular hair on the feet, through the regurgitant
rumen itus, and through the digestive tract [7]. Recently, some researchers have
claimed that adult houseflies can spread their eggs and bacteria to food, so that these
bacteria could be retransmitted to the first generation of adult flies [8]. Alexandre
Lamas studied the bacterial populations of the Australian bush flies in three diverse
places: cattle farms parking lots, metropolitan shopping malls, and a barbecue spot
[9]. In the agricultural setting, the number of bacterial per fly was highest, whereas,
it was lowest in the city [9]. Furthermore, multi-drug resistance was found in 94%
of Salmonella isolates and 87% of Shigella isolates, suggesting that these flies might
operate as food carriers for antimicrobial resistance transmission [10].

Water is well-known for its importance in the production, processing, and prepa-
ration of food. It is also a medium for the transmission of pathogens during food
manufacturing [11]. The quantity of contamination in irrigation water determines
pathogen survival, and the higher the degree of contamination, the better. They may
survive outside of their human hosts for months to years before being transmitted to
humans through water [12]. E. coli and Salmonella can leach through water or soil to
the plant surface [13] and even E. coli O157:H7 can be absorbed by lettuce leaves. In
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addition, E. coli from livestock manure may persist for at least 5-6 months on soil or
grassland, giving pathogens an excellent chance to infect other sources. In another
research, E. coli 0157:H7 could not only attach to the outer surface of radish seeds but
also invade the inner tissues and stomata [14].

Many microorganisms that cause foodborne diseases can be transferred directly
from animals to people. Mammals such as pigs and cattle are thought to host many
foodborne pathogens, which are transmitted to humans either through direct contact
with humans or by being processed into food for human consumption. E. coli is a
typical element of the gut flora of humans and animals, and it is commonly found
in poultry and wild animals. As a result, E. coli is one of the most likely infections
to spread through food. The Shiga toxin-producing E. coli (STEC) strain is a serious
foodborne pathogen that may be transmitted by consuming pig chow. From 334 pork
samples collected from a South Korean slaughterhouse and retail market, 131 strains
of E. coli were identified [15]. Simultaneously, E. coli was discovered in chickens.
According to the Daily Mail, a food safety survey conducted in a supermarket in the
UK found that 23 out of 99 chicken samples were infected with E. coli.

There are many key points where pathogens can infiltrate and jeopardize human
food safety, such as the food itself, the surfaces of food preparation tools or food
processors [16]. At each food processing or preparation facility location, a variety
of factors may impact contamination and transmission. For example, microbial
pathogens can be brought into the kitchen environment through commercial foods,
cross-contamination of foods via kitchen equipment, or be reused due to inadequate
cooking or storage [17, 18].

3. Antimicrobial resistance, genetic diversity and molecular epidemiology
of the Enterobacteriaceae foodborne pathogens

3.1E. coli

E. coli is one of the most common food-borne pathogens and may spread a variety
of diseases through the food chain in different ecosystems. There are pathogenic and
non-pathogenic strains of E. coli. Of these, pathogenic strains can cause a variety of
intestinal diseases.

The original E. coli was sensitive to almost all antibacterial drugs [19], but multi-
resistance of E. coli is now increasingly common. The resistance mechanism of E. coli
includes the acquisition of encoding ultra-broad-spectrum f-lactamase (resistance
to broad-spectrum cephalosporin), carbapenase (resistance to carbapenems), et al.
The most common mechanism for the development of resistance in E. coli is the
production of p-lactamase hydrolyzing f-lactamase antibiotics [20]. Ultra-broad-
spectrum f-lactamases (ESBLs) are produced by mutations in f-lactamases and
could be encoded by genes that effectively hydrolyze third and fourth-generation
cephalosporins as well as monoclonal antibodies. However, f-lactamase inhibitors like
clavulanate and tarmacadam can stop them [21]. Genes such as aadA1, aadA2, mcr-1,
crf, and blatgy 1 are related to the drug resistance in E. coli (Table1) [19].

The genetic diversity of E. coli is reflected not only at the individual level but also
at the molecular level. Ramadan et al. [22] used Multilocus sequence typing (MLST)
to explore the genetic diversity in E. coli, as indicated by the various distribution of E.
coli lineages among different sources. It was found that a wide range of STs was found
in chicken, human and beef isolates. And the most common STs isolated from chicken
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Strain

Resistant phenotype

Resistance genes

Escherichia coli

Streptomycin/spectinomycin resistance

aadAl, aadA2

Polymyxins resistance mer-1
Fluorinated and nonfluorinated phenicols resistance crf
B-lactams resistance blartgy

Salmonella Beta-lactam resistance ampE
Macrolide resistance macB, macA
Aminoglycoside resistance aac6-1, acrD, acrD
Amidoalcohol (chloramphenicol) resistance mdfA, varD
Amido alcohol (chloramphenicol) resistance gyrA, gyrB, parC, parE.
Other nfsA

Shigella Cephalosporins and Fluoroquinolones resistance blargma, blacrxws blaogas

blaspy.1,

Yersinia Tetracycline and minocycline resistance tetD, tetA
Ticarcillin and amoxicilin resistance blatem.1s
Trimethoprim resistance dfrA14, drfAl
Sulfonamide resistance sul2
Chloramphenicol resistance catA2

Table 1.

Resistance phenotype and resistance genes of the strain.

isolates differed significantly from human and beef isolates, which was consistent
with previous research.

The genetic diversity of E. coli causes changes at the molecular level. Findlay et al.
[23] revealed the cause of Urinary Tract Infection (UTI) was the direct sharing of
E. coli between local farms and the local population. They found that the blax v or
blacmy » plasmid isolated from the farm E. coli isolates was almost identical to one of
the three plasmids isolated from the urine of local people, and these three plasmids
are found in almost all humans and animals on earth.

3.2 Salmonella

Salmonella is gram-negative bacteria. Based on the clinical presentation of
the patient with their Salmonella infection, we usually identify them as typhoidal
Salmonella and non-typhoidal Salmonella (NTS).

Salmonella has multidrug resistance because it is resistant to a variety of first-line
antibiotics such as ampicillin, chloramphenicol and methicillin/sulfamethoxazole. Lu
etal. [24] classified gene products by direct homology through functional annotation
of the COG database. COG functional annotation was performed on 13 drug resis-
tance genes of Salmonella, such as beta-lactam resistance and macrolide resistance.
Also, they found that genes like ampE, macB, and macA are drug resistance genes in
Salmonella (Table1).

Salmonella is an important foodborne pathogen and its genetic diversity is of great
significance for the prevention and control of the disease. Methods commonly used in
genetic diversity research include serotyping and pulse electrophoresis typing, which
are time-consuming and have poor traceability [25]. Zhang et al. [26] conducted
multilocus sequence typing of 311 salmonella strains, and MLST typing results were
divided into 26 ST types.

Molecular epidemiology has been used to document vector to human transmis-
sion and to investigate outbreaks of Salmonellosis in hospitals. Salmonella typing is
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epidemiologically important because it provides correlations between cases, foci,

and between cases and food or other vectors, animals, regions, and periods. Riley

et al. [27] studied an outbreak of enteritis in the northeastern United States in late
1981 caused by Salmonella Newport through commercially available raw beef. The
outbreak strain is of the same serotype and is sensitive to most antibiotics. Plasmid
analysis revealed two plasmids (3.7 and 3.4Md) of strains isolated from raw beef and
patients with identical restriction profiles. Meanwhile, 45 percent of intestinal strains
from New Jersey and Pennsylvania had the same plasmid profile. Through follow-up
of patients, it was also found to be related to raw beef. Without molecular biological
analysis, these cases would not be considered part of the outbreak.

3.3 Shigella

Shigella is the most common cause of diarrhoeal disease in humans worldwide,
and its drug resistance is already a major public health burden. Shigella resistance tests
have been reported in some areas of Shanxi Province, China. Of 474 strains, only 2
strains (0.5%) were sensitive to all 21 antimicrobial agents [28], 14 strains (3.0%)
were co-resistant to the third-generation cephalosporins and fluoroquinolones. Wang
etal. [29] fOllIld that IolaTEM_1, blaCTX—M; blﬂOXA—l: blﬁls}{v_u are Cephalosporins and
Fluoroquinolones resistance genes (Table 1).

Shigella is a common cause of diarrhea and death, particularly in children under
the age of five. It is critical to investigate the genetic diversity of Shigella. Ei-Gendy
et al. [28] isolated a total of 70 strains of Shigella from children younger than 5 years
of age in Egypt, including 40 Shigella dysenteriae and 30 Shigella boydii. Among them,
serotypes 7(30%), 2(28%), and 3(23%) accounted for the majority of S. dysenteriae
isolates and 50% of S. boydii isolates were serotype 2.

Shigella is a common foodborne pathogen, and its molecular epidemiology is of
great significance for the prevention and control of Shigella. Chen et al. [30] collected
and typed 161 Shigella isolates obtained from Renai and adjacent townships from 1997
to 2000 using serological and PFGE techniques. The finding showed that the strain
giving rise to foodborne illnesses remained the most common cause of Shigellosis
during 4 years. Chen found that the percentage of these outbreak strain isolates
among Shigella flexneri serotype 2a isolates recovered each year dropped. During this
time, although several closely similar strains resembling outbreak strains have also
emerged, they are far less transmissible and pathogenic than outbreak strains.

3.4 Yersinia

Yersinia pseudotuberculosis is the enteropathogen that causes gastrointestinal ill-
nesses in people. Antibiotics that target gram-negative bacteria are typically effective
against this species. However, the resistance to Yersinia is becoming more widespread.
Three multi-drug-resistant (MDR) strains of Y. pseudotuberculosis were recovered
from the environment in Russia and patients in France [31]. The resistance genes in
Yersinia include tetD, tetA blatem s, dfrA14, drfA1, sul2 and catA2, etc., which are
related to the tetracycline, minocycline, ticarcillin, amoxicillin and Trimethoprim
resistance (Table1).

The genetic diversity of Yersinia pestis is still mainly studied by typing. There have
been many studies on the genetic diversity of Yersinia. Xu et al. [32] screened 102 Y.
pestis isolates from Qinghai and 16 genotypes were identified by CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeat).
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Yersinia is considered to be the pathogen of human intestinal diseases, and its
molecular epidemiology is the focus of current research. The presence of a 70-kb
virulence plasmid was required for the pathogenicity of Y. pseudotuberculosis, which
was necessary for virulence. According to Fukushima [33], Y. pseudotuberculosis could
produce a novel super antigenic toxin by chromosomal encoding, known as YPMa,
YPMb or YPMc. It could also produce a pathogenicity island termed as HPI (high-
pathogenicity island) or R-HPI (a right-hand part of the HPI with truncation in its
left-hand part). All of these can contribute to its pathogenicity.

4. Novel technologies for detecting the pathogens

In recent years, the rapid detection of foodborne pathogens has developed rapidly.
Molecular biology, nucleic acid hybridization, and other technologies have been
highly valued and widely used in laboratory or factory production.

4.1 Nanoparticles in pathogen detection

Substances are manipulated at atomic, molecular, and supramolecular scales
through nanotechnology (“nanotech”). Advances in manipulating these nanomateri-
als allow specific or non-specific binding of different biomolecules. The large specific
surface area allows more biomolecules to be immobilized, thereby increasing the num-
ber of reaction sites that can be used to interact with the target species, which is one
of the main advantages of biosensing using nanomaterials. In addition, nanomaterials
have been widely used in ‘label-free ‘detection due to their excellent electronic and
optical properties, and biosensors with enhanced sensitivity and improved response
time have been developed [34].

Metal nanoparticles, especially gold and silver (5-110 nm in size) exhibit excellent
properties, such as signal amplification, have potential application in various areas
such as variable optical and electrical determinations. Gold nanoparticles (AuNPs)
change the color aggregation from blue to red with the ability to scatter light, showing
excellent chemical stability and electrical conductivity. AuNPs were used to detect
Salmonella and E. coli 0157: H7 organisms at 98.9 CFU/mL and 1-10 CFU/mL, respec-
tively. Magnetic nanoparticles such as iron, nickel, and cobalt (size range of 1-100 nm)
with electrical conductivity properties for utilization as a detection mean. Quantum
dots (2-10 nm) were detected in E. coli 0157:H7 10° CFU/mL through a semiconductor
material consisting of semiconductor fluorescent nanonuclei (typically cadmium mixed
with selenium or tellurium). Carbon nanotubes are formed by anisotropies of carbon-
containing cylindrical graphene sheets. Multiwalled nanotubes (MWNTs, 2-100 nm)
with photoluminescence and excellent electrical properties are composed of many con-
centrated single-walled nanotubes (SWNTs, 0.4-3 nm). A half conductance apparatus
was used to monitor E. coli 0157:h7 at 1 cell/mL restriction [35]. Thiol modified oligo-
nucleotides covalently bound-based methods to gold nanoparticles are used as probes in
various rapid detection ways. Due to its cost, functional chemistry is not so widespread.
This method employs nonfunctional AuNPs to detect dsDNA and ssDNA [36].

4.2 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) plays an important role in molecular methods
in detecting foodborne pathogens. As early as 30 years ago, PCR, which was invented
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for the detection of single bacterial pathogens present in food by identifying specific
target DNA sequences [37]. PCR works by amplifying specific target DNA sequences
in a three-step cycle [38]. Firstly, single-stranded DNA was obtained from target
double-stranded DNA by high-temperature denaturation. Then, deoxyribonucleic
acid was lead on the backbone of DNA by adding specific primers and heat-resistant
DNA polymerase in the polymerization process of DNA, so a new double-stranded
DNA was synthesized. The amplified products of PCR were stained by ethidium
bromide on electrophoretic gels [39]. PCR such as loop-mediated isothermal amplifi-
cation (LAMP), multiplex PCR (mPCR) and RT-PCR, etc. is used to detect foodborne
pathogens, including E. coli 157: H7, S. aureus, Campylobacter jejuni, Salmonella and
Shigella [40]. Because of the advantage of high specificity, efficiency and easy opera-
tion, LAMP and mPCR are used quite frequently [41-47].

4.2.1 Loop-mediated isothermal amplification (LAMP)

Now, molecular diagnostic technologies based on nucleic acid amplification have
been applied extensively in the detection regions, such as Loop-mediated isothermal
amplification (LAMP) developed by Notomi [41-45]. Various confirmatory studies
have been used to evaluate the feasibility of LAMP technology for microbial identi-
fication and diagnosis [42]. LAMP kits for detecting Salmonella, E. coli, and Listeria
monocytogenes have been commercialized in the initial phase of development.

The loop-mediated isothermal amplification method offers several advantages:
high sensitivity (2-5 orders of magnitude higher than conventional PCR methods);
short reaction time (30-60 min can complete the reaction); no special instrumenta-
tion is required for clinical use; the operation is simple (whether DNA or RNA, the
detection step is to mix the reaction liquid, enzyme, and template in a reaction tube,
place in a water bath pot or incubator at 63°C for about 30 to 60 minutes, observe the
results by the naked eye) [42-44]. There are also some disadvantages of the loop-
mediated isothermal amplification method: high sensitivity, easy to form aerosol
pollution once the lid is opened, combined with the current majority of domestic
laboratories can not strictly partition, false-positive problems are relatively severe, so
we strongly recommend using real-time turbidimeter during the development of the
kit, do not open the reaction tube after the reaction. Primer design is more demand-
ing, and some disease genes may not be amenable to the use of loop-mediated isother-
mal amplification methods [41-43].

4.2.2 Multiplex PCR (mPCR)

mPCR technology is more new-fashioned, which can simultaneously detect more
pathogens than before, up to four or more pathogens [45-47]. Chen et al. simultane-
ously detected S. enteritidis, S. flexneri, and E. coli 157:H7 using five pairs of primers
for invading protein (invA), 16S rDNA, invading plasmid antigen H (IPAH), Listeria
hemolysin o (HlyA), and immunoglobulin (EAEA) genes [45]. The mPCR detec-
tion limit of mixed genomic DNA was 7.58 x 10* copies. Further improvements to
mPCR by Gilmartin and O’Kennedy [46] promoted the process of a new GeXP PCR
detection of four foodborne bacterial pathogens: Salmonella, Yersinia, E. coli 157:H7,
and Shigella. The genome lab gene expression profiler (GeXP) gene analysis system
can detect multiple pathogens in a single reaction with high throughput. Chimeric
primers, universal primers and capillary electrophoresis with PCR products rather
than agarose gel electrophoresis were involved in GeXP multiplex PCR amplification.
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Synthesis of amplicons with universal tags by chimeric primers containing gene-
specific sequences with universal tags at the 5" end. Then, a universal primer will
drive the remaining PCR reaction, which contains the same sequence of universal
tags used by chimeric primers. Forward universal primer was covalently labeled with
fluorescent dyes at the 5’ end for detection during capillary electrophoresis [47]. This
method has higher sensitivity and is suitable for high-throughput analysis. Detection
limits of Grignard PCR for Salmonella, Yersinia, E. coli 157:H7, and Shigella.

The characteristics of multiplex PCR are high efficiency, systematic and economic
simplicity. High efficiency: a variety of pathogenic microorganisms in the same PCR
reaction tube can be detected simultaneously, or multiple pathogens can be detected
with multiple types of genes of interest. Systematic: mPCR is suitable for the detec-
tion of grouped pathogens. Economic simplicity: this will greatly economical of
time, reagent and cost, and provide more accurate diagnostic information for clinical
practice, because multiple pathogens are detected synchronously.

4.3 Nucleic acid hybridization technologies in pathogen detection

A general method of fluorescence in situ hybridization (FISH) using oligonucleotide
probes of rRNA for nonmolecular technology. Probe lengths of 15 to 25 nucleotides
labeled at the 5" end were used for FISH. The specifically labeled cells were detected
by an apparent fluorescence microscope. Rapid culture and independent detection of
Salmonella were successfully performed using FISH combined with flow cytometry
[48-50].

Line probe analysis (LIPA) is composed of oligonucleotide probes with specific
oligonucleotides and nitrocellulose bands, which are connected by parallel lines along
with the bands and discrete lines. The color change of hybridization results can be
detected by vision. Innogenetics has produced several line probes for bacterial detec-
tion, such as Escherichia coil. The test results are consistent with those of antibiotics.
Recently, 599 strains of Escherichia coil were improved and evaluated, and the sensi-
tivity and specificity of the method were proved [51, 52].

Nielson et al. found a DNA analog called peptide nucleic acid (PNA) for detecting
foodborne pathogens. This probe is more stable because PNA is not charged. In addition,
PNA has a greater advantage in that it is relatively hydrophobic and easier to enter non-
bacterial cells. PNA has higher specificity than DNA oligomer because the TM of the PNA
probe is higher than that of its DNA probe. Theoretically, in addition to PNA and FISH,
PNA can also replace DNA oligonucleotides to improve analytical performance [53, 54].

5. Controlling of the Enterobacteriaceae foodborne pathogens

At present, food pollution and poisoning caused by foodborne pathogens have
attracted extensive attention. In the food industry, technologies such as irradiation,
pulsed light treatment, microwave sterilization, slightly acid electrolytic water and
fumaric acid treatment, algae extract treatment, Bacillus antimicrobial peptide treat-
ment is usually used to control foodborne pathogens.

5.1 Irradiation

In more and more countries, ionizing radiation processing is the most com-
mon method of food purification, and in the short run, a growing number of

114



Foodborne Pathogens of Enterobacteriaceae, Their Detection and Control
DOI: http://dx.doi.org/10.5772/intechopen.102086

radiation-purified foods are presumed to be approved for production. It is a secure,
smart, environmentally clean, and energy-efficient process, and it is especially
valuable as a purification process for the final product. Due to the availability of
irradiation in handling packaged foods, irradiation is regarded by most food safety
officers and scientists as an effective critical control point in the processing of meat
and poultry hazard analysis and critical control point (HACCP) system.

The high-energy photons or free radicals generated by ionizing radiation can break
the DNA chain and generate reactive oxygen free radicals, and can also cause protein
denaturation and cell membrane damage. Hesham reported that an irradiation
dose of 4 kGy can effectively control the bacterial pathogens in meat by destroying
Salmonella, significantly reducing E. coli [55]. They found the number of Enterococcus

faecalis and Enterobacteriaceae was reduced by more than 1.8 log units and 5 log units,

respectively, when treated with 4 kGy of irradiation, and no Salmonella was detected
in the meat samples [55], which could prolong the cold storage shelf life without any
significant impact on the sensory quality of meat.

5.2 Pulsed-light treatment

Nucleic acids are easily destroyed by pulsed light (PL). Pyrimidine bases form
dimers the DNA of bacteria, viruses, and other pathogens through photochemical
intervention and block DNA replication, and if there is not enough repair mechanism,
it will ultimately lead to the death of microorganisms [56]. Xu et al. [57] investigated
the inactivation effect of PL on Salmonella and E. coli in fresh raspberries. It was
found that the pulsed light treatment of 28.2 J/cm” for 30 s could reduce them by 4.5
and 3.9 IgCFU/g, respectively. However, considering the adverse effects on raspberry
color and ground, the recommended dosage of PL is 5.0 J/cm”. Rajkovic et al. [58]
found that PL can kill E. coli in meat products, but the sterilization effect becomes
worse with the extension of pulse interval. Ozer et al. [59] used pulsed ultraviolet
light to treat E. coli on the surface of seafood. The results showed that the irradiation
distance was 5 cm and the treatment time was 30 s, reducing 0.86 lgCFU/g; When the
irradiation distance was 8 cm and treated for 60 s, 1.09 1IgCFU/g was reduced [60].
This shows that under the condition of a long irradiation distance, the sterilization
rate can be improved by prolonging the treatment time, but the surface temperature
of the sample increases significantly with the extension of the treatment time.

However, in the sterilization process of fruits and vegetables, if the PL intensity
is too high, due to the effect of PL on protein structure, it will improve the activity of
polyphenol oxidase (PPO) to a certain extent and cause browning [61]. In the process
of meat sterilization, PL has a poor sterilization effect on uneven surfaces [62], and
the sterilization only stays on the surface.

5.3 Microwave sterilization

Microwave sterilization is that microwave constantly changes the direction of
electromagnetic field, changes the ion and electron density around microbial cell
membrane, destroy the permeability of cell membrane, lead to protein degeneration
in cells, destroy cell metabolism, and microbial death [63].

De La Vega-Miranda observed that under 950 W water-assisted microwave treat-
ment, Salmonella typhimurium on pepper and coriander foliage decreased by 5.12
log and 4.45 log after being treated at 63°C for 25 s and 10 s, respectively, and finally
reached 3x 10° CFU/ g [64]. The sterilization effect of microwave sterilization under
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the same conditions (power and temperature) varies due to different objects. The
high-voltage pulsed electric field sterilization technology to treat liquid food shows
that it can effectively eliminate E. coli, Salmonella, E. coli 0157:H7, et al. reaching the
level of pasteurization. The cold source plasma has a significant sterilization effect
on Salmonella and B. subtilis in pepper, and the cavitation jet technology also hasa
significant sterilization effect on E. coli and K. pneumonia.

5.4 Slightly acidic electrolyzed water and fumaric acid

Slightly acidic electrolyzed water (SACEW) is a type of EW and promising
sanitizer for food products. Effects of SACEW combination with other chemical
disinfectants on the ideal bactericidal efficacy of foods. Organic acids can inactivate
foodborne pathogens, and show stronger bactericidal effects in organic acids used in
meat antibacterial agents.

Ahmad found that a single treatment and combined treatment of fresh meat with
micro-electrolyzed water or fumaric acid can reduce E. coli and S. Typhimurium in
meat [65]. The efficacy of Salmonella and study the quality guarantee period and
organoleptic quality of the meat during conserve at 5°C and 12°C. The inoculated
meat samples were soaked for 5 min in each treatment, with or without gentle heat-
ing. Compared with other treatments, SACEW +0.6% FA 40°C 5 min had a stronger
bactericidal effect on fresh meat and significantly lessened E. coli and Salmonella
respectively reduced 2.34 and 2.88 logCFU/g. This combined treatment made the
natural bacteria (TBC) lag time of meat stored at 5°C longer. Compared with the
untreated meat, the treatment of combined extended the quality guarantee period of
meat by 8 days and 6-7 days when respectively stored at 5°C and 12°C. The study has
shown that the combined treatment of SACEW +0.6% FA has the potential as a new
way to improve the microbial security and quality of fresh meat [65].

5.5 Other technologies for controlling the Enterobacteriaceae foodborne pathogens

Recent studies have shown that some biological macromolecules can also be used
to control foodborne pathogens of Enterobacteriaceae, such as Bacillus antimicrobial
peptides and algae extracts. Chen et al. [66] found that Bacillus antimicrobial peptides
can be applied to the control of food-borne pathogens in seafood, but there are still
many key issues that need to be further studied, especially the effect of Bacillus anti-
microbial peptides and their main active ingredients on common foodborne patho-
gens in seafood antibacterial effect; the relationship between the dose of Bacillus
antimicrobial peptides and the survival and production of toxins in complex food
environments; key issues such as the mode of action of bacillus antimicrobial peptides
at the cellular and molecular levels on pathogenic bacteria.

Algae is a multifaceted natural substrate that contains a wide range of bioactive
compounds. Antibacterial, analgesic, and antioxidant properties of phytosterols
isolated from different algae have been demonstrated. Brown algae fucoidans and
green algea ulvans both have antibacterial capacities. The most potent chemicals
against E. coli are carvacrol and thymol [67]. Algae and alga extracts have also been
reported as having the ability to enhance food quality when used as feedstock, as
well as assisting in the management of microbial contamination in fish farms [68].
Nowadays, algae-rich foods have emerged, food safety, functional food, and non-
traditional diet are worthy of attention [69-71]. Algae are a kind of available resource
for new bioactive molecules. Therefore, Algae have great potential for application in
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Foodborne pathogens Treatments Results/Activity Reference
Escherichia coli 4 kGy dose of radiation Reduce >5 log units [66]
Slightly acidic Reduce 2.34 log CFU/g [65]
electrolyzed water and
fumaric acid
Brown Algae Methanol Sensitive [67]
Extract
Phage cocktail Spraying the phage mixture [72]
resulted in a 4.5 log CFU reduction
after2h
Phage DT1and DT6 100% reduction in CFU/ml within [73]
an hour
Lactobacillus acidophilus Anti-adhesive/ Antibiofilm [74]
A4
L. acidophilus La-5 Anti-quorum sensing [75]
Carvacrol, thymol, Antibiofilm [76]
trans-cinnamaldehyde Reduced expression of virulence
genes
Surface-layer protein Anti-adhesive [77]
extract
Resveratrol Antibiofilm [78]
Microwave radiation Elimination of the superficial [79]
Salmonella 4 kGy dose of radiation Not detected [55]
Water-assisted 5.12 log reduction [64]
microwave heating
slightly acidic Reduce 2.88 log CFU/g [65]
electrolyzed water and
fumaric acid
Brown Algae Methanol Sensitive [67]
Extract
Phage cocktail Using MOI 5 leads to about 4.4 log [60]
reductions
Phage FO1-E2 The CFU of turkey cooked meat [80]
and chocolate milk was reduced by
5 log, and the CFU of hot dog was
reduced by 3 log
Phage cocktail PC1 More than 99% reduction in CFU at [81]
MOI 10 or above
Bifidobacterium lactis Anti-adhesive [82]
Bb12/Lactobacillus
rhammosus LGG
E. coli Nissle Anti-invasive [83]
T315 compound Antibiofilm [84]
Methylthioadenosine Reduced motility [85]
Anti-invasive
Microwave radiation Theoretical complete inactivation [86]
Shigella Phage cocktail About 4 log reduction [87]
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Foodborne pathogens Treatments Results/Activity Reference

Containing six novel About 99% decrease [88]
Shigella specific phages

Yersinia Yersinia enterocolitica Decreasing by 1-3 logs on food [89]
phages samples
Bacteriophage specific Polysaccharide Depolymerase [90]
to serotype O1 Yersinia activity capable of degrading Y.
ruckeri (¢NC10) ruckeri O1-LPS
Table 2.

Controlling of the Enterobacteriaceae foodborne pathogens.

controlling foodborne pathogens [70]. Algae may be used as fresh food preservatives,
active packaging, or antifouling and biofilm inhibitors based on the above advantages.
To maximize the advantages of algae and algae compounds in food safety, attractive
sensory characteristics should be pursued shortly (Table 2).

6. Conclusion

A plenty number of studies have been confirmed that foodborne pathogens of
Enterobacteriaceae and their resistance genes can not only remain in animal husbandry
and related environment but also transmitted to human beings through the food chain
or other ways, causing a major threat to public health. Also, it has been highlighted
how much important are novel technologies for the detection of foodborne pathogens
(such as molecular marker-based methods, immunoaffinity-based detection, etc.).

In addition, chemical/natural compounds or physical methods (such as UV-C and
pulsed-light treatment, etc.) play key roles in the prevention of foodborne pathogen
growth and diffusion. As one of the causes of foodborne diseases of global concern,
foodborne pathogens should be controlled by countries and organizations around the
world through the establishment of policies and food safety management systems.
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