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Preface

The title of the book “The Universe of Escherichia coli” aims to present and empha-
size the huge diversity of this bacterial species and our efforts to prevent the
infections caused by E. coli. E. coli is on one hand a well-known commensal species,
as it is part of the gut microbiota of humans and other warm blooded organisms.
Probiotic strains of E. coli do exist and they are successfully used for improving
host’s health. Also many “workhorse” E. coli strain exist that are employed in
laboratory and biotechnology settings. But on the other hand, E. coli is on the list of
biological agents - it is grouped in the human pathogen hazard group 2 and some E.
coli strains (enterohemorrhagic strains) even in the hazard group 3. Furthermore, E.
coli belongs to the bacterial pathogens with the broadest disease spectrum, as it can
cause intestinal and also extraintestinal infections at many anatomical sites. And E.
coli is also known to be an important animal pathogen. Therefore many efforts are
undertaken to prevent E. coli infections, among them food safety, vaccines, but also
new alternative antimicrobial agents are searched for.

Hence the book has two sections, one dealing with the versatility of E. coli and
the second dealing with our efforts to prevent E. coli infections. For both sections
chapters were selected to represent the main topics.

Laboratory E. coli strains are categorized as non-pathogenic strains that can be
safely used. So E. coli is a well-known and much used laboratory “workhorse”, used
as a model organism in many basic research areas. But E. coli is used also in biotech-
nology, where it is due to its rapid growth and easy handling, a much appreciated
host organism, so many recombinant proteins are made by E. coli (see Chapter 1).
Pathogenic E. coli strains are very diverse and associated with many types of infec-
tions in humans and animals. Among them a very prominent group are the entero-
pathogenic E. coli, which have been associated with outbreaks of diarrhoea (see
Chapter 2). The versatility of E. coli is presented also by a large number of different
mobile genetic elements such as transposons, plasmids, and insertion sequences
that contribute to the plasticity of E. coli genome (see Chapter 3).

AsE. coli is a well-known pathogen that becomes more and more resistant to antibi-
otics, we are already faced with difficulties in treatment of some E. coli infections,
namely infections caused by the extended-spectrum beta-lactamases producing and
carbapenem resistant E. coli. In this light, preventing E. coli infections by different
means gains on importance. As humans can be infected by ingestion and/or not
proper handling of with pathogenic E. coli contaminated food, special care has to
be devoted to food safety and hence there is a chapter in the book dealing with this
topic (see Chapter 4). As vaccines are a mean of possible protection against patho-
genic E. coli that is not depending on the antimicrobial resistance pattern, a special
chapter in the book is dealing with human and veterinary vaccines against patho-
genic E. coli (see Chapter 7). WHO has put Enterobacteriaceae and among them E.
coli on the list of bacteria for which new antimicrobial agents are urgently needed
and grouped them into the Priority 1: CRITICAL group. So, in the last chapter

the possibilities of photodynamic inactivation of E. coli with cationic porphyrin
sensitizers are presented (see Chapter 8).



To conclude, I do hope that these selected chapters, even though small in number,
do represent the extent of E. coli universe and my sincere thanks go to all the authors
from many countries, which contributed these chapters. I also want to express my
thanks to InTech, who gave the opportunity of publishing this book and to all the
staff at InTech who helped in the process of making this book seeing the light.

Prof. dr. Marjanca Star¢i¢ Erjavec
Department of Biology, Biotechnical Faculty,
University of Ljubljana,

Slovenia
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Introduction







Chapter1

Introductory Chapter: The
Versatile Escherichia coli

Marjanca Starcic Erjavec

1. Introduction

There are not so many organisms that are so well studied and researched as
the bacterium Escherichia coli (E. coli). Since its discovery in 1885, it was used in
research, and by end of 2018, there are now already 368,071 publications in PubMed
about E. coli [1]. Figure 1, presenting data about number of publications found in
PubMed for the search term “Escherichia coli” in the time frame from 1932 to 2018,
clearly demonstrates the high and still growing research interest in this microbe.

97 X3C

Mumber of publications

1532- 1940- 1950- 1560- 1570- 1980 1950 2000- 2010-
1939 1949 1959 1969 1979 1989 1999 2009 2018

Time period

Figure 1.
Number of publications in PubMed for the search term “Escherichia coli” in the time frame from January o1,
1932 to December 31, 2018 [1].

2. The discovery of Escherichia coli

The bacterium E. coli was discovered by the German-Austrian pediatrician
Dr. Theodor Escherich (1857-1911) in 1885 [2]. He conducted examinations of
neonate’s meconium and feces of breast-fed infants with the aim to gain insight
into the development of intestinal “flora.” In preparations of meconium and stool
samples under the microscope, he observed “slender short rods” of the size of
1-5 pm in length and 0.3-0.4 pm in width, which he named Bacterium coli commune
(Figure 2). Further, he cultured these bacteria on agar and blood serum plates,
where these bacteria grew as white, non-liquefying colonies. He also showed that
these bacteria slowly cause milk to be clotted, as a result of acid formation, and

3 IntechOpen



The Universe of Escherichia coli

4 -
F A
i)
I 3
L]
F i
L 1
F - ‘
> ‘_; %
. 7 T
I
l[ J \. b
1 4 . //’ !
- pr F
.f‘"; d
i
¥ -
£L
a’
o
- " ot
2 O-
N j’ll
& & - #
- gy 2 Ty e g
"o . ;
i J - 2 z
:.._\. ] '_/
3
; ' ; ’ A L
4 f-‘
o \
L ]
; m . Ry | w
L% - \
- P AR

Figure 2.

Escherich’s drawing of the stool bacteria, as seen under light microscope [4]. Panel 1: Preparation of a
meconium of a 27-hour-old infant. The E. coli as Bacterium coli commune is represented under d. Panel 2:
Preparation of a stool of a 2-month-old healthy breast-fed child. The E. coli as Bacterium coli commune is

represented under a and a’.

demonstrated that these bacteria have fermentative ability. He also performed the
Gram method of staining and revealed that these bacteria rapidly take color with
all aniline dyes but lose the color after treatment with potassium iodide and alcohol
[2]. Later, in 1919, the bacterium was renamed after its discoverer by Castellani and
Chalmers and became Escherichia coli [3].
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3. Characteristics of Escherichia coli
3.1 Basic characteristics

The bacterium E. coli (Figure 3) belongs into the family of Enterobacteriaceae. It
is a Gram-negative rod-shaped bacterium, non-sporulating, nonmotile or motile by
peritrichous flagella, chemoorganotrophic, facultative anaerobic, producing acid
from glucose, catalase positive, oxidase negative, and mesophilic [5].

E. coli is a well-known commensal bacterium that is among the first colonizing
bacteria of the gut after birth. It is a highly successful competitor in the human gut
and is comprising the most abundant facultative anaerobe of the human intestinal
microbiota [7]. As it is a facultative anaerobe, it survives when released to the envi-
ronment and can be spread to new hosts. E. coli is thus an important component of
the biosphere [8].

Even though E. coli is a well-known commensal bacterium, many pathogenic strains
of E. coli do exist. Several highly adapted E. coli clones have acquired specific virulence
factors, which confer an increased ability to adapt to new niches and allow them to
cause a broad spectrum of disease, and intestinal and also extraintestinal infections [7].

=i HJIL"F*
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Figure 3.
Scanning electron microscopy of a single bacterial E. coli cell adhering to 19-day-old Caco-2 cells [6].

3.2 TheE. coli genome

The first complete E. coli genome sequence was the sequence of the K-12 MG1655
strain of E. coli, published in 1997. The sequenced strain has been maintained as a
laboratory strain with minimal genetic manipulation, having only been cured of
the temperate bacteriophage lambda and F plasmid. The published genome has
4,639,221 base pairs. Protein-coding genes account for 87.8% of the genome, 0.8%
encodes stable RNAs, and 0.7% consists of noncoding repeats. Eleven percent of the
genome are involved in regulation of gene expression and also other functions [9].
A circular map of the E. coli genome is represented in Figure 4.

The map is based on the K-12 MG1655 sequence data as deposited in GenBank
(Accession number NC_000913) [10]. The multiplier for the ticks is 1le-6 (1.0 rep-
resents 1,000,000). In blue, the forward genes are shown, in purple the reverse
genes, tRNA genes in orange, and rRNA genes in red. The map was drawn with
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Figure 4.
Circular map of the E. coli K-12 MG1655 strain.

the online tool ClicO FS, available at the Internet site http://www.codoncloud.
com:3000/home [11, 12].

Genomes of pathogenic E. coli strains are general bigger, as the pathogenic
strains need several special properties, so-called virulence factors. These are
encoded in the virulence-associated genes (VAGs), which are frequently clustered
in DNA regions called pathogenicity islands (PAIs) [13]. Often the pathogenic
strains possess also extrachromosomal DNA elements, i.e., plasmids, that can also
carry additional VAGs [7]. Some examples of genomes of pathogenic strains in
comparison with the K-12 MG1655 strain are given in Table 1.

Data in the table are based on data available in the genome database of the National
Center for Biotechnology Information (Internet site: www.ncbi.nlm.nih.gov) [14].

The most famous E. coli plasmid is the plasmid F (Figure 5). It is the paradigm
plasmid for plasmid-specified transfer systems, as bacterial conjugation was first
identified as a function of the F plasmid. Further, this plasmid was used to develop
many of the genetic techniques commonly used to dissect prokaryotic systems, and
F product analysis has been central in elucidating the basic mechanisms of plasmid
replication and transmission [15].

F plasmid has two functional replication regions, RepFIA and RepFIB. The RepFIA
region is believed to be primarily responsible for the typical replication properties of
F [16]. The secondary replication region, RepFIB, is independently functional and can
perform replication in the absence of RepFIA. F plasmid has also remnants of a third
replication region, RepFIC, whose function was abolished by transposition of Tn1000
into this replication region [17]. Apart from Tn1000 also insertion sequences IS2 and
IS3 are carried on F plasmid [16]. The plasmid-specified transfer system is encoded in
the tra region, starting with the origin of transfer (o7iT) [15].
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E. coli strain Associated Chromosome Number of Plasmids Plasmid  Number
with size (Mbp) genesin the size of genes
infection chromosome (bp) on the
plasmid
K-12 / 4.64 4.566 / / /
MG1655
0157:H7 Hemorrhagic 5.5 5.329 pO157 92721 85
Sakai diarrhea pOSAKL 3306 3
O7:K11AI39 Urinary tract 513 5.092 / / /
infection
083:H1 NRG Crohn’s 4.75 4.532 pO83_CORR 147.060 154
857C disease
0104:H4 Hemolytic- 5.27 5.081 pG-EA11 1549 1
2011C-3493 uremic pAA-EA11 74217 )
ASM29945v1 syndrome
pESBL-EA11 88.544 94
UMNO026 Urinary tract 52 5.096 P1ESCUM 122.301 156
infection P2ESCUM 33809 49
Table 1.

Genomes of different E. coli strains.

99.159 bp

AepFlE

RepFlA

Figures.
Map of the E. coli F plasmid. The map was drawn based on the complete nucleotide sequence of the F plasmid
as deposited in GenBank [18].

3.3 The phylogenetic groups of E. coli

The E. coli species has an extensive genetic substructure and the methods to
assess the phylogenetic relationship among E. coli strains evolved during the time.
In the pre-molecular era, the E. coli diversity was studied by serotyping. Serotyping
studies showed that the somatic (O) antigen, the flagellar (H) antigen, and to a
lesser extent the capsular (K) antigen are useful in distinguishing E. coli strains
[19]. The E. coli serotyping is complex—173 O antigens, 80 K antigens, and 56 H
antigens are known—and the O, K, and H antigens can be found in nature in many
of the possible combinations. The final number of E. coli serotypes is therefore very
high, 50,000-100,000 or more [20].

7
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The molecular studies of E. coli diversity began with the measurement of varia-
tions in electrophoretic mobility of enzymes derived from different E. coli strains
[21]. In 1980s the multi-locus enzyme electrophoresis (MLEE) became the common
technique for the study of bacterial diversity. It was found that E. coli populations
evolve in a clonal manner, with recombination playing a limited role, and it also
became clear that genetically distant strains can have the same serotype and that
closely related strains may have different serotypes [19]. Based on the MLEE stud-
ies of 38 enzyme loci, four major phylogenetic groups among E. coli were found: A,
B1, B2, and D [22]. Clermont et al. [23] established a method of rapid and simple
determination of the E. coli phylogenetic groups by a triplex PCR. This genotyping
method is based on the amplification of a 279 bp fragment of the chuA gene; a 211 bp
fragment of the yjaA gene; and a 152 bp fragment of TSPE4.C2, a noncoding region
of the genome. The presence or absence of combinations of these three amplicons is
used to assign the E. coli to the phylogenetic groups: A, B1, B2, or D (Figure 6).

However, subsequently, on the basis of multi-locus sequence typing and
complete genome data, additional E. coli phylogenetic groups were recognized
[24, 25]. The number of defined phylogenetic groups thus rose to eight (A, B1,
B2, C, D, E, F that belongs to E. coli sensu stricto, and the eighth—the Escherichia
cryptic clade I). Clermont et al. [26] thus revised their method to encompass the
newly described phylogenetic groups. To enable identification of the F phyloge-
netic group, the new extended PCR phylotyping method employs an additional
gene target, arpA, which serves also as an internal control for DNA quality. Thus,
the revised PCR method is based on a quadruplex PCR, and if required, addi-
tional single PCR reactions are employed to distinguish between E and clade I, A
or C, and D or E phylo-group [26] (Figure 7).

Two collections of human fecal isolates were screened using the quadruplex
phylo-group assignment method demonstrating that 12.8% of E. coli isolates
belonged to the newly described phylo-groups C, E, F, and clade I and that
strains assigned to phylo-groups A and D by the triplex method are worth to
be retested by the quadruplex method, as it is likely that they are going to be
reclassified [26]. Logue et al. [27] performed a comparative analysis of phylo-
genetic assignment of human and avian extraintestinal pathogenic (ExPEC)
and fecal commensal E. coli (FEC) strains and showed that a total 13.05% of
studied human E. coli strains and 40.49% of avian E. coli strains had to be

7N\
cy o

¢

LA }
W ] B[]

Figure 6.
Dichotomous decision tree to determine the phylogenetic group by the Clermont triplex PCR method [23].
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Dichotomous decision tree to determine the phylogenetic group by the Clermont quadruplex PCR method [26].

reclassified. Another study using human E. coli strains isolated from skin and
soft-tissue infections and fecal E. coli strains from healthy humans and also
avian and brown bear fecal strains revealed that 27.60% of human, 23.33%

of avian, and 70.93% of brown bear strains had to be reclassified. Moreover,
a high number (12.22%) of reclassifications from the previous phylo-groups
to the non-typeable (NT) group were observed among the avian fecal strains
of this study. Further, a survey performed on other published data by Star¢i¢
Erjavec et al. [28] showed that also a number of other studies report occurrence
of NT strains by the quadruplex method, for example, a study including 140
uropathogenic E. coli strains from Iran reported 27.14% of NT strains [29].
These data emphasizes that there is a need to search for more E. coli strains
from novel environments (new hosts in not yet explored geographic regions)
and to revise the PCR phylotyping method again in order to type these NT
strains.

3.4 The commensal E. coli

AsE. coli is a facultative anaerobe, and among the first gut colonizers, these bac-
teria help to establish the anaerobic environment of the gut that enables the further
colonization of the gut by anaerobic bacteria [30]. After the E. coli colonization,
usually the host and E. coli coexist in mutual benefit for decades [7]. E. coli gets
“food and shelter,” and the host benefits due to the E. coli vitamin K production and
the so-called colonization resistance. Colonization resistance is the phenomenon
of protection against colonization by pathogenic bacteria, including pathogenic E.
coli [31]. The niche of the commensal E. coli is the mucous layer of the colon [7]. On
average five different commensal E. coli strains colonize a human host at any given
time [32]. As host and the E. coli profits from their association, these E. coli could be
also designated as mutualistic E. coli.

3.5 The pathogenic E. coli

E. coli is also a medically important species, as it is involved in many different
types of infections. Two major groups of pathogenic E. coli exists: the intestinal
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pathogenic E. coli (IPEC), associated with infections of the gastrointestinal
tract, and the extraintestinal pathogenic E. coli (ExPEC), associated with infec-
tions of extraintestinal anatomic sites [7]. The medical diversity of this species is
nicely exhibited by its classification of pathogenic E. coli (Figure 8), the so-called
E. coli pathotypes.

The versatility of pathogenic E. coli strains depends on their genetic
makeup, on the presence of so-called virulence genes, and possession of such
genes distinguishes pathogenic from nonpathogenic bacteria [34]. Virulence
factors help bacteria to (1) invade the host, (2) cause disease, and (3) evade host
defenses [35].

3.5.1 Adhesins and invasins

Once a bacterium reaches the host surface, in order to colonize, it must adhere to
host cells. For this purpose bacteria have different fimbrial and afimbrial adhesins.
Fimbrial adhesins are rod-shaped protein structures, which consists primarily of an
ordered array of single protein subunits, which build a long cylindrical structure.
At the top, there are proteins, adhesins, which mediate the adherence to the host’s
molecules. A fimbrial adhesin is thus a structure that extends outward from the
bacterial surface and establishes the contact between the bacterial surface and
the surface of the host cells. Afimbrial adhesins are surface proteins important for
tighter binding of bacteria to host cells. Some bacteria have evolved mechanisms
for entering nonphagocytic host cells. Bacterial surface proteins that provoke actin
rearrangements and thereby incite the phagocytic ingestion of the bacterium by
host cells are called invasins [36]. The most known E. coli adhesins and invasins are
presented in Table 2.

Extraintestinal

pathogenic
E. coli (EXPEC)

Shiga toxin- Entero- Entero-
producing invasive aggregative
E. coff (STEC) £. coff (EIEC) £. coff (EAEC)
Entero- Diffusely Adherent
toxigenic adherent invasive

E. cofi (ETEC) E. coli (DAEC) E. coli (AIEC)

ropathogenic | | 2000 | | ssorited
E. coll (UPEC) E. coli (SePEC) E. colf (MNEC)

Figure 8.

Classification of pathogenic E. coli, based on Roy et al. [33]. The IPEC ave also designated as
diarrheagenic E. coli (DEC)—Although not all of the subtypes in this group necessarily cause diarrhea.
STEC that cause hemorrhagic colitis and/or the hemolytic uvemic syndrome ave called EHEC—For
enterohemorrhagic E. coli. Among ExPEC also strains associated with pneumonia, skin and soft-tissues,
and infections of many other extraintestinal anatomic sites are present, though they are not yet established
as separate pathotypes.
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Adhesin/invasin Most commonly tested virulence
(associated) genes

Type 1 fimbriae (Fim) fimH
P fimbriae (Pap/Prf) papC, papG
S/F1C fimbriae (Sfa/Foc) sfa/focDE
N-Acetyl-D-glucosamine-specific fimbriae (Gaf) gafD
M-Agglutinin (Bma) bmaE
Bifunctional enterobactin receptor/adhesin (Iha) tha
Afimbrial adhesin (Afa) afa/draBC
Invasion of brain endothelium (IbeA) ibeA
Colonization factor antigen I (CFA/I) cfaB
Bundle-forming pili (BFP) bfpA
Intimin eaeA
Aggregative adherence fimbriae (AAF/I) aaf/l
Table 2.

Typical adhesins and invasins of pathogenic E. coli strains.

3.5.2 Iron acquisition mechanisms

Iron is essential for bacterial growth, but iron concentrations in nature are
generally quite low, particularly low in host organism. To survive in the host organ-
ism, bacteria must have some mechanisms for acquiring iron. The best studied type
of bacterial iron acquisition is the siderophores. These are low-molecular-weight
compounds that chelate iron with very high affinity [36]. The most known E. coli
iron uptake systems are presented in Table 3.

3.5.3 Systems to evade host immune response

The healthy host usually has multilayered defenses that prevent the establish-
ment of bacterial infection. Among the most effective of these defenses is the
immune response. However, bacteria have evolved systems to avoid, subvert, or
circumvent innate host defenses and to evade acquired specific immune responses
of the host [34]. A capsule is a loose, relatively unstructured network of polymers
that covers the surface of a bacterium. The role of capsules in bacterial virulence is
to protect bacteria from the host’s inflammatory response [36]. Further, increased
serum resistance is often found among pathogenic bacteria, especially those
associated with systemic infections [36]. Serum resistance is the ability to prevent
complement activation on the bacterial cell surface and to inhibit insertion of the
membrane attack complex into the bacterial membrane [34]. The feature is often
based on the modifications in lipopolysaccharide (LPS), which can be of two types:
either attachment of sialic acid to LPS O antigen or changes in the LPS O antigen
side chain [36]. However, other proteins can also be implicated in increased serum
resistance; for example, the TraT protein of the surface exclusion complex involved
in conjugation [37]. Another important protein of pathogenic E. coli is the Toll/
interleukin-1 receptor domain-containing protein (Tcp) that interferes with the
TLR signaling system of the innate immunity [38]. The most known E. coli systems
to evade host immune response are presented in Table 4.

11
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Iron uptake system

Most commonly tested virulence
(associated) genes

Aerobactin (Iuc) iucD, iutA
Yersiniabactin (Ybt) A, irp2
Salmochelin (Iro) iroCD, iroN
Siderophore receptor IreA ireA
Temperature sensitive hemagglutinin (Tsh)—in birds, Hemoglobin tsh, hbp
protease (Hbp)—in humans

Periplasmic iron binding protein (SitA) sitA
Ferrichrome-iron receptor (Fhu) fhuA

Table 3.

Typical ivon uptake systems of pathogenic E. coli strains.

Host immunity evading system

Most commonly tested virulence
(associated) genes

Group II capsule including K1 and K5 capsules

kpsMT II

Conjugal transfer surface exclusion protein (TraT)

traT

Outer membrane protease T (OmpT)

ompT, APEC-ompT

Increased serum survival (Iss)

iss

Suppression of innate immunity (Toll/interleukin-1 receptor domain- tepC

containing protein Tcp)

Table 4.

Typical host immunity evading systems of pathogenic E. coli strains.

3.5.4 Toxins

Toxins are the virulence factors that damage the host. Exotoxins are toxic bacte-
rial proteins that are excreted into the medium by growing bacteria or localized in
the bacterial cytoplasm or periplasm and released during bacterial lysis. Exotoxins
vary considerably in their activities and the target host cell types [36]. The most
known E. coli toxins (exotoxins) are presented in Table 5.

Toxins

Most commonly tested virulence
(associated) genes

alpha-Hemolysin (HlyA) hlyA
Cytotoxic necrotizing factor 1 (CNF-1) cnfl
Cytolethal distending toxin IV (CDT 1) cdtB
Uropathogenic specific protein (Usp) usp
Colibactin (Clb) cdbAQ
Serine protease autotransporters Sat, Pic sat, picU
Heat-stable toxins (STa, STb) stla/stlb

Heat-labile toxin I (LTT), heat-labile toxin II (LTII)

eltl, eltlla

Shiga toxin 1 (Stx1), Shiga toxin 2 (Stx2) stxI, stxIl
EHEC hemolysin (Ehx) ehxA
Low-MW heat-stable toxin (EAST1) astA

Table 5.

Typical toxins (exotoxins) of pathogenic E. coli strains.
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However, E. coli possess also an endotoxin, namely, the lipopolysaccharide,
which is an integral component of the outer membrane of Gram-negative bacteria.
The lipid portion (lipid A) is embedded in the outer membrane, with the core and
O antigen portions extending outward from the bacterial surface. Lipid A is the
toxic portion of the molecule, and it exerts its effects only when bacteria are lysed.
The toxicity of lipid A resides primarily in its ability to activate, complement, and
stimulate the release of bioactive host proteins, such as cytokines [36].

3.6 The antibiotic-resistant E. coli

Antibiotics are low-molecular-weight compounds that kill or inhibit growth
of bacteria [36]. Antibiotic treatment is one of the main approaches of modern
medicine to combat bacterial infections, including also E. coli infections [39].
However, bacteria evolved different mechanisms that confer resistances to anti-
biotics. Resistant bacteria are able to either (i) modify/degrade the antibiotic, (ii)
actively transport the antibiotic out of the cell or prevent its intake, (iii) sequester
the antibiotic by special proteins, or (iv) modify, bypass, or protect the target [40].
The emergence, spread, and persistence of resistant and even multidrug-resistant
(MDR) bacteria or “superbugs”, also among E. coli, are now posing a serious global
health threat of growing concern [39]. The antimicrobial resistance surveillance
data of European Centre for Disease Prevention and Control (ECDC) also showed
the increase in antibiotic resistance among invasive E. coli isolates (Figure 9).

The mechanisms of resistance to antibiotics are encoded in resistance genes. A
list of typical E. coli resistance genes is given in Table 6.

As many of the resistance genes are encoded on conjugative plasmids or conjuga-
tive transposons, they are easily transferred between different bacteria and hence
spread in the population [36].

3.7 The bacteriocinogenic E. coli

Bacteriocins are ribosomally synthesized, proteinaceous substances that
inhibit the growth of closely related species through numerous mechanisms [51].

70,0
0 .-_'/.__._._.’_F.z.— =f= Amincpenicillins
50,0
3 == Fluoroquinolones
g 400
E == Third generation cephalosporing
s
o ' —r— A d
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10,0 11__‘._‘..4:ﬁ—;‘_‘__2_ —@— Carbapenems
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2009 2000 2011 2042 X013 2014 2015 2016 2017
Year
Figure 9.

Prevalence of invasive E. coli isolates with antimicrobial vesistance to aminopenicillins, fluoroquinolones,
third-generation cephalosporins, aminoglycosides, and carbapenems—the population weighted mean EU/EEA
is shown. The prevalence of antimicrobial vesistance to carbapenems in 2009 and 2011 was 0%, in 2012 <0.1%,
in 2013 and 2015 0.2%, and in 2014, 2016, and 2017 0.1% [41—49].
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Resistance gene(s) Antibiotic class Resistance to
strA [aph(3')-1b], strB [aph(6')-1d] Aminoglycosides STR

aadAl, aadA2, aadA5, aadA7, aadA24 Aminoglycosides STR

aph(3')-la Aminoglycosides KAN

aac(3')-VI, aac(3')-1ld Aminoglycosides GEN

blatgvq B-Lactams AMP

blaoxa1 B-Lactams AMP

blacmy f-Lactams AMC, AMP, CRO, FOX, TIO
ampC p-Lactams AMC, AMP, FOX
sull, sul2, sul3 Folate synthesis inhibitors FIS

dfrA1, dfrAS5, dfrA12, dfrA17 Folate synthesis inhibitors SXT

mphA Macrolides AZM

floR Phenicols CHL

cmlA Phenicols CHL

catAl, catB3 Phenicols CHL

qnrB2, qnrB6, gnrS2 Quinolones NAL, CIP

tet(A), tet (B), tet (C), tet (D), tet (M) Tetracyclines TET

STR, streptomycin; KAN, kanamycin; GEN, gentamicin; AMP, ampicillin; AMC, amoxicillin/clavulanic acid;
CRO, ceftriaxone; FOX, cefoxitin; TIO, ceftiofur; FIS, sulfisoxazole; SXT, trimethoprim/sulfamethoxazole; AZM,
azithromycin; CHL, chloramphenicol; NAL, nalidixic acid; CIP, ciprofloxacin; TET, tetracycline [50].

Table 6.
Typical E. coli vesistance genes.

They are a heterogeneous group of particles with different morphological and
biochemical entities. They range from a simple protein to a high molecular weight
complex [52]. The bacteriocins with molecular masses below 10 kDa are desig-
nated as microcins [53]. Bacteriocins are potent toxins that are usually produced
during stressful conditions and result in the rapid elimination of neighboring
bacterial cells that are not immune or resistant to their effect. The killing is
exhibited after adsorption to specific receptors located on the external surface

of sensitive bacteria, by one of the three primary mechanisms: forming chan-
nels in the cytoplasmic membrane, degrading cellular DNA/RNA, or inhibiting
protein synthesis. Because of their narrow range of activity, it has been proposed
that the primary role of bacteriocins is to mediate intraspecific, or population
level, interactions [54]. The genetic determinants of most of the bacteriocins

are located on the plasmids, apart from few, which are chromosomally encoded
[52]. Bacteriocins of E. coli are usually called colicins. A relatively high frequency
of colicin-encoding plasmids is found in isolates of pathogenic E. coli [55], for
example, ~80% of O157:H7 enterohemorrhagic E. coli strains studied by Bradley
and Howard were colicinogenic [56]. Especially microcins have been associated
with pathogenic strains [54]. In a collection of E. coli strains isolated from skin
and soft-tissue infections, 55% of strains possessed microcin M, and 43% pos-
sessed microcin H47 [57]. Further, colicin insensitivity among these strains cor-
related with a higher prevalence of extraintestinal virulence factors [58]. Typical
E. coli bacteriocins, their receptors, translocation systems, and mode of action are
given in Table 7.
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Bacteriocin Receptor Translocation system Mode of action
ColA BtuB Tol Ion channel
ColB FepA Ton Ion channel
ColD FepA Ton Stops translation
ColE1 BtuB Tol Ion channel
ColE2 BtuB Tol DNA-endonuclease
ColE3 BtuB Tol rRNA-endonuclease
ColE4 BtuB Tol rRNA-endonuclease
ColE5 BtuB Tol Stops translation
ColE6 BtuB Tol rRNA-endonuclease
ColE7 BtuB Tol DNA-endonuclease
ColE8-] BtuB Tol DNA-endonuclease
Colla Cir Ton Ion channel
Collb Cir Ton Ion channel
ColK Tsx Tol Ion channel
ColM FhuA Ton Inhibition of peptidoglycan synthesis
ColN OmpF Tol Ion channel
ColS4 OmpW Tol Ion channel

Table 7.

Typical E. coli bacteriocins, their veceptor, translocation system, and mode of action [59, 60].

3.8 The probiotic E. coli

Probiotics are live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host. Probiotic bacteria act via a
variety of means, including modulation of immune function, production of
organic acids and antimicrobial compounds, interaction with resident micro-
biota, interfacing with the host, improving the gut barrier integrity, and
enzyme formation [61]. Several E. coli strains were recognized as good and
effective probiotics and are now used in drugs (see Table 8). The probiotic
E. coli are applied to a variety of human conditions, including intestinal
bowel diseases and diarrhea. Further it was shown that colonization of new-
borns led to reduced disease rates, lower incidence of allergies, and reduced
mortality [62].

E. coli Nissle 1917 is nowadays often used as a reference strain or model
microorganism in experimental biomedical studies, including recombinant
manipulations of the strain in order to construct derivatives with novel proper-
ties [64]. One such example is the strain ZP, which is a genetically modified
Nissle 1917 possessing a bacterial conjugation-based “kill”-“anti-kill” antimi-
crobial system—a conjugative plasmid carrying the “kill” gene (colicin ColE7
activity gene) and a chromosomally encoded “anti-kill” gene (ColE7 immunity
gene). Hence, in the process of conjugation, the conjugative plasmid transfers
the “kill” gene into a recipient cell, where it is expressed and the recipient
killed [65, 66].
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Drug name Mutaflor Symbioflor2 Colinfant newborn
E. coli strain E. coli Nissle 1917 strain Six different E. E. coli AO 34/86 strain
coli strains (G1/2,
G3/10, G4/9, G5, G6/7,
and G8)

Product Capsules Suspension Powder for preparation

of per oral solution
Produced by Ardeypharm GmbH, SymbioPharm GmbH, Dyntec, Terezin,

Herdecke, Germany Herborn, Germany Czech Republic
Contents 2.5-25 x 10° CFU/capsule 1.5-4.5 x 10’ CFU/ml 0.8-1.6 x 10 CFU/
dosis
Recommended 1-2 capsules/day 2-4 ml 0.8-1.6 x 10° CFU
daily dose (2.5-50 x 10° CFU) (3.0-18 x 10’ CFU) three times/week
Isolation date 1915 1954 Data not available
of the used
strain(s)
Serotype 06:K5:H1 Variable including 083:K24:H31
035,129, 0:169, rough,
all H-

Plasmid content 2 cryptic plasmids 12 plasmids No plasmids
Microcin Microcin M, H47 Microcin S Data not available
production
Motility Motile (flagella present) Nonmotile (flagella Data not available

absent)

Closest relatives

CFT073, ABU83972

K12, ATCC8739

CFT073, 536 (UPEC)

(UPEC) (commensals)
Year of first 1989 1998 1967
publication
describing the

use in humans

Table 8.

Probiotic E. coli drugs [62, 63].

3.9 The “workhorse” E. coli

E. coli is known for its fast growing rate in chemically defined media and exten-
sive molecular tools available for different purposes. All these make it an important
model organism, which is also called the “workhorse” of molecular biology. Even
though E. coli lacks many interesting features appreciated in biotechnology, such
as growing at extreme temperatures or pH and the capacity to degrade toxic com-
pounds, pollutants, or difficult to degrade polymers, it is much used in biotechnol-
ogy also [67]. In Table 9 contributions of E. coli to biology, medicine, and industry
are listed.

The following recombinant pharmaceuticals were set up to be in vivo syn-
thesized in E. coli: insulin, interleukin-2, human interferon-p, erythropoietin,
human growth hormone, human blood clotting factors, pegloticase,
taxol, and certolizumab. Further, E. coli is also used to produce biofuels
and industrial chemicals such as phenol, ethanol, mannitol, and a variety of
others [68].
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Contribution Authors Year

Molecular biology, physiology, and genetics

Elucidation of the genetic code Crick FH, Barnett L, Brenner S, and 1961
Watts-Tobin R]

DNA replication Lehman IR, Bessman MJ, Simms ES, 1958
and Kornberg A

Transcription Stevens A 1960

Life cycle of lytic bacteriophages Ellis EL and Delbriick M 1939

Gene regulation of the lac operon Jacob F and Monod ] 1961

Gene regulation of the ara operon Englesberg E, Irr ], Power ], and Lee N 1965

Discovery of restriction enzymes Linn S and Arber W 1968

Identification of genes controlling antimicrobial HuY and Coates AR 2005

drug tolerance in stationary phase

Role of global regulators and nucleotide Hansen S, Lewis K, and Vuli¢ M 2008

metabolism in antibiotic tolerance

Metabolic control of persister formation Amato SM, Orman MA, and 2013
Brynildsen MP

Swarming motility behavior Harshey RM and Matsuyama T. 1994

Elucidation of the structure and function of ATP Capaldi RA, Schulenberg B, Murray J, 2000

synthase and Aggeler R

Conjugal DNA transfer Tatum EL and LederbergJ 1947

Evolution

Random nature of mutation Luria SE and Delbriick M 1943

Relationship between genomic evolution and Barrick JE, Yu DS, Yoon SH, Oh TK, 2009

adaptation Schneider D, Lenski RE, and Kim JF

Role of adaption, chance, and history in evolution Travisano M, Mongold JA, Bennet AF, 1995
and Lenski RE

Adaptive mutation Cairns J, Overbaugh ], and Miller S 1988

Role of historical contingency in evolution Blount ZD, Borland CZ, and Lenski RE 2008

Origin of novel traits Blount ZD, Barrick JE, Davidson CJ, 2012
and Lenski RE

Long-term fitness trajectories Wiser MJ, Ribeck N, and Lenski RE 2013

Effect of sexual recombination on adaptation Cooper TF 2007

Predator-prey interactions (bacteriophage) Chao L and Levin BR 1977

Genetic engineering and biotechnology

Molecular cloning and recombinant DNA Cohen S, Chang A, Boyer H, and 1973

Helling R
Generating precise deletions and insertions Link AJ, Phillips D, and Church GM 1997
Gene replacement Herring CD, Glasner JD, and Blattner 2003

FR

Table 9.
Contributions of E. coli to biology, medicine, and industry [68—70].

4, Conclusion

even causing mortality, especially if the pathogenic strain acquired multiple

To conclude, E. coli is a truly versatile microorganism possessing many facets—it
is a well-known commensal bacterium, but some strains can be also pathogenic,

resistance genes. However used as a probiotic it can improve health and in it can be
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employed as a good working “workhorse” in the laboratory as well as in biotechno-
logical settings. The differentiation between commensal and pathogenic strains is
not easy, as among the healthy gut microbiota pathogenic strains are hidden, and
also commensal strains can become pathogenic due to horizontal gene transfer of
mobile genetic elements possessing virulence genes [71]. Even though E. coli has
been the object of research now for already more than 100 years, its versatility war-
rants new possibilities for investigation also in the future.
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Abstract

Among the living organisms, Escherichia coli has been the most common choice
employed for recombinant protein expression. In addition to its well-characterized
genetics, E. coli is fast growing, relatively cheap, and easy to handle. These fine
properties, in conjunction with the success achieved in transforming plasmid DNA
into E. coli, as well as the advent of various genetic engineering techniques in the
1970s, have enabled E. coli to be considered as the most favorable host for genetic
manipulations. The recent advances in better comprehension of regulatory controls
of gene expression and the availability of various novel approaches, which include
both intracellular, e.g., through intein-mediated expression and self-cleavages, and
extracellular, e.g., through the use of secretion signals, to achieve successful expres-
sion of the target proteins in E. coli further support the view that E. coli is the most
promising host choice for heterologous protein expression.

Keywords: Escherichia coli, E. coli, recombinant protein expression, heterologous
protein, authentic structures, fusion protein, affinity tags, secretion, excretion,
inteins

1. Introduction

The achievements in unveiling the structure of DNA, deciphering the genetic code,
understanding gene expression and regulation, and discovering extrachromosomal
DNA (plasmid), restriction endonucleases and DNA ligases in the 1950s and 1960s laid
the groundwork for the construction of the first chimeric (recombinant) DNA mole-
cule [1]. In 1973, Cohen and Boyer reported their success in creating the first Escherichia
coli transformant into which a recombinant plasmid molecule was introduced [2].

The possibility of inserting foreign DNA into E. coli has not only allowed the
development of a vast number of molecular biology techniques for genetic manipu-
lations, e.g., construction and characterization of cDNA libraries, DNA splicing and
amplification, hybridization and sequencing, site-specific mutagenesis, research and
applications of bacteriophages and DNA modifying enzymes, studies of regulation
of gene expression, etc., but also the exploitation of E. coli for use as a surrogate
host for the expression of heterologous proteins. Despite the presence of restriction
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systems in E. coli [3, 4], foreign DNA from a wide variety of sources, ranging from a
simple virus to a complex organism such as the human being, have been shown to be
stably maintained in it. Therefore, although E. coli may not be employed as the final
host cell for target protein expression, due to the difficulties of DNA manipulations,
which include selection, characterization, and amplification of recombinant DNA
constructs directly performed in the final host cell, E. coli is routinely recruited to
fulfill the tasks. In this regard, E. coli acts as an indispensable stepping stone facilitat-
ing molecular genetic studies undertaken in eukaryotic and other bacterial host cells.

The fine properties including fast growth rate (with a doubling time of less than
30 min), ease of manipulation, relatively low cost of cultivation/protein expression,
and the well-characterized genetics of E. coli are the key reasons why this bacterium
has been commonly involved in the wide range of studies mentioned above. Thus,
E. coli has been crowned the most popular host of choice employed for heterologous
protein expression.

Being a Gram-negative bacterium, E. coli possesses two layers of cell envelope,
the inner/cytoplasmic membrane and the outer membrane, between which is the
narrow periplasmic space (Figure 1). Except for specific strains, e.g., a colicin-
producing strain, E. coli does not produce proteins beyond the outer membrane
in the living environment. Therefore, in the early days, E. coli was essentially
employed for cytoplasmic/intracellular expression of recombinant proteins.
However, the advancement of recombinant DNA technology in the 1970s—-1980s not
only enabled E. coli to serve as an efficient host system for protein expression but
also facilitated E. coli to be transformed into a highly versatile expression platform,
with which heterologous proteins may also be allowed to be produced in the culture
supernatant. In addition, despite being expressed in the cytoplasm, target proteins
resulting from a recently developed novel process, the intein-mediated expression
approach [5, 6], have been shown to possess primary structures precisely the same
as expected [7]. This new recombinant DNA approach may prove to be a practical

Culture Medium

Cytoplasm

Periplasm

Figure 1.

Schematic vepresentation of the subcellular compartments of E. coli available for expression of heterologous
proteins. These compartments such as cytoplasm, peviplasm, and culture medium are shown. For a secretory
protein, it is initially formed as a preprotein ( “3), which consists of a signal peptide (). The preprotein is
directed to the SecYEG pathway. Before reaching the secretion channel (), the preprotein is unfolded by the
SecB protein (1), followed by interacting with the SecA protein (d), which helps hydrolyze ATP to support
the active transport of the preprotein. The signal peptide is then cleaved off from the preprotein subsequent to
the passage of the latter through the SecYEG pathway.
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process for the recombinant production of medically valuable proteins that are
preferred to share the authentic structures with their native counterparts.

Proteins expressed in eukaryotic cells are subjected to post-translational
modifications (PTM), of which many of them do not appear to occur in E. coli
cells. Despite this deficiency, E. coli is still the most common choice employed for
the expression of eukaryotic proteins. For example, about 30% of the medically
valuable proteins produced using recombinant DNA approaches are expressed
employing E. coli as the host [8]. The finding of successful expression of eukaryotic
proteins in E. coli suggests that many target proteins may not be posttranslationally
modified, and even some of them are, PTM may not have a direct effect on func-
tional activities. The observation also supports the view that E. coli will continu-
ously play an indispensable role in heterologous protein expression. In choosing
the most appropriate tactic for the expression of a heterologous protein in E. coli, it
is important that we understand both the target protein and the available methods
of choice well. E. coli is recognized as being a “versatile” host from the perspective
that it may facilitate heterologous protein expression in all three of the subcellular
compartments including: (i) cytoplasm, (ii) periplasm, and (iii) culture medium
(Figure1). In this communication, we discuss how those compartments may
be employed to express foreign proteins that share widely different biochemical
properties, under the condition that the presence of PTM is not a prerequisite.

2. Expression of recombinant proteins in the cytoplasm of E. coli

The breakthrough achievements in the construction of recombinant DNA
molecules [1] and the transformation of chimeric DNA constructs into E. coli [2] in
the early 1970s have paved the way for rapid advances in the development of recom-
binant DNA approaches to the expression of a wide collection of useful/valuable
proteins of various origins. Due to the aforementioned fine properties of E. coli, this
Gram-negative bacterium has been extensively studied and exploited for use as a
host to facilitate expression of heterologous proteins (Table1).

2.1 Fusion protein approach

A common strategy in the expression of heterologous proteins is to fuse the
target protein with a fusion partner, of which a familiar example is the enzyme
p-galactosidase (B-Gal) expressed intracellularly in E. coli. Being well-characterized
in terms of its structure and regulation of expression [27, 28], in the early days,
p-Gal was one of the few E. coli products to be employed as a reporter protein, for
which convenient detection assays [29] were available. Fusing the short mammalian
somatostatin (Som) comprising only 14 amino acids (aa) to -Gal, in 1977, Itakura
etal. demonstrated (Figure 2), for the first time, successful expression of bioac-
tive recombinant somatostatin in E. coli [9]. In the work, Som was fused to p-Gal
through the application of oligonucleotide assembly. Thus, expression of the two
proteins, which was under the regulatory controls of the Lac operon, would result
initially in a f-Gal-Som precursor. The $-Gal component played two important roles
in the fusion: first, it offered a facile screening assay for the selection of potentially
positive clones expressing p-Gal-Som; second, it served as a guardian protecting
Som from being attacked by proteolytic degradation from the N-terminus.

Since Som is a short polypeptide consisting of only 14 aa residues [30], which
does not consist of Met as a member, in engineering the aforementioned p-Gal-Som
fusion, a Met residue was intentionally inserted precisely between p-Gal and Som,
thus resulting in a f-Gal-Met-Som precursor in the work [9]. In vitro cleavage with
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Approach Examples Section References
concerned
Fusion expression Hormone somatostatin 21 [9, 10]

Human insulin

Direct expression Human growth hormone 22 [11-15]

Human fibroblast interferon

Human leukocyte interferon (LelF A)

Human leukocyte interferon (LelF B)

Mouse granulocyte-macrophage colony
stimulating factor (mGM-CSF)

Tagged protein expression Human insulin-like growth factor I 23 [16-18]
(IGF-1)

Human parathyroid hormone (hPTH)

Human fibroblast growth factor 21
(hFGF21)

Intein-mediated Cre recombinase 3 [5, 6,19,
20]

Cecropin

Human basic fibroblast growth factor
(bFGF)

Secretion/excretion Human epidermal growth factor 4 [21-26]
(Secretion)

Hirudin

Human growth hormone (hGH)

Human granulocyte-macrophage colony
stimulating factor (Hgm-CSF)

Human epidermal growth factor
(Excretion)

Table 1.
Various approaches for heterologous proteins expression in E. coli.

the chemical, CNBr, which specifically attacks Met, resulted in the separation of
the fusion to yield authentic Som comprising 14 aa as the final product, which was
subsequently shown to be bioactive (Figure 2) [9].

A similar approach was also applied to express bioactive human insulin in E. coli
in 1979 (Figure 2), once again, taking advantage of f-Gal as the fusion partner and
the absence of a Met residue in the polypeptide [10].

However, the above two examples appear to be the exception rather than the
rule. Despite the application of p-Gal to serving as a fusion partner in many other
cases of recombinant protein expression, due to the presence of one or more Met
residues in the target proteins, the intriguing tactic of employing CNBr to cleave the
fusion precursors to free the desired final protein to be impractical for routine use.

2.2 Direct expression
If a heterologous protein is insusceptible to proteolytic degradation by E. col
proteases, perhaps a simple method to achieve expression of the protein in E. coli is

to clone its gene determinant downstream from a regulatory region comprising both
the promoter and RBS sequences carried on a suitable expression vector. Examples
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Apuronch Major featurss References
CHNEBe induced deavage
1. Fusion expression (n) | [ol, [10]
With o witlsout fusion lag clenvage
aite g thrombin or Factor Xa
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2, Direct expression [ax], [22]
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= e
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[Bao], [11]

Figure 2.

Schematic diagram depicting the major components included in various expression constructs for recombinant
protein expression in E. coli. Regulation region (W) includes the promoter (™), operator, and ribosome
binding site. Other components including the ATG start codon (1), and coding sequences for fusion tag (W),
eg., p-Gal in Approach 1(a), GST, 6xHis-tag, or MBP in Approach 1(b); signal peptide (EEH) in Approach 4;
chitin-binding domain (T""); target proteins ( B ) s intein (BE50) arve also shown. Cleavage sites on fusion
proteins (Approach 1a and 1b) and intein-tavget protein precursors ave indicated ().

including human growth hormone [11], human hemoglobin [31], interleukin [32],
etc., have been expressed in E. coli using this approach (Figure 2).

The alignment between the target gene and its expression regulatory elements
could be conveniently achieved using site-directed mutagenesis. However, the
translation initiator, N-formyl-methionine (fMet), which is present in proteins
formed in bacteria, may cause adverse effects on the bioactivity and stability of the
target protein [33]. The efficiency of removal of fMet in the cell is incomplete and is
highly dependent on the adjacent two residues next to the initiator [34, 35].

Various strategies have been described to remove fMet from heterologous
proteins including the use of both in vivo and in vitro approaches [34, 36, 37].
However, none of the available protocols is able to result in a homogeneous product
that is free of fMet [34, 36]. The target protein, being contaminated by the presence
of the undesirable fMet-bearing variant, may exhibit increased immunogenicity
[33] and reduced levels of stability and bioactivity [34], which might have a correla-
tion with fMet which has been speculated to serve as a degradation signal [38].

2.3 Applications of affinity tags

A major goal in recombinant DNA expression is to achieve efficient pro-
duction of a target protein on a large scale. Common strategies including the
use of: (1) plasmids with increased copy numbers such as the ones employing
runaway replicons [39, 40]; (2) strong transcriptional control signals including
Py, Tac, and T7 promoters [41, 42]; (3) efficient ribosome binding sites such
as the Shine-Dalgarno sequence [43]; (4) inducible promoters which may be
activated by heat shocking [44], light induction [45] or chemicals, e.g., isopropyl
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p-D-1-thiogalactopyranoside (IPTG); (5) a codon-optimized gene sequence [46,
47]; and (6) an efficient plasmid maintenance system. These various methods
have been commonly applied, either individually or in conjunction with a fusion
approach, to achieving efficient expression of target proteins in E. coli.

Although high yields of products may result from the application of above
mentioned expression approaches, oftentimes, the products present themselves as
insoluble inclusion bodies or aggregates. Unfortunately, these inclusion bodies are
composed of denatured and misfolded proteins, which are functionally inactive
[48, 49]. Due to the rearrangements of disulfide bridges in the aggregates, despite
going through the processes of denaturation and renaturation, the target proteins
are unlikely able to regain their functional activities [48].

Fusion of a target protein to an affinity tag presents a viable approach to not
only the purification of the final product, but also the preservation of the product
as a soluble protein. It has been shown that protein tags such as maltose-binding
protein [50], glutathione S-transferase [51], small ubiquitin modifying protein
[52, 53], and thioredoxin [54] might help improve the solubility of fusion prod-
ucts formed between the tags and target proteins (Figure 2). Given that a fusion
product is expressed as a soluble and properly folded intermediate, and that it is
readily purified using affinity chromatography and proteolytically processed at a
recognition site engineered between the tag and target proteins, the frailty of this
fusion approach is how the affinity tag may be removed from the target protein on
condition that the latter till possesses the peptide sequence as stipulated. Thus, this
approach may not be able to meet the stringent demand from therapeutic proteins
of which any discrepancy found in their primary structures may result in undesir-
able side effects such as increased immunogenicity [33], reduced levels of stability
and bioactivity [34, 55, 56], and worse still, greater tendency to promote malig-
nancy. It is believed that target proteins bearing the authentic structures are as safe
as their native counterparts in performing biological functions [57].

3. Intein-mediated expression of heterologous proteins
3.1 Inteins as fusion partners

Since the first intein, or protein intron, was discovered in the late 1980s [58],
over 600 putative intein genes have been discovered [59]. Being able to undergo
autocatalytic cleavages of themselves from sequences flanking their two termini,
the N- and C-exteins, the application of inteins to the development of E. coli expres-
sion platforms has revolutionized the production of recombinant proteins in two
different facets. First, fusion proteins formed between inteins and target proteins
may undergo auto-cleavage activities in the cytoplasm of E. coli [5, 6, 60-63].
Second, despite taking place intracellularly, the detached target proteins possess the
requisite structures, e.g., the authentic N-terminal sequences which are the same as
those of their native counterparts [5, 6, 60-63].

3.2 Autocatalytic cleavages of intein-target fusion proteins: through an in vitro
method

In the early days of exploiting the application of inteins to protein expression, fusion
precursors formed among three components, comprising an N-terminal protein tag,
a common example being a chitin-binding domain (CBD; [64]), a central intein, and
a C-terminal target protein (CBD-I-TP), were frequently expressed as biologically
inactive inclusion bodies in the cytoplasm of E. coli [65-67]. Subsequent to denaturation
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and renaturation of the protein aggregates [67], the renatured precursors comprising
CBD and the target proteins, e.g., Cre recombinase, a-1-antitrypsin, human epidermal
growth factor [67] (Figure 2), collected in a chitin column was cleaved [64] by modu-
lating the environmental conditions to release the target proteins [67] (Figure 3).

Being expressed as inclusion bodies, as discussed in Section 2.3, it is unlikely
that the renatured CBD-I-TP molecules would all be bound to the chitin matrix or
be correctly refolded. Therefore, the above described intein-mediated expression
process working in conjunction with an in vitro autocatalytic cleavage protocol is
expected to result in a substantial loss of bioactive target proteins.

3.3 Autocatalytic cleavages of intein-target fusion proteins: in vivo

Despite the inducibility of self-cleavages of inteins by modulating the environ-
mental conditions [68], the exact mechanisms regarding how the induction works is
not clear. Recent findings have shown that the ability of an intein element in fusion
proteins to undergo self-cleavages appears to be dependent upon the presence of a pair
of “well-matched” heterologous “exteins.” If this condition is fulfilled, autocatalytic
cleavages might take place at the two terminal junctions where the intein is fused with
the two exteins (Figure 3). It was demonstrated that when human epidermal growth
factor (EGF) and basic fibroblast growth factor (bFGF) were precisely fused at the N-
and C-termini, respectively, of the Sce VMA intein, auto-cleavage processing occurred
[5] (Figure 2). Both EGF and bFGF were retrieved and shown to share not only
authentic structures, but also potent bioactivities with their native counterparts [5].

Soluble precursor i § i
protein | I |
Binding of precursor A) / \\ B) In vive cleavage of”
protein to affinity resin precursor protein
H=—5 N — B Bl §—=a = 1
11 h | L L0 ,—— L 1
Ht@ ~ : 0
In vitro d'—'“"““‘f of Isolation of target
precursor protein by protein
induction
E— § — Fmf R
=} I L L 1 Ll 11
”:@ e
Elution of target
protein

Figure 3.

Processing of precursors formed between inteins and target proteins. The processing may be achieved by one of
the following two methods: (A) induced in vitro cleavage; (B) in vivo cleavage. To attain a soluble precursor
protein for processing in (A), the insoluble precursor protein express in the host cells is first required to be
denatured and renatured. The solubilized precursor is then adsorbed onto an affinity column containing, e.g.,
chitin vesin; changes of the conditions in the column may result in self-cleavage and hence the detachment of the
target protein. In (B), the self-cleavage reaction takes place automatically in the host without extra input of
effort. In the figure, hatched box (t==1) denotes affinity tag, white box (——) denotes intein, dotted box
(====) denotes target protein and affinity resin is denoted by ¥.. The correctly folded affinity tag, intein, and
target protein ave denoted as == ==, and, == respectively. However, the in vitro cleavage process shown in
(A) may also result in incorrectly folded proteins.
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Moreover, since EGF was fused to the OmpA signal peptide (OmpA) in the
abovementioned work (Figure 2), the EGF-VMA-bFGF fusion was also shown to be
secretory and both EGF and bFGF were finally detected to be present in the culture
medium of their E. coli host [5]. Interestingly, when EGF was absent in the fusion,
thus leaving the formation of OmpA-VMA-bFGF, and when the positions of EGF
and bFGF in the fusion were switched, thus leading to the expression of OmpA-
bFGF-VMA-EGF, neither of the two precursors resulted in successful self-cleavages
to yield authentic bFGF as the final product [5]. The results support the idea that
not only the presence of a matched pair of exteins, but also their relative position in
the fusion is important in effecting autocatalytic cleavages of the extein from their
intein fusion partner.

Another noteworthy observation from the above work is the soluble nature of
the fusion precursor, EGF-VMA-bFGF. This unusual condition, which contrasts
markedly with the results of insoluble aggregates reported previously [64], has
facilitated auto-cleavages of the fusion precursor to undergo self-cleavages directly
in the cytoplasm, thereby avoiding the involvement of a time-consuming and inef-
fective process of denaturation and renaturation, followed by the extra time and
effort spent on implementing the in vitro cleavage operation (Figure 3).

The in vivo autocatalytic processing approach introduced above may also be
extended for use in the co-expression of other target proteins [60] (Figure 4).
Moreover, through a combined protocol of gene amplification and refined fed-batch
fermentation, the EGF-VMA-bFGF fusion has been upgraded to result in an expres-
sion of EGF-VMA-bFGF-VMA-bFGF as the precursor in E. coli [6]. Despite 92%
bigger in size than EGF-VMA-bFGF, which was shown to have a mass of 73 kDa [5],
EGF-VMA-bFGF-VMA-bFGF was found to be expressed as a soluble protein, which
was still able to undergo autocatalytic cleavages to result in authentic and bioactive

Before induction After induction

CL  Deb CL Deb

e —— #
e
30kDa = A— /-——l CBD-DnaB
o5kDa =i -_ I
;g{:gg ""_... — A | IFN
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Figure 4.

Analysis of the CBD-DnaB-IFN precursor by polyacrylamide gel electrophoresis. Cell lysate samples were
prepaved from E. coli transformants harboring plasmid pTWIN-CBD-DnaB-IFN grown in 2xYT medium
before and after 4 h of IPTG induction. Cell pellets were lysed by a chemical lysis protocol as described
previously [5]. Lanes containing soluble proteins retrieved from the clear lysate (CL) and insoluble proteins
retrieved from cell debris (Deb) were resolved as shown. The products CBD-DnaB (B) and IFN () resulting
from autocatalytic cleavages of CBD-DnaB-IFN are denoted.
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bFGF as the final product [6, 61-63]. In addition, fermentative production of EGF-
VMA-bFGF-VMA-bFGF resulted in a dramatic improvement in the yield bFGF,
amounting to 610 mg L™" of cell culture [6], which was over 2.4 times higher than
that resulting from the processing of EGF-VMA-bFGF expressed previously [5].

4. Expression of heterologous proteins across the inner membrane of
E. coli

The approach of secretory expression of heterologous proteins stemmed from
the work of W. Gilbert’s group, which employed the N-terminal 23 amino acid
leader sequence of the E. coli penicillinase [69], to direct secretion of eukaryotic
proteins, using rat proinsulin as the model protein, to the periplasmic space of
E. coli in the late 1970s and early 1980s [69-72]. The secreted proinsulin was not
only shown to possess an authentic structure, with the cleavage of the signal peptide
done precisely [71], but also shown to be more stable than its cytoplasmic counter-
parts fused to defective signal sequences [72]. Over the next few years, different
eukaryotic proteins, e.g., EGF [21], human interferon-a [73], hirudin [22], human
growth hormone [23], and human granulocyte-macrophage colony stimulating fac-
tor [24], were also successfully expressed though secretion using various bacterial
signal peptides in E. coli (Figure 2).

Meanwhile, E. coli mutants that were able to leak endogenous enzymes from the
periplasm were isolated [74, 75]. The results suggested that heterologous proteins
might also leak from the periplasm to the culture medium in E. coli. As expected, a few
years later, heterologous proteins including bacterial endoglucanases [76, 77], a peni-
cillinase of an alkalphilic Bacillus [78], as well as human proteins, such as p-endorphin
[79], EGF, parathyroid hormone, and interleukin-6 [80], were expressed as extracel-
lular products using either wildtype or leaky E. coli strains as hosts.

Not all proteins, e.g., the cytoplasmic enzyme—f-galactosidase, may be pos-
sibly expressed as secreted or excreted products in E. coli, despite their fusions to
secretory proteins [81, 82] or directly to the signal peptides of these proteins [83].
Intracellular proteins do not appear to possess a molecular structure that is compat-
ible with the SecYEG pathway, the major translocation machinery located in the
inner membrane for protein transport [70, 82, 84-86]. On the other hand, when a
naturally secreted target protein, e.g., EGF, is fused to a signal peptide, it may end
up as a mature protein in either the periplasm [21] or the culture medium [80] of
E. coli cells, depending essentially upon the efficiencies of expression and secretion
of the protein (see below).

4.1 Secretory expression of target proteins in E. coli

In E. coli, several protein export systems, including the SecYFG (a trimeric
complex comprising three polypeptides: SecY, SecE and SecG), Tat (twin-arginine
translocation), and SRP (signal recognition particle) pathways which are embedded
in the inner or cytoplasmic membrane, are responsible for the transport of proteins
from the cytoplasm to the periplasm [86-89] (Figure 1). Among them, the SecYEG
translocon is a general, conserved, and essential pathway which is found in both
prokaryotic and eukaryotic cells [85, 86]. Being the major protein transport system,
over 90% of the translocated proteins are secreted through the SecYEG pathway
(87, 88] (Figure1).

To enable proteins to be secreted using the SecYEG translocon, they are required
to be expressed first as preproteins, which are fused at their N-termini with a short
(commonly less than 24 amino acids) signal peptide [87]. In the cytoplasm, a
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preprotein is maintained in an extended (export-competent) state by interacting
with the SecB chaperone. Subsequent to an interaction formed between the signal
and the SecA ATPase, the preprotein-complex then associates with the SecYEG path-
way. With repeated pushes of SecA, the preprotein is secreted through the translocon
in an ATP-dependent manner, followed by removal of the signal peptide by signal
peptidase before the mature protein is released to the periplasm [87, 89, 90].

A wide range of heterologous proteins including degradative enzymes [91, 92],
human hormones, and growth factors [5, 25, 26] have been successfully expressed
as secretory proteins in E. coli. Many of the secreted proteins were not only shown
to be bioactive, but also confirmed by sequence determination to possess the correct
structures, supporting that the signal peptides fused at the N-termini of the pre-
proteins had been removed correctly during the process of secretion [5, 25]. These
advantages, together with lower levels of protease complexity and activity [72], and
the relatively more oxidative environment that may help proper folding and disul-
fide-linkage formation [93, 94], enable the periplasmic space to be consider as a
reasonable and appropriate destination for the expression of recombinant secreted
proteins. Later on, with the help of various genetic and/or biochemical manipula-
tions [95], or even merely through improving the levels of the secreted proteins
concerned, which was referred as the “self-driven approach” [95], interestingly, the
target proteins might then to be allowed to leak out to the culture medium, a process
termed excretion, which is essentially caused by non-specific leakage of periplasmic
proteins (see below).

4.2 Excretory production of target proteins in E. coli

In the mid-1980s, researchers from different groups discovered that heter-
ologous proteins expressed and secreted to the periplasm of E. coli might also be
further excreted to the culture supernatant [22, 79]. For example, the development
of sensitive screening assays, e.g., the Congo red plate assay (Figure 5), helped
to confirm that the detection of a recombinant endoglucanase (Eng) encoded by
the cenA gene of a Gram-positive bacterium, Cellulomonas fimi [77, 91, 96], in the
culture supernatant of its E. coli host was due to a new phenomenon, excretion
(extracellular production), rather than from cell lysis.

Efficient expression regulatory elements such as the strong promoters includ-
ing tac, pL, and T7 [97, 98], the consensus ribosome binding site [99], the coding
sequence for the potent OmpA signal [100], an effective inducible system, e.g.,
the lac operator/repressor system for transcriptional regulation [101, 102], etc.,
which are carried on a stable and high-copy number vector, e.g., pUC18 [103], have
been made available to improve not only secretory, but also excretory expression
of a wide variety of proteins in E. coli. The achievement of this research milestone
was well exemplified by the development of an efficient protocol for extracellular
production of EGF [104]. In early attempts to express EGF as a secretory protein
in E. coli, the relatively weak phoA promoter was employed to perform transcrip-
tion of the egf gene and the less efficient PhoA signal peptide to direct EGF for
secretion. Despite the demonstration of EGF secretion, the EGF detected in the
periplasm was only at a considerably low level of 2.4 mg L™ [21]. However, when
the tac promoter and the ompA leader sequence were employed to facilitate EGF
expression and secretion, respectively, it was shown that the level of excreted, but
not secreted, EGF was markedly improved in E. coli cells [80] (Figure 6). Moreover,
further improvements in EGF expression resulted in a dramatic increase in the yield
of excreted EGF [26, 95, 104, 105]. Similar trends were observed in increasing the
levels of excretory production of other heterologous proteins, e.g., C. fimi cellulases
Eng [91, 106, 107] and exoglucanase, as well as bFGF [6].
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Before staining with Congo red

Figures.

E. coli transformants expressing excreted Eng. Making use of a convenient and sensitive agar plate assay based
on the ability of Eng to degrade carboxymethylcellulose (CMC), and the affinity of the dye Congo red for
long molecules of CMC, E. coli cells excreting Eng were detected. In this assay, CMC molecules are degraded
randomly by Eng to generate oligomers of the substrate. These oligomers, especially those with fewer than five
sugar units, bind poorly to Congo red. Hence, after staining with Congo red and destaining with salt solution,
clear zones where CMC has been hydrolyzed by Eng are revealed [110].

4.3 Difficulties in implementing an effective excretory process and potential
solutions

The findings described above support the view that excretion is a promising
approach for recombinant production of heterologous proteins in E. coli. However,
it has been shown that not all naturally secreted proteins may be expressed using
excretion, despite using efficient transcriptional and translational controls, as
well as effective secretion signal. For example, using the same regulatory elements
which enabled a high level (325 mg LY of excretion of the 53-amino acid (aa)

EGF peptide in E. coli [26, 95, 104, 105], attempts to produce authentic bFGF (146
residues) by excretion in E. coli were unsuccessful [5]. One might wonder whether
the discrepancy between the results of EGF and bFGF excretion was due to the
marked difference between their molecular sizes. However, cellulases such as Eng
and Exg, which possess large mature forms comprising 418 aa [91] and 443 aa
[108], respectively, have been shown to be efficiently produced by excretion in

E. coli [92, 107, 109]. Therefore, in addition to the molecular size of a heterologous
protein which might have some effect on the efficiency of excretory production of
the protein (see below), it appears that other factor(s), which may be associated
to either the protein itself or the host (or both), play a crucial role in determining
whether a protein may be expressed as a secretory/excretory product or not.

A major hurdle for excretory production of heterologous products is the
dramatic cell death during enhanced expression of the preproteins—the fusion
precursors formed between signal peptides and target proteins. A model designated
“Saturated Translocation” was proposed to explain the phenomenon of cell lethality
resulting from hyper-expression of the preproteins [110]. According to the model,
when a preprotein exceeded a tolerable level, it would saturate the capacity of the
SecYEG pathway and interfere with its normal function in exporting endogenous
proteins. These functional disorders resulted finally in cell death [110]. The model
also explained why heterologous proteins of different sizes, which were undergoing
secretory expression, would trigger rapid cell death (Figure 7) if the presence of
their preproteins had exceeded their individual allowable thresholds, the “Critical
Values (CV).” A CV is defined as the largest quotient between an intracellular
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Figure 6.

Exgcretory production of EGF in E. coli. Protein concentrations and engymatic activities detected in different
subcellular compartments: cytoplasm, periplasm, and culture supernatant of E. coli transformants expressing
EGF are shown. The samples prepared for various measurements were taken from the E. coli cell culture grown
for 12 (A) and 24 h (B) after IPTG induction. The culture conditions employed were as described previously
[80]. The results show that the EGF activities detected in the culture supernatant samples were the highest in

all three compartments. However, beta-galactosidase activity was undetectable in the supernatant samples,
supporting the conclusion that EGF activities detected in the supernatant samples vesulted from excretion rather
than from cell lysis.

preprotein and its secreted mature counterpart that was tolerable by the host cells
[92]. Deletion of the signal peptide from its mature partner, despite the possibility
of incurring the formation of inclusion bodies [48], interestingly it would help
avoid the onset of the deadly effect resulting from an efficiently expressed secretory
protein [110]. The results clearly indicate that the bottleneck of secretory/excretory
production of a heterologous protein is at the stage of secretion.

Different approaches have been attempted to attain or even improve the
CV, and hence the maximum production of a secretory heterologous protein
on a per cell basis. Since cell death results from hyper-expression, strategies
of optimizing, rather than maximizing, protein expression, e.g., less efficient
promoters [92, 107, 111] and start codon [92], as well as defined minimal media
and sub-optimal cultivation conditions [26] have been employed and shown to
provide beneficial effects. More encouragingly, excretory production of Exg was
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Figure7.

Tifﬂe-course experiments on extracellular expression of EGF and Exg in E. coli. (A) Measurements of EGF
activities detected in the culture medium (=a=) and viable cell counts (==tem=) of E. coli transformants
harboring plasmid pWKW2 are shown (unpublished results). (B) Measurements of Exg activities detected in
the culture medium (=@ =) and viable cell counts (=—te==) of E. coli transformants havboring plasmid
tacIQparScex are shown. One unit of Exg activity in hydrolyzing p-nitrophenyl-f-D-cellobioside is defined as
one nmol of p-nitrophenol produced per min. The growth conditions and IPTG induction of the cultures were
done as described previously [111].

markedly enhanced when the level of Phage shock protein A (PspA) was elevated
in the same host [109]. In the presence of additional PspA, the CV of secretory
Exg was shown to be markedly increased from 20/80 to 45/55 [109]. Presumably,
PspA helped the host cells to maintain membrane integrity and an energized
membrane [112-114], which was readily equipped to cope with the “stress,” the
presence of secretory Pre-Exg, by efficiently transporting it through the SecYEG
pathway [109].

5. Conclusions

Since the advent of recombinant DNA technology in the 1970s, E. coli has
been the most favorable host choice for the expression of heterologous proteins.
Strategies including both intracellular and secretory methods have been designed
for the expression of proteins of interest. Despite possessing an outer membrane,
a wide variety of naturally secreted proteins including hormones, factors, and
degradative enzymes have also been shown to be produced as extracellular
(excreted) products in E. coli. In undertaking both intracellular and secretory/
excretory protein expression, a fusion approach is commonly adopted. Affinity tag
proteins including p-galactosidase, glutathione S-transferase, and 6xHis-tag have
been employed to form fusion precursors with desired proteins. To enable separa-
tion between the tag and target proteins, a protease cleavage site is required to be
placed between the two proteins. However, on the one hand, it may be difficult to
achieve the exact processing result through proteolytic cleavage. On the other hand,
it is cost-ineffective to implement proteolytic cleavage on a large scale. Fusions of
target proteins with inteins and secretion signal peptides have presented a practi-
cal approach to protein cleavages in cells without relying on the use of external
proteases. It has been well demonstrated that using both methods of protein fusion,
target proteins possessing the exactly processed sequences are obtainable through
autocatalytic or signal peptidase cleavages in vivo in E. coli.
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Abbreviations

aa amino acid(s)

bFGF basic fibroblast growth factor
p-gal p-galactosidase

CBD chitin-binding domain

C. fimi Cellulomonas fimi

CNBr cyanogen bromide

Cv critical value

DnaB DnaB helicase

EGF epidermal growth factor

Eng endoglucanse

Exg exoglucanase

E. coli Escherichia coli

fMet N-formyl-methionine

GST glutathione S-transferase

I Intein

IPTG isopropyl p-D-1-thiogalactopyranoside
kDa kilo dalton(s)

MBP maltose-binding protein

Met methionine

OmpA outer membrane protein A
PhoA alkaline phosphatase

Pre- premature

PspA phage shock protein A

PTM post-translational modification
Sce Saccharomyces cerevisiae

SDA self-driven approach

SecYEG trimeric complex of SecY, SecE, and SecG
Som somatostatin

Ssp Synechocystis species

TP target protein

VMA vacuolar ATPase subunit
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Chapter 3

Enteropathogenic Escherichia coli

Isabel Cristina Affonso Scaletsky

Abstract

The term enteropathogenic Escherichia coli (EPEC) was first used in 1955 to
describe a number of serogroup-defined E. coli strains associated with infantile
diarrhea. EPEC are now defined as those that produce a characteristic intestinal
histopathology known as attaching and effacing (A/E) and do not produce Shiga
toxins. EPEC carry the locus for enterocyte effacement (LEE) pathogenicity island,
which contains the eze gene that encodes an outer membrane protein called intimin.
Typical EPEC (tEPEC) carry a virulence plasmid known as the pEAF (EPEC adhe-
sion factor plasmid) which encodes the bundle-forming pilus (BFP) that mediate
localized adherence to epithelial cells, whereas atypical EPEC (aEPEC) do not pos-
sess this plasmid. Typical EPEC strains have been associated with severe outbreaks
of infant diarrhea in developing countries. Atypical EPEC strains have been linked
to diarrhea outbreaks at all ages worldwide. Diarrhea due to aEPEC in children is
not as severe as that caused by tEPEC.

Keywords: Escherichia coli, EPEC, diarrhea, children, infantile diarrhea

1. History and definition of EPEC

Escherichia coli were first recognized as diarrheal pathogens in 1898, when Lesage
demonstrated that serum from diarrhea patients agglutinated strains of E. coli iso-
lated from other patients in the same outbreak but not those of control [1]. In 1945,
Bray discovered that E. coli strains of certain serogroups were the predominant
cause of summer diarrhea in infants in the United Kingdom [2]. In 1947, Kauffman
published a serotyping scheme based on somatic (O), flagellar (H), and capsular
(K) antigens, providing a reliable method of typing diarrheagenic E. coli [3].

The term enteropathogenic Escherichia coli (EPEC) was introduced in 1955 to
describe strains of E. coli implicated epidemiologically with infant diarrhea in the
1940s and 1950s [4]. This definition changed as additional serotypes were associ-
ated with infantile diarrhea. EPEC were recognized as important causes of infant
diarrhea in the 1950s and 1960s in the developed world and subsequently have been
shown to be common agents of gastroenteritis in the developing world. The con-
firmation that EPEC strains were pathogenic came from human volunteer studies
carried out by Levine et al. [5].

The definition of EPEC has changed as various mechanisms of pathogenesis have
been discovered. During the late 1960s and early 1970s, two other diarrheagenic E.
coli strains were discovered, strains producing the heat-stable enterotoxin (ST) and
the heat-labile enterotoxin (LT) were designated enterotoxigenic E. coli (ETEC),
and strains demonstrating Shigella-like invasiveness were designated enteroinva-
sive E. coli (EIEC). At this time, the original definition of EPEC by Neter [4] has
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undergone modification considerably. EPEC were then defined as “diarrheagenic E.
coli belonging to serogroups epidemiologically incriminated as pathogens but whose
pathogenic mechanisms have not been proven to be related either heat-labile (LT) or
heat-stable enterotoxins (ST) or to Shigella-like invasiveness” [6].

In 1979, the first phenotype characteristic other than serotyping associated
with EPEC was the observation of Cravioto et al. [7] that 80% of EPEC strains as
defined by serotype could adhere to HEp-2 cells in cell culture, while most non-
EPEC strains could not. Later, the adherence pattern of EPEC was described as
“localized adherence” (LA), based on the presence of clusters or microcolonies on
the surface of HEp-2 cells [8]. Baldini et al. [9] subsequently showed that the ability
of EPEC E2348/69 strain (0127:H6) to adhere in a localized adherence pattern was
associated with the presence of a 60-MDa plasmid. EPEC strains representing a
variety of serotypes were found to possess highly conserved high molecular weight
plasmids associated with localized adherence, the so-called EPEC adherence factor
(EAF) plasmids [10, 11]. Subsequently, differences in adherence patterns were
discerned by Scaletsky et al. [8] and Nataro et al. [12], giving rise to two other
categories of diarrheagenic E. coli and diffusely adherent E. coli and enteroaggrega-
tive E. coli. Also in the 1980s, a newly recognized clinical syndrome caused by E.
coli led to the discovery that some diarrheagenic E. coli produce a potent cytotoxin
known as Shiga toxin (Stx).

In 1983, Moon et al. [13] published electron micrographs of pigs and rabbits
infected with EPEC and coined the term “attaching and effacing” (A/E) to describe
the loss of microvilli, intimate attachment of the bacteria to the host, and formation
of pedestals at the sits of bacteria attachment. In 1987, a number of studies clarified
the relationship between LA phenotype and A/E lesion, which confirmed earlier
reports that LA is associated with the EAF plasmid, and demonstrated for the first
time that A/E is encoded on the chromosome [14].

Originally defined by serotype, EPEC are now defined as those having the
ability to cause diarrhea, the ability to produce A/E histopathology on the intestinal
epithelium, and the inability to produce Shiga toxins based on pathogenic charac-
teristics [15]. Improvements in techniques allowing a better understanding of the
genome and virulence mechanisms among EPEC strains over the years have led to
the classification into “typical” and “atypical” subtypes based on the presence or
absence of the pEAF plasmid [15].

2. Atypical versus typical EPEC

Most of the typical EPEC strains belong to the traditional EPEC serogroups O55,
086, 0111, 0114, 0119, 0127, and 0142, and the most common flagellar antigens
are H6 and H2 [16, 17]. A less common EPEC type is H34, and a number of typical
EPEC strains are nonmotile in conventional testes and classified as H-. Typical
EPEC strains belonging to nonclassic serotypes have also been reported [18, 19].
Currently, more than 180 different O serogroups and more than 60 H antigens are
recognized. Atypical EPEC belong to a large diversity of classical and nonclassical
serotypes [18, 20]. Based on multilocus enzyme electrophoresis analysis of allelic
differences among housekeeping genes, typical EPEC strains have been subtyped
into two major lineages, previously designated EPEC1 and EPEC2 [16, 17]. EPEC1
includes serotypes 055:H6 and 0119:H6, whereas EPEC2 consists of serotypes
0111:H2 and O114:H2. Recently, EPEC strains have been demonstrated to cluster in
three main lineages, designated EPEC1, EPEC2, and EPEC4, which probably acquired
the locus of enterocyte effacement region (LEE) and pEAF independently [21].
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Interestingly, it has been found that 35% of the atypical EPEC strains also belong
to the typical EPEC lineages [21]. Thus, it has been hypothesized that at least some
atypical EPEC may have originated from typical EPEC strains that lost pEAF in the
host or in the environment [21].

3. Epidemiology of EPEC
3.1Incidence

The prevalence of EPEC infection varies between epidemiological studies based
on differences in study populations, age, distributions, and methods used for
detection and diagnosis [22]. Also, geographic region and socioeconomic class may
contribute to the epidemiology of EPEC-induced diarrheal disease [23]. Adults and
older children with typical EPEC infections are rarely reported; this has been attrib-
uted to the loss of specific receptors with age or development of immunity [24].

For the two last decades, studies conducted worldwide have shown the association
of typical EPEC serotypes with diarrhea in children <1 year of age, mainly in poor
children of urban centers [24]. This association was particularly strong in infants less
than 6 months of age. Between 1977 and 1982, epidemiologic studies in Brazil, Chile,
Mexico, and South Africa have shown that 30-40% of infantile diarrhea was caused
by typical EPEC serotypes [22]. However, recent studies in these countries have not
identified a significant association between typical EPEC and infantile diarrhea. At
this time, a change in the epidemiology of EPEC occurred in both developing and
developed countries. The proportion of atypical EPEC strains has increased and out-
numbered typical EPEC strains, and atypical EPEC strains have also been associated
with childhood diarrhea in both developing and developed countries [19, 22, 25].

In Brazil, 92% of EPEC isolates collected from children between 2001 and 2002 were
atypical [26], compared to 38% in a 1998-1999 study [27-29]. However, other studies
still report typical being more prevalent than atypical EPEC as a cause of diarrhea
[30]. Recently, a prospective, population-based case-control study involving seven
sites in Africa and Asia showed that typical EPEC was significantly associated with
moderate to severe diarrhea in children under 2 years of age in Kenya, whereas atypi-
cal EPEC was not associated with this type of diarrhea [31].

3.2 Transmission and reservoirs

Typical EPEC transmission follows a fecal-oral process through contaminated
surfaces, weaning fluids, and human carriers [32]. EPEC outbreaks among adults,
although rare, seem to occur through ingestion of contaminated food and water;
however, no specific environmental reservoir has been identified [24]. EPEC
outbreaks have been reported to show a seasonal distribution with peaks during the
warm months [33]. Humans are the only known reservoir for typical EPEC, with
symptomatic and asymptomatic children and asymptomatic adults being the most
likely source [24].

In contrast to the tEPEC, many aEPEC strains have been found in diarrheic as
well as in healthy animals and from the environment. Interestingly, animal aEPEC
serogroups associated with human diarrhea have been identified (e.g., 026, 0103,
0119, 0128, 0142, and 0157); however, so far a direct transmission from animals to
humans has not been confirmed. In addition, foods including raw meats, pasteur-
ized milk, meat samples, vegetables, and water have been also implicated as vehicles
of aEPEC to human infections (reviewed in [34, 35]).
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4. EPEC virulence factors and genetics
4.1 Localized adherence

Typical EPEC strains adhere to HeLa, HEp-2, and other cell lines and to organ
cultures in vitro in a distinctive pattern of three-dimensional microcolonies so-called
localized adherence (LA) pattern within 3 h of infection (Figure1A) [8, 24].

A similar adherence pattern has been seen in tissue biopsies of EPEC-infected
humans [37]. The LA phenotype is mediated by a type IV fimbriae bundle-forming
pilus (BFP) associated with the EAF plasmid, which mediates bacterium-to-bacte-
rium adherence, resulting in formation of compact microcolonies [38].

Atypical EPEC strains may display a variant LA pattern designated LA-like
(LAL) pattern, which is characterized by the presence of loose compact microcolo-
nies or clusters of bacteria in few cells observed in tests using prolonged incubation
periods (6 h) (Figure 1B) [39, 40]. Interestingly, the LAL pattern is determined in
prolonged assays (6 h) of bacteria-cell interaction [39]. LAL is the most common
pattern seen among EPEC strains; however, some strains display alternate adherence
phenotypes such as diffuse adherence (DA) and aggregative adherence (AA) [19].

4.2 Attaching and effacing (A/E) lesion
The hallmark of EPEC infection is the ability of the organism to attach inti-

mately to epithelial cells and efface microvilli (Figure 1C). This effect was first
described by Staley et al. [41], although the term attaching and effacing (A/E)

Figure 1.

EPEC adhesion to epithelial cells: (A) localized adherence pattern (LA) of typical EPEC on HeLa cells; (B)
localized adherence-like (LAL) pattern of atypical EPEC on HeLa cells; (C) attaching and effacing (A/E) of
entevocytes by EPEC; and (D) small bowel biopsy of infant infected with typical EPEC O111ab:H2 [36].
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was coined by Moon et al. [13]. The A/E characteristic can be observed by electron
microscopic examination of cultured epithelial cells exposed to EPEC or of intesti-
nal biopsies from infants or animals infected with EPEC [24].

4.3 Invasiveness

Intracellular typical EPEC have been observed both in tissue culture and in small
intestinal biopsies from an EPEC-infected infant (Figure 1D) [36]. Fletcher et al. [42]
and Scaletsky et al. [43] have reported that EPEC O111:NM strains contain plasmid
sequences that confer invasiveness upon E. coli K12 strains. However, despite their
invasive potential in vitro, most EPEC are considered as noninvasive pathogens [44].

4.4 Biofilm formation

Typical EPEC have the ability to form biofilms on abiotic surfaces under static
conditions, or on a flow through continuous culture system, and a model of EPEC
biofilm formation has been proposed [45]. Biofilm formation requires adhesive struc-
tures as type 1 pili, antigen 43, BFP, and the EspA filament (see below) as participants
in bacterial aggregation during biofilm formation on abiotic surfaces [45]. Atypical
EPEC strains have also been shown to adhere to abiotic surfaces (polystyrene and
glass) [46, 47]. The non-fimbrial adhesin curli and the T1P were shown to mediate
binding to these surfaces in some atypical EPEC at different temperatures [48, 49].

4.5 The EAF plasmid

Typical EPEC strains possess a large virulence plasmid called the EPEC adherence
factor (EAF) plasmid [9], which varies in sequence among different EPEC strains
but is somewhat conserved [12]. The EAF plasmid pMAR?2 is found among strains of the
EPEC1 lineage, whereas pB171 is more common among EPEC?2 strains [50, 51]. Two sets
of geneslocated on the EAF plasmid are important for pathogenicity: the bfp gene
cluster encoding BFP [38] and the per locus encoding a transcriptional activator called
plasmid-encoded regulator (Per) [51]. Both BFP and PerA have been shown to contrib-
ute to virulence in human volunteers [52]. Between pMAR?2 and pB171, the bfp and per
loci share 99% sequence similarity [50]. Studies of comparison genomics of the EAF
plasmids from varied EPEC phylogenomic lineages demonstrated significant plasmid
diversity among isolates within the same phylogenomic lineage [53].

4.6 Bundle-forming pilus (BFP)

Typical EPEC strains produce a type IV pilus, the bundle-forming pili (BFP),
which interconnects bacteria within microcolonies, promoting their stabilization and
producing the LA phenotype [38]. The BFP is encoded by an operon of 14 genes con-
tained on the EAF plasmid, with bfpA encoding the major structural subunit (bund-
lin) [54]. These 14 bfp genes are highly conserved among EPEC1 and EPEC2 strains.
Some 0128:H2 and 0119:H2 EPEC strains that contain part of the bfpA gene have the
rest of the bfp gene cluster deleted and replaced with an IS66 element [55, 56].

4.7 The locus of enterocyte effacement (LEE) and the type III secretion
system (TTSS)

The locus of enterocyte effacement (LEE) is a 35.6-kb pathogenicity island of

EPEC containing genes necessary for the formation of the A/E lesion [57]. The EPEC
LEE contains at least 41 open reading frames that are organized into five operons
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(LEE1to LEES) [58-60]. LEE1, LEE2, and LEE3 encode a type III protein secretion
system (T3SS) and Ler (LEE-encoded regulator) regulators, such as GrlA (global
regulator of LEE activator, formerly called Orf11) and GrlR (Grl repressor, formerly
called Orf10) [61]. LEE4 encodes the EPEC-secreted proteins EspA, EspB, and EspD
via the type III system. LEE5 encodes intimin and its translocated receptor, Tir [62].
Besides Tir, the EPEC genome contains other six LEE-encoded effector proteins
translocated into the cell (Map, EspF, EspG, EspZ, EspH, and EspB), which interfere
with different aspects of the cell physiology ([58, 59]; reviewed in [44]) [63].

In addition to the LEE effectors, various non-LEE (Nle)-encoded effector genes (cif,
espl/nleA, nleB, nleC, nleD, nleE, and nleH) [59, 63] were described, which are located
outside the LEE region of EPEC, in at least six chromosomal PAls, or in prophage
elements (reviewed in [64] and [65]). Although they are not required for AE lesion
formation, it is understood that they contribute to increased bacterial virulence [66].

The LEE region of some atypical EPEC strains display a genetic organization
similar to that found in the typical EPEC prototype E2348/69 strain [66]. Although
the T3SS-encoding genes are considerably conserved [66, 67], the effector protein-
encoding genes display important differences, and remarkable differences can be
detected at the 5" and 3’ flanking regions of atypical EPEC, suggesting the occur-
rence of different evolution events [68].

The expression of LEE genes is controlled by Per, which is encoded on the EAF
plasmid present in typical EPEC strains. Per activates Ler, which in turn activates
the LEE2, LEE3, LEE4, and LEES5 operons, and the genes espF, espG, and map [58, 59].
The Ler protein is a histone-like nucleoid-structuring protein (H-NS) that responds
to an environmental stimulus (temperature). Ler also controls genes located outside
the LEE, such as espC and nleA [60]. Additional regulatory system has been shown
to control expression of the LEE [69]. The AI-2 (autoinducer-2) quorum-sensing
system regulates LEE1 operon, which increases expression of the LEE3 and LEE4
operons via the ler gene product. Two novel LEE-encoded regulators that have roles
in ler expression were reported, GrlA (global regulator of LEE activator) and GrlR
(Grl repressor) [61]. GrlR and GrlA are positive and negative regulators, respec-
tively, required for the expression of several LEE-encoded genes [61]. Other LEE
regulators include the integration host factor (IHF); Bip, a tyrosine-phosphorylated
GTPase; Fis (factor for inversion stimulation); and GadX, which is a member of the
AraC transcription factor family [58].

4.8 Intimin and Tir

Intimin is a 94-KDa outer membrane adhesin encoded by the eae gene and
required for intimate adherence of EPEC to epithelial cells at the sites of A/E lesions
[24]. N-Terminal portions are highly conserved, whereas C-terminus portions are
highly variable [70]. C-Terminal intimin differences have been used as a basis for clas-
sification into several distinct subtypes (represented by the Greek letters to o (alpha)
through ( (zeta) [71, 72]); human EPECI1 strains express subtype o, while EPEC2
strains express subtype p. The N-terminus portion binds intimin in the bacterial
outer membrane, whereas the C-terminus portion binds intimin to Tir. The binding
of intimin to Tir leads to intimate adherence of the bacterium to the epithelium and
pedestal formation beneath adherent bacteria. In addition, Tir inhibits NF-kB activity
by targeting tumor necrosis factor alpha (TNF-a) receptor-associated factors [73].

4.9 Other potential adhesins

In addition to BFP, two other EPEC surface structures, rodlike fimbriae and
fibrillae, have been characterized and have been suggested to be involved in the
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interaction of EPEC with host cells [74, 75]. Additionally, EPEC strains encode

a large surface protein, lymphocyte inhibitory factor (LifA), that contributes to
epithelial cell adherence in vitro [76, 77] and is required for intestinal coloniza-
tion of mice by the related A/E pathogen C. rodentium [78]. The lifA gene is more
commonly found among typical rather than atypical EPEC strains [79]; however,
atypical EPEC strains harboring lifA have a significant association with diarrhea
in children under 5 years of age [80]. A novel gene cluster, designated the locus for
diffuse adherence (lda), was found in an atypical EPEC 026 strain that is respon-
sible for mediating DA adherence; its expression is induced by bile salts [81]. The
E. coli common pilus (ECP) has also been shown to act as an accessory adherence
factor in EPEC, playing a role during cell adherence and/or in bacterium-bacterium
interactions [82].

4.10 Flagella

Flagella has been suggested to be involved in EPEC adherence to epithelial cells
[83]. EPEC mutants with transposon insertion in the flagellar gene fIiC were defi-
cient in localized adherence, and anti-flagellum antibodies were effective in block-
ing the adherence of several EPEC serotypes [83]. However, a subsequent study has
not confirmed a role of flagella in EPEC adherence [84].

5.EspC

EspC is a high-molecular-weight secreted protein of EPEC that induces cyto-
pathic effects on epithelial cells, including cytoskeletal damage [24, 85]. EspCisa
member of the serine protease autotransporters of the Enterobacteriaceae (SPATE)
family of autotransporter proteins that encodes its own transport mechanism.
Moreover, espC has been shown to interact with and degrade hemoglobin [86] and
to hydrolyze other proteins such as pepsin, factor V, and spectrin [87]. In addition,
EspC confers enhanced lysozyme resistance to EPEC [87] and serves as a substra-
tum for adherence and biofilm formation as well as to protect bacteria from antimi-
crobial compounds [88]. EspC is encoded in a 15-kb chromosomal island specific to
EPEC1 strains [24].

6. Other toxins

Scott and Kaper [89] reported a cytolethal distending toxin (CDT) in an EPEC
strain that induces chromatin disruption, which leads to G2/M-phase growth
arrest of the target cell and ultimately cell death [90]. A study has suggested that
most EPEC strains from diarrhea harbor the CDT gene [91]. Another toxin is the
enteroaggregative E. coli heat-stable enterotoxin 1 (EAST1) also present in EPEC
strains [92]. The use of an EAST1 DNA probe suggests that this toxin is expressed
by a number of clinical EPEC isolates [18, 93]. The role of CDT and EAST1 in EPEC
pathogenesis remains to be elucidated.

7. Model of EPEC pathogenesis

A three-stage model of EPEC pathogenesis was first described in the early 1990s
[94], Clarke et al. [95], including localized adherence to the host cell, signal trans-
duction, and intimate attachment with pedestal formation (Figure 2).
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Figure 2.
Four-stage model of EPEC pathogenesis. Reprinted from Clarke et al. [95].

In the first stage, an attachment of typical EPEC to the surface of the host intestinal
epithelium is mediated by the bundle-forming pili (BFP). The filament EspA also
promotes attachment, albeit in a less efficient manner, and could mediate adherence
of atypical EPEC strains. In the second stage, Tir and effector proteins (EspB, EspD,
EspF, EspG, and Map), translocated into the host cells via type III system apparatus,
activate cell-signaling pathways, causing alterations in the host cell cytoskeleton
and resulting in actin accumulation and loss of microvilli [58]. In the third stage,
bacteria intimately adhered to host cell by intimin-Tir interactions amplifies the
accumulation of filaments of actin and other cytoskeletal proteins that result in
pedestal-like structures [62, 96, 97]. Finally, the translocated effectors disrupt host
cell processes, causing loss of tight-junction integrity and mitochondrial function
and leading to both electrolyte loss and eventual cell death.

8. Diagnosis

Traditionally, the identification of EPEC was based on the O:H serotyping, but
serotype designation is no longer precise. The identification of EPEC was based on
the characteristic of EPEC’s attachment to epithelial cells and may include pheno-
typic or genotypic tests. The HeLa adherence assay distinguishes EPEC from other
E. coli by their ability to adhere in a localized pattern (LA) on the surface of cells
[8]. The fluorescent actin-staining (FAS) assay, originally described by Knutton
et al. [98], leads to the identification of the A/E lesion, by detecting actin con-
densation under EPEC adhesion pedestals. DNA probes and PCR targeting genes
responsible for these characteristics were developed. A 1-kb EAF fragment probe
was initially developed as a diagnostic DNA probe (the EAF probe) and subse-
quently refined as an oligonucleotide probe as well as PCR primers [10, 11, 99].
The identification of bfpA, the structural gene encoding BFP, led to the develop-
ment of more specific and sensitive probe or PCR tests to detect typical EPEC
strains [74, 75, 100]. However, some PCR primers may fail to identify all typical
EPEC strains since multiple alleles of bfpA have been identified [101]. The eae
sequences by DNA probes and PCR primers have been used to detect the presence
of LEE encoding A/E lesion [24].
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9. Clinical features of EPEC infection
9.1 Symptoms

The most common symptoms reported in EPEC infection are watery diarrhea,
dehydration, vomiting, food intolerance, and low-grade fever [24, 97]. In addition,
EPEC infection may lead to severe malabsorption of nutrients resulting in nutri-
tional aggravation and persistence of diarrhea [102]. Edema, neutrophil infiltrate,
and reduced enzymatic activity in the intestinal mucosa have been also found in
EPEC infection [103]. EPEC diarrhea often lasts 1-2 weeks but can become persis-
tent, lasting more than 2 weeks, and may result in severe infection [24, 25, 32, 102].
In a recent case-control study, EPEC infection was associated with a 2.8-fold elevated
risk of death among infants in Kenya [24, 31, 97].

9.2 Treatment

Treatment of EPEC diarrhea includes oral rehydration therapy to prevent
dehydration by correcting fluid and electrolyte losses. Oral rehydration may be suf-
ficient for cases of self-limited acute diarrhea, but persistent cases of diarrhea may
include parenteral rehydration, and more severe cases may require total parental
nutrition and use of antimicrobials [102]. Multidrug resistance has been reported
in EPEC strains from diverse parts of the world [27-29, 44, 104, 105]. Alternative
therapies, employing the use of bismuth subsalicylate, specific bovine anti-EPEC
milk immunoglobulins, and also zinc, have been proven useful for treatment and
prevention of EPEC diarrhea [106].

9.3 Vaccines

There are no currently available vaccines to prevent EPEC infection. However, a
recent study has used bacterial ghosts devoid of cytoplasmic contents but express-
ing all EPEC surface components in vaccination challenge experiments with mice,
and the results showed 84-90% protection in control mice [107]. Interestingly,
protective effect of breast-feeding was shown to provide excellent protection
against EPEC infection. Several investigators have shown that breast milk provides
protection against EPEC O antigens and outer membrane proteins [108, 109].
Furthermore, IgA antibodies against BFP, intimin, EspA, and EspB proteins were
identified in maternal colostrum and serum samples [110-118].

10. Conclusion

Much progress has been made in the last 20 years toward understanding the
pathogenesis of EPEC. It has been shown that typical EPEC are still important
pathogens associated with severe outbreaks of infant diarrhea, and atypical EPEC
are emerging pathogens associated with sporadic outbreaks at all ages worldwide.
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Chapter 4

Insight into the mobilome of
Escherichia coli

Elif Bozcal

Abstract

Mobilomes are all mobile genetic elements (plasmids, transposable elements,
insertion sequences, gene cassettes, integrons, genomic islands, and bacteriophages)
in a genome. Mobilome is one of the responsible agents for the bacterial evolution,
virulence, and increasing antibiotic resistance. The mobile genetic elements in the
Escherichia coli genome can carry antibiotic resistance genes and/or virulence genes.
The acquisition of new mobile genetic elements can lead to the emergence of new
pathotypes. The aim of this chapter is to gather knowledge about mobile genetic
elements in E. coli strains. The method in this chapter depends on a literature survey,
which scans reviews, research articles, and theses published about transposable
elements, plasmids, bacteriophages, and genomic islands in E. coli strains.

Keywords: Escherichia coli, mobilome, genomic island, plasmid, transposon,
bacteriophage

1. Introduction to mobilome and mobile genetic elements

Mobilome encompasses all mobile genetic elements (MGEs) in a genome [1].
Mobile genetic elements are moveable DNA segments, transferring among bacterial
genomes. MGEs carry the so-called noncore genes and they have an important con-
tribution to the plasticity of bacterial genomes. Plasmids, transposable elements,
insertion sequences, gene cassettes, integrons, genomic islands, and bacteriophages
are MGEs. Approximately, 2000 genes from 20 sequenced E. coli genomes were
found to be noncore genes [2].

The presence and/or absence of MGEs within genomic DNA can lead to variance
in E. coli pathotypes. Despite the fact that E. coli strains have been known as part of
the normal microbiota of human gastrointestinal tract among E. coli, there are also
pathogenic strains, and hence, the strains of E. coli are grouped either as (i) com-
mensal, which are nonpathogenic, (ii) intestinal pathogenic strains (IPEC), or
(iii) extraintestinal pathogenic (EXPEC) strains [3]. Rearrangements, excision, and
integration of the DNA fragments can be the mechanisms behind the rapid evolu-
tion of E. coli strains and also the emerging pathogenic E. coli strains [4].

The most studied MGEs are transposable elements, plasmids, bacteriophages,
and genomic islands in E. coli strains. Transposable elements are known as DNA
sequences that can transfer among different locations in the bacterial genome [5].
Resistance genes can be harbored by a transposon in a genome. Transposons can
be integrated and excised from the chromosome by enzymes, called transposases.
The simplest version of the transposon is the insertion sequence [6]. Plasmids are
self-replicating genetic elements. Different groups of plasmids exist according to

69 IntechOpen



The Universe of Escherichia coli

the incompatibility and conjugative features. Plasmids have a big contribution to
the bacterial cell in terms of acquiring antibiotic resistance genes and virulence
genes [7, 8]. Bacteriophages are viruses that infect bacteria and replicate within
bacterial cells. Bacteriophages can transfer genes among bacterial cells with the
mechanism, called transduction. Specialized transduction can include only specific
genes, however, generalized transduction can transfer any fragment of the bacte-
rial DNA [6]. In a similar manner, some bacteriophages also carry genes, which are
advantageous for bacteria such as resistance and virulence-associated genes. Among
them, Shiga-toxin coding genes are one of the most significant phage-associated
genes that is transferred to E. coli 0157 : H7 [9]. Important mobile genetic elements
are also genomic islands (Gls), which are genomic regions of gene clusters, often
acquired by horizontal gene transfer and inserted into tRNA genes [10]. GIs can
contain phage- or plasmid-derived sequences. Gls in E. coli strains carry genes
associated with metabolism, pathogenesis as well as antimicrobial resistance [11].

2. Transposable elements or transposons

Transposable elements (TEs) or transposons have a significant role in the
genome evolution and organization [12]. TEs are DNA fragments, which are able to
change their position within the genome, in the process called transposition [13].
Bacterial transposable elements or bacterial transposons are divided into three
different types: (i) insertion sequence elements, (ii) composite transposons, and
(iii) noncomposite transposons. Insertion sequence elements, or in short, inser-
tion sequences (ISs) are the simplest version of the transposable elements. ISs have
not genetic information apart from necessary for their mobility. Composite and
noncomposite transposons, on the other hand, also they have additional genetic
material unrelated with transposition, for example, antibiotic resistance genes
[14]. Composite transposons are flanked by the insertion sequences [12]. E. coli has
various transposable elements carrying antibiotic resistance genes, including Tn3,
Tn5, Tn7, Tn9, and Tn10 encoding ampicillin, kanamycin, trimethoprim, chloram-
phenicol, and tetracycline, respectively [13, 15]. A transposon, Tn6306, encoding
imipenem-hydrolyzing B-lactamase that mediates dissemination of the blaIM;
among Enterobacteriaceae reported in 2017 [16]. The gene conferring resistance

Name Description Reference
Transposon-like element blacuy.o-carrying element [22]
Tn21-type transposon dfrA trimethoprim resistance [18]
Tn1999-like element blaox .45 gene encoding OXA-48 carbapenem [23]
Tn6306 blapy [16]
ISApll mer-1 [17]
In53 blavygp.1 [21]
Tn3 Ampicillin resistance [24]
Tn5 Kanamycin resistance [25]
Tn7 Trimethoprim resistance [26]
Tn9 Chloramphenicol resistance [27]
Tni10 Tetracycline resistance [28]
Table 1.

Transposable elements in E. coli strains.
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to colistin, mcr-1 gene is carried by the ISApll transposon [17]. Moreover, trim-
ethoprim resistance gene dfrA was rapidly disseminated in Nigeria and Ghana via
Tn21-type transposon in E. coli [18]. In Table 1, the most important transposable
elements of E. coli are listed.

Sometimes transposable elements comprise integrons, which are genetic ele-
ments that can capture genes including antibiotic resistance from different sources
[19]. And integrons can be located on transposons, but also on plasmids, and in the
bacterial chromosome [20]. Integrons are genetic elements that include the gene for
the enzyme integrase together with gene cassettes encoding antibiotic resistance
genes. A study reported a novel integron, In53, which is located on transposon
inserted into a self-transferable plasmid [21].

3. Plasmids

Plasmids are extrachromosomal DNA elements, which are self-replicating. Apart
from the genetic information needed for the autonomous replication, they can also
carry additional genetic information like antibiotic resistance genes and the genes
encoding resistance to heavy metals, virulence, and other metabolic functions [22, 29].
Thanks to their specific functions, certain plasmids are used as cloning vectors in the
recombinant DNA technology [30]. Plasmids are grouped into different Inc families/
groups. Inc groups are based on the inability of two plasmids to co-exist together in
a bacterial cell [31]. Inc plasmids of the same Inc group have same type of replication
region and thus have incompatible replication and partition mechanisms and hence
cannot co-exist in a bacterial cell [32]. Plasmids belonging to the IncX family encode
various resistance genes, mainly distributed among members of Enterobacteriaceae
[33]. For example, recently, an emerging IncX plasmid, which is encoding blagv. 1,
p-lactamase gene was reported in E. coli. The blajy; » gene, encoding an imipenem-
hydrolyzing p-lactamase, is carried by pRJ18, an IncFIB plasmid [16]. The ESBL-
encoding plasmids belonging to the Inc F, A/C, N, H12, 11 and K type were reported
from The European Union. And one of the significant ESBL enzyme genes, CTX-M-1,
is generally located on the Incl or IncN plasmids. For instance, CTX-M-1 f8-lactamase
originated from an animal is transmitted via Incl ST3 plasmid [34].

The paradigm F plasmid, found among members of Enterobacteriaceae, is an
IncF plasmid [35]. F-like plasmids can be detected in pathogenic as well as in non-
pathogenic E. coli strains of different origins. The whole genome sequencing data of
E. coli ST131 indicated that the acquisition of the CTX-M resistance gene was trans-
ferred via the conjugative F plasmid [36]. However, with the F plasmid, another
significant antibiotic resistance gene is transferred, the mcr-1 gene conferring resis-
tance to colistin. Moreover, this mcr-1 gene was found to be carried by 13 different
plasmid incompatibility groups, among them are the Incl2, IncX4, and IncHI2 [37].
Although it has been reported that mcr-1 gene has been carried by a transposon, it
was shown that the mcr-1 gene was transported via the plasmid, firstly. Moreover, it
was found that the other mcr genes including mcr-2, mcr-3, mcr-4, mcr-5, and vari-
ants are carried by plasmids [38-40]. Recently, a new international outbreak was
reported in Denmark. This outbreak was caused by E. coli ST410, an extraintestinal
pathogenic E. coli resistant to fluoroquinolones, third-generation, cephalosporins,
and carbapenems. This strain has acquired an IncX3 plasmid carrying blaoxa-is:
gene and also an IncFII plasmid carrying blanpp.s [41].

Sometimes, plasmids are transferred among bacteria with conjugation, a genetic
transfer that occurs between donor and recipient cell that is in a direct cell-to-cell
contact [42]. Conjugative plasmids can carry integrons and/or transposons, and
such genetic information can be transferred then horizontally via conjugation [43].
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Therefore, the spreading of multiresistant genes is promoted [44]. For example, a
conjugative E. coli plasmid from a swine incorporated a cfr gene, which conferred
resistance to phenicol, lincosamides, oxazolidinones, pleuromutilins, streptogramin
A, and also the blacrx p.14» ESBL gene [45]. Moreover, a colV plasmid (pCERC3)
from a commensal E. coli ST95 carried virulence and antibiotic resistance genes
including sulfonamide resistance encoded by sul3-associated with a class 1 integron
[46]. The pE8O0 plasmid from a foodborne E. coli strain encodes multiple resistance
determinants ogxAB, fosA3, blaCTX-M-55, and blaTEM-1 and hence confers resis-
tance to tetracycline, streptomycin, olaquindox/quinolone, and kanamycin [47].

In addition to carrying antibiotic resistance genes, plasmids have a major role
in the transfer of virulence-associated genes. One of the most significant E. coli
outbreaks was the hybrid enterohemorrhagic E. coli (EHEC)-enteroaggregative E.
coli (EAEC) 0104:H4 strain in Germany. This strain possesses three different plas-
mids: pAA (74 kb), pESBL (89 kb), and pG (1.5 kb) [48, 49]. pAA plasmid carries
virulence factors including fimbriae for adherence, surface protein dispersion, Aat

Name or class Description/gene carried Reference

IncA/C plasmids Multiple antibiotic resistance [29]

IncX3 plasmid blasyv.1z [33]

IncA/C or IncI1 plasmid blacpy.o-like genes [52]

pRJ18 blapr, (16]

Incl2, IncX4, and IncHI2 mer-1 [37]

plasmid

MOBP131/IncL plasmids blaoxa.a4s [23]

IncX3 plasmid blaoxa1s1 [41]

IncFII plasmid blaypps [41]

pEC26 mer-1.9 (53]

pCERC3 A colV plasmid carrying Sul3-related integron [46]

pAA Encoding aggregative adherence fimbriae variant [48]
aap gene encoding the surface protein dispersin [50]
aatPABCD operon encoding Aat secretion system [50]
Protease SepA [50]
aggR gene is encoding EAEC master virulence gene [50]
regulator AggR
Support of the translocation of the Stx2a across the [54]
epithelial cell

pS8s8 Encoding virulence genes ompT), sitA, cia, iss, iroN, hlyF, [55]
cvaA

pO157 Encoding enterohemolysin, serine protease, type II [8]
secretion protein, catalase, peroxidase, toxinB

pED1169 Encoding F4-like fimbriae [7]

pGXEC3 Conjugative plasmid harboring cfr gene [45]

pE80 Conjugative IncFII plasmid encoding 0gxAB, fosA3, [47]
blacrx.ss, and blaTEM-1

Incl ST131 blacrys (34]

Table 2.

Plasmids in E. coli strains.
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secretion system, protease, and the virulence regulator AggR [50]. Since the pAA
plasmid is in the same cell as the pESBL, it increases both virulence and antibiotic
resistance of this bacterium. Further, an EHEC O104:H7 strain that was isolated
from cattle feces possessed IncB/O/K/Z and IncFIB plasmids carrying principal
virulence genes, including, enterohemolysin and autotransporter [51]. Another
significant serotype for E. coli is the 0103 serotype, which is the second most com-
mon serogroup among the human foodborne illness. This serogroup has a pO157
plasmid encoding various virulence factors including enterohemolysin and type
IT secretion protein [8]. Recently, a characterized novel plasmid in a shiga-toxin-
producing ETEC harbored fae locus encoding ETEC F4 fimbriae [7]. Some more
examples of important E. coli plasmids are given in Table 2.

4. Bacteriophages

Viruses that are infecting bacteria are called bacteriophages. They have a
significant impact on the dissemination of antibiotic resistance and virulence-
associated genes among foodborne pathogens, as they can transfer genes
among bacteria in the process called phage-mediated transduction. Hence, they
not only shape the bacterial evolution, but also cause the emergence of new
pathogenic bacteria. On the other hand, in a good sense, phages protect against
bacterial colonization of mucosal surfaces [56]. Moreover, viruses can be found
everywhere in the world including soils, oceans, sewage, and different microbial
communities [57, 58]. Transduction can be mediated via virulent or temperate
phages. In the case of virulent phages, essentially any region of the bacterial
DNA can be transferred (generalized transduction), while temperate phages can
transfer only certain genes that are close to the attachment site of the lysogenic
phage in the bacterial chromosome (specialized transduction). Specialized
transduction happens when the prophage excision is inaccurate and some bacte-
rial DNA co-excised with the prophage DNA [57]. Transduction is a significant
process in terms of transferring antimicrobial resistance genes among bacterial
cells [59]. For example, the phage called 933E transferred tetracycline resis-
tance gene from the E. coli O157:H7 strain to the laboratory E. coli K12 AB1157
strain [60]. Similar to plasmids, phages have a crucial role in the acquisition of
p-lactamase genes such as blacrx.m, blasyw blatey, qnrA, qnrB, and qnrS [61].

A well-characterized P1-like bacteriophage, which lysogenizes bacteria, was
reported, and it has encoded SHV-2 resistance in its genomic structure [62].

Furthermore, phages also have the ability to disseminate virulence factors
such as staphylokinase, phospholipase or DNase, and superantigens [58]. Phages,
which have been known for several years including bacteriophage A, have been
found to carry not only bacterial adhesion genes but also bacterial survival genes
[63, 64]. Additionally, E. coli phage Ayreon carries the cdt gene cluster encoding
the CdtA, CdtB, and CdtC subunits of the cdtI holotoxin [65]. Another significant
toxin encoded by a temperate phage is the Shiga Toxin 2, which is a virulence
factor in E. coli 0157:H7 [9]. Moreover, some other Shiga Toxin variants includ-
ing Shiga Toxin 2c¢ can be encoded by phages of the pathogenic E. coli 0157 strain
[66]. However, some bacteriophages, for example, phiC119 can be used as biologi-
cal control agents, as they can infect and lyse their bacterial hosts (phage therapy)
[67]. Interestingly, genetic elements encoded by bacteriophages can also regulate
gene expression in the bacterial host cell. For instance, transcription factor Cro
has an effect on the regulation of virulence genes in enterohemorrhagic E. coli
[68]. Table 3 shows some well-known phages involved in the transduction of
virulence or resistance genes.
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Name Description/gene carried Reference

Bacteriophage 933W tet [60]

P1-like bacteriophage blagyy., [62]

(RCS47)

Phage ayreon cdt gene cluster [65]

Phage 2851 Stx2c¢ [66]

Phage A lom gene encoding K12 adhesion to human buccal [64]
epithelial cells

Phage A bor gene homologous to iss serum resistance locus [63]

Phage PP01 Two tail fiber genes- 37 and 38 responsible for host-cell [69]
recognition

Table 3.

Bacteriophages of E. coli.
5. Genomic islands

Genomic island (GI) is a large region of genomic DNA, more than 10 kb length,
which can be frequently exchanged between bacterial isolates. Gls are encoding
proteins for transfer, recombination, and restriction/modification or other proprieties,
for example, gene clusters for metabolic adaptation, virulence, and or resistance of
bacteria [11]. GIs involving virulence-associated genes are called pathogenicity islands
(PAIs) [70]. PAI generally encodes genes related to virulence factors (VFs) including
adhesins, toxins, invasins, capsule biosynthesis machinery, iron uptake system, and
type IIL, IV, VI and or VII secretion apparatus [71]. Generally, the size of PAIs more
than 10 kb and their GC content differs from the average genome. Their integration
site is located in tRNA genes and repeated sequences, which is containing at least one
mobile genetic element including remnants of plasmids, insertion sequences (ISs),
and integrons, and associated gene cassettes [72]. tRNA-encoding genes are known as
the hot spot for the integration of foreign DNA [71]. Several PAIs can be excised from
bacterial chromosome by site-specific recombination [73].

PAIs have been reported firstly in the genome of uropathogenic E. coli, later
also in other pathogenic bacteria [74]. PAIs are now found to be widely distributed
among animal- and plant-associated bacterial pathogens and PAIs that can be
horizontally transferred have great impact on the rapid evolution of virulent and
antibiotic-resistant strains [71].

Enterocyte effacement locus (LEE) is one of the best known PAls in E. coli. LEE
is a 35-kb cluster of genes associated with bacterial adherence to intestinal epithelial
cells and the formation of attaching and effacing lesions [75]. High-pathogenicity
island (HPI), a PAI originally found in Yersinia species, but also widely spread
among other Enterobacteriaceae including E. coli, encodes a siderophore iron uptake
system (the fyuA-irp gene clusters), the so-called yersiniabactin. HPI was found
among enteroaggregative E. coli, enteropathogenic E. coli, enteroinvasive E. coli,
and enterotoxigenic E. coli (ETEC) [76]. HPI was also found in genomes of certain
non-0157 STEC clonal lineages [77] (Table 4).

It was reported that UPEC strain 536 has at least four PAls located on the
chromosome. The sizes of the first two PAI I536 and PAI 11536 are 70 and 120 kb.
The significant virulence-associated genes encoded on these PAls are hemolysin
and P fimbriae. PAI III536 and PAI IV536 have S fimbriae and HPI analog gene
clusters [78]. It was reported that an ExPEC strain causing neonatal meningitis
possessed the HPI, suggesting that HPI was associated with the development of
neonatal meningitis [79]. Moreover, capsule synthesis-associated genes can be
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Name Description Reference
LEE PAI locus of enterocyte effacement [75]
Yersiniabactin-HPI Encoding an siderophore iron uptake system [77]
PAI 1536 and PAI 11536 Hemolysin and P fimbriae [78]
PATIIII536 and PAI IV536 S fimbriae and HPI [78]
PAI V536 K15 capsule determinant [80]
Vat-encoding PAI Adjacent to the 3’ terminus-thrW tRNA gene [82]
EPAIl RTX family exoprotein [85]
EPAI2 O-antigen polysaccharide (OPS) [85]
EPAI3 EPAI3 [85]
EPAI4 T3SS [85]
EPAI5 0122 [85]
EPAI6 LEE [85]
AGI-3 PAI SelC-associated GI involved in carbohydrate uptake and [86]
virulence
GI OI-29 Transcriptional activator GmrA [83]
Table 4.

Genomic islands and pathogenicity islands in E. coli.

located on different PAls in ExPEC [80]. Furthermore, it was shown that HPI in
general contributes to EXPEC virulence [81]. Another novel PAI was found in an
APEC strain integrated adjacent to the thrW tRNA gene encoding vacuolating
autotransporter toxin. This PAI is known as Vat-encoding pathogenicity island and
may contribute to APEC pathogenicity [82]. A novel function carried by a GI was
reported recently—a GI located in the EHEC chromosome included the transcrip-
tional activator GmrA that controls the motility of EHEC 0157:H7 [83]. In addition,
Gls have a role not only in virulence but also in the metabolic process of the bacte-
rial cell. The dnd operon, which is a DNA modification system cluster encoding and
catalyzing phosphorothioation of DNA in E. coli was found to be located on diverse
Glsin E. coli [84]. Table 4 shows some well-known GIs and PAIs.

6. Conclusion

E. coli is one of the most studied bacteria all around the world. There are various
pathotypes and subclones of E. coli as well as commensal strains. One of the most
important reasons of emerging numerous pathotypes of E. coli is MGEs, including
transposons, plasmids, bacteriophages, and genomic islands. MGE:s are significant
drivers of the horizontal gene transfer. Therefore, in order to understand the genome
evolution, virulence and antibiotic resistance genes acquisition among E. coli strains
from various sources is important to study MGEs and the mobilome.
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Chapter 5

Escherichia coli and Food Safety

Gozgde Ekici and Emek Diimen

Abstract

Foodborne pathogens are evaluated as an important risk factor in terms of
public health in developed and developing countries due to their extensiveness
all around the world. Escherichia coli and other coliform bacteria are important
foodborne pathogens. Some of the most important sources of contamination for
these groups of microorganisms are reported as: areas with unfavorable hygiene,
contaminated waste water, meat products, cereal products and vegetables. Total
coliform bacteria and E. coli count is known to be the indicator of unfavorable
hygienic conditions and fecal contamination in foods. Foodborne diseases, how-
ever, are a global issue. A joint approach by all countries and related international
organizations is a prerequisite for detection and control of foodborne problems
that pose a threat to human health and international trade. Despite their compli-
cated biology, epidemiology and analyses, most foodborne diseases are prevent-
able. It is of vital importance for public health that consumers and food producers
act in accordance with the principles regarding internationally accepted safety
methods.

Keywords: Escherichia coli, food safety, foodborne diseases

1. Introduction

Microorganism of varying types and numbers can be found on food of ani-
mal and plant origin. The types and number of microorganism on food can be
changed due to food processing, inappropriate purchasing, storing, preparing,
cooking or serving. Increase in the number of these microorganisms due to the
abovementioned changes may lead to spoiling of the food, causing a pathogenic
effect on humans. The most important of foodborne pathogenic bacteria is
Escherichia coli. It is transmitted through fecal or oral route and it should, under
no circumstances, be present in any food. The most prominent symptom caused
by this microorganism is its diarrheagenic effect. Moreover, it is known to cause
sepsis, meningitis and many enteric diseases. Inability to ensure food safety is
one of the biggest food-related problems. Food safety means ensuring necessary
hygienic conditions and taking protective safety precautions for a healthy and
safe food production throughout all processes from obtaining raw materials to
production, transportation, storage, distribution and consumption of food. This
section will focus on the pathogenic characteristics of food contaminated with
E. coli, food contamination cases, current food safety approaches and methods
of prevention/protection.
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2. Escherichia coli and food poisoning

Escherichia coli, one of the 30 members of the bacterial family of
Enterobacteriaceae, is a coliform bacterium and is one of the 6 types of Escherichia
species (E. adecaroxylate, E. blattae, E. fergusonii, E. hermannii and E. vulneris).

It is a gram-negative, non-spore-forming, facultative, anaerobic, rod shaped,
mesophilic bacterium that grows in 7-45°C. The group of coliform bacteria consists
of Citrobacter, Enterobacter, Klebsiella and Escherichia. While there are bacteria of
fecal origin among coliform bacteria, there are also bacteria of plant origin such as
Enterobacter aerogenes, Citrobacter freundii, and Klebsiella pneumoniae. Presence of
coliform group in food is indicative of fecal contamination, poor hygienic condi-
tions or existence of enteric pathogens. For instance, the presence of coliform bacte-
ria in raw milk is an indication of poor hygiene in milking or storage conditions. The
presence of coliform bacteria in raw or frozen fruits and vegetables is not important
as Enterobacter, Citrobacter and Klebsiella are naturally present in the microbiota of
plants. However, E. coli presence in fruits and vegetables is very important in terms
of inadequate hygiene. E. coli is an important pathogen as it is an indicator of fecal
contamination in foods and drinking water. Due to this characteristic, it is consid-
ered as an indicator bacterium in food safety and hygiene [1-3].

Being the prominent bacterium in the facultative anaerobic microbiota of the
intestines, E. coli is widespread in stool and the environment. Some of its pathogenic
strains both cause intoxication by creating toxins and cause gastroenteritis, patho-
logic kidney and brain damage by causing infection-type food poisoning through
cellular increase. Some enterotoxin producing E. coli strains are divided into two
groups as heat-stable and heat-labile. The heat-stable toxin is known as stable toxin
(ST) and the heat-labile toxin is known as labile toxin (LT). Both toxins can be
found together or separately. Moreover, pathogenic strains are also known to cause
serious diseases such as diarrhea, peritonitis, mastitis, septicemia, pneumonia and
neonatal meningitis. Among gram-negative bacilli, E. coli is the most widespread
pathogen that causes meningitis especially in neonatal period. It has serious morbid-
ity and mortality rates worldwide. The mortality rates in neonatal meningitis cases
are reported to vary between 15-40% and 50% of the survivors are reported to
continue their lives with neurological damage [2, 4]. Intestinal pathogenic E. coli are
classified as shown in Figure 1 at least six subgroups/pathotypes as enterotoxigenic
E. coli (ETEC), enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC),
diffusely-adherent E. coli (DAEC), enteroinvasive E. coli (EIEC) and enterohemor-
rhagic E. coli (EHEC). EHEC is also known as Shiga toxin (stx) producing E. col
(STEC) and verotoxin producing E. coli (VTEC) [5, 6].

Intestinal Pathogenic E. coli

[ i

Neninvasive Invasive
| |

Toxigenic Nonboxigenic 'I'-:rx.i.gnuc

| EHEC

ETEC EPEC EIEC

| = Shiga-like

[ Toxin
LT ST (Vierotoxin]

{heat-labile) (heat-stabile)

Figure 1.
Mechanism of intestinal pathogenic E. coli strains [6].
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2.1 Enterotoxigenic E. coli (ETEC)

People living in developing countries have often been reported to have this
pathotype in their feces and shown to have developed immunity against this
microorganism. Being a cause of mortality in children under 5, the most frequently
observed microorganism in childhood diarrhea is ETEC and it is also responsible for
30-60% of travelers’ diarrhea. Infection is characterized by watery diarrhea and,
depending on the person, its course may range from a normal course to cholera-like
defecation with the addition of symptoms such as vomiting and high fever [2, 4, 7].
Diarrhea is the most common causes of mortality in society and among young chil-
dren, especially those living in Asia and sub-Saharan Africa with inadequate health-
care systems and limited access to clean drinking water. Recent systematic studies
have reported that each year an estimated 600,000 children under the age of 5 lose
their lives. Diarrhea occurs due to the consumption of food or water contaminated
with viral, bacterial or parasitic pathogens. Among these potential pathogens, the
most common cause of diarrhea in children under five is the ETEC (heat-stable — ST
and/or heat-labile — LT type toxin) producing E. coli strains. Through the production
of fimbrial or non-fimbrial adhesins, ETEC strains cause hypersecretion of fluids
by producing enterotoxins that disrupts fluid and electrolyte homeostasis in the
epithelial cells of small intestines, leading to watery diarrhea. Without rehydration,
moderate or severe diarrhea could lead to dehydration and acute mortality [7].

2.2 Enteropathogenic E. coli (EPEC)

It is known to be the oldest E. coli serotype causing diarrhea and its most
important characteristic is adherence. In EPEC infections, vomiting and low body
temperature are observed in addition to watery diarrhea [5]. It is known to cause
diarrhea in infants and outbreaks can occur in neonatal care units. Humans, pigs
and bovines may be infected with this microorganism. EPEC is transmitted from
person to person, however; rarely, it is also known to spread through contaminated
food and water [4, 6].

The ability to produce attaching and effacing (A/E) lesions is a distinctive phe-
notype for EPEC. Bacteria cause extensive deterioration on microvilli by strongly
adhering to the host cell membrane. This adherence to the cell is mediated by an
outer membrane protein called intimin. Moreover, depending on the presence of
E. coli adherence factor — EAF), EPEC is classified as typical EPEC (tEPEC) and
atypical (aEPEC) strains. In addition, as a distinctive factor, all EPEC strains lack
the Shiga toxin (stx) producing genes. Among single-pathogen infections, EPEC has
the second highest severity score after rotavirus, followed by ETEC. Diarrheagenic
E. coli, especially EPEC, ETEC and EAEC are found out to be the main pathogens
related to chronic diarrhea and its complications that lasts more than 14 days in
developing countries. Moreover, among children with chronic diarrhea in develop-
ing countries, aEPEC was the most common pathogen isolated and it is the most
common clinical case. These findings show that aEPEC may have a tendency to be
naturally more chronic than other diarrheagenic E. coli [8, 9].

2.3 Enteroaggregative E. coli (EAEC)

This pathotype is a foodborne enteropathogen observed in acute and persistent
diarrhea cases in children, patients with suppressed immune systems in developing
countries and people traveling to endemic regions. Growth disorders and cognitive
disorders in children living in developing countries, stem from EAEC infections.

In the pathogenesis of EAEC, the first step is the strong adherence to the intestinal
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mucosa. The second step is leading to the development of enterotoxins and cytotox-
ins and the third step is known to be characterized with the ability to induce muco-
sal inflammation. Many different virulence factors regarding these three steps have
been defined, however; none of them are present in all strains. Three adherence
models related to EAEC have been defined. In addition to the localized adherence
(LA) model that was defined first, there is also a diffuse adherence (DA) model and
aggregative adherence (AA) model. The strains corresponding to the AA pattern
were later defined as “Enteroadherent-aggregative E. coli”. However, this term was
then replaced with the current name “Enteroaggregative E. coli”. AA phenotype has
to be present in order for an E. coli strain of EAEC pathotype to be classified [10].

It is commonly found in foods in Mexico, including desserts and salsa sauces,
and the visitors of the country are known to be more sensitive to EAEC infections
during their stay rather than ETEC, which they are the most susceptible to. The
reason behind this is the EAEC’ ability to suppress the immune system and cause
chronic infection. EAEC is also more resistant to antibiotics compared to the other
diarrheagenic pathogens. Persistent infection and chronic disruption in intestinal
functions cause malnutrition and decline in physical and mental development,
especially in children. Malnutrition, which is observed due to micronutrient
deficiency, induces infection. Development of infection induces malnutrition. This
whole cycle increases the burden of acute diarrhea [11].

2.4 Diffusely-adherent E. coli (DAEC)

Hep-2 or HeLa cell cultures are called DAEC due to their diffuse adherence char-
acteristics. DAEC serotypes are known to cause chronic diarrhea in children between
the ages of 1 and 5. They cause degradation in the intestinal epithelium by binding
to proteins that accelerate degradation. Mild diarrhea void of fecal leukocytes is the
indication of infection. In France, DAEC strains were found out to be widespread
in diarrhea cases observed in inpatients from a hospital with no other enteropatho-
gen. This situation indicates that DAEC strains may be an important diarrheagenic
pathogen in developed countries. Recent studies show that some DAEC strains
contain virulence factors present in uropathogenic E. coli (UPEC) strains [5, 12].

2.5 Enteroinvasive E. coli (EIEC)

EIEC strains causing inflammatory damage in intestinal mucosa and submucosa
are very similar to those produced by Shigella. These microorganisms have the same
spreading and reproducing abilities inside epithelial cells. However, clinically,
EIEC-related watery diarrhea is much more commonly observed than dysentery
caused by Shigella. O antigens of EIEC can cross-react with O antigens of Shigella.
The disease starts with severe abdominal cramping, weakness, watery stool,
difficulty urinating and fever. It could rarely aggravate and turn into watery stool
containing blood or mucus. The fecal leukocytes observed in shigellosis may also be
observed in the mucus smear of a person infected with EIEC. EIEC infections are
endemic to less developed countries and are reported to be rarely observed infec-
tions in developed countries. The incubation period is observed as 10-18 hours.
There is evidence showing that EIEC is transmitted through contaminated foods.
Just like in shigellosis, cases of diarrhea with enteroinvasive strains can be treated
by using antimicrobials effective against Shigella isolates [13]. In a study conducted
to investigate the effects of antibiotic usage, stool samples were analyzed to find out
whether it affected pathogen findings. Four and fifty-six tourists from Finland were
all informed about antibiotic usage during travel and stool samples were collected
from them both before and after the travel. There were differences between the
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travelers that visited various countries before and the ones that did not use any
antibiotics in terms of Enterobacteriaceae findings, as well as some health problems
during the travel and pathogenic findings in stools [14].

2.6 Enterohemorrhagic E. coli (EHEC)

EHEC are also named Shiga toxin producing E. coli (STEC) and also verotoxin
producing E. coli (VTEC). All strains of EHEC produce Shiga toxins that destroys
vero cells similarly to Shiga toxins produced by Shigella. E. coli 0157: H7, first
defined after the outbreak associated with the consumption of rare cooked minced
meat in 1982, is the primary cause of EHEC infection in industrialized countries
including the USA, Canada and England. 026, 0103, 0111 and O145 can be listed
among the other EHEC serogroups responsible for foodborne diseases. Even
though the 0157 strains are the ones that draw the most attention, the strains of
other EHEC serogroups, especially O111, are gradually getting reported more and
more around the world. Based on the severity of the disease, EHEC is regarded as
the most serious E. coli strain among foodborne pathogens. E. coli 0157:H7, differ
from the other E. coli serotypes because of some of its characteristics, which are:
not being able to grow in or above 42°C, not being able to ferment sorbitol, not
having B-glucuronidase enzymes and producing enterohemolysins. Shiga-like toxin
produced by E. coli 0157:H7 is cytotoxic for human colon and duodenum. This toxin
causes accumulation of fluid in intestines and lesions in colon through destruction
of crypt epithelia. Intimin makes adhesion to the intestinal canal easier [5, 15].

EHEC has a wide spectrum including watery or bloody diarrhea and hemolytic
uremic syndrome (HUS), which is an important factor in acute renal failure in
children. The biggest EHEC 0104:H4 outbreak was in Germany in 2011 with 855
HUS cases in 3842 people and 53 mortalities. This incidence, which raised concern all
around the world, shows the importance of EHEC in terms of human health. Bovines
are the main reservoir for these microorganisms to live on asymptomatically for years.
Other smaller reservoirs for these microorganisms include sheep, goats, dogs, pigs
and poultry. Other places where EHEC could stay alive for months include; bovine
feces, soil and water. Butchering or processing of animals or contamination of plants
through contaminated water or manure are the main routes for EHEC to spread to
the food chain [16]. Following 3-12 days of incubation period after infection with
E. coli 0157:H7, watery diarrhea is observed as well as abdominal cramps and pain.

In some cases, hemorrhagic colitis (HC) which is also known as bloody diarrhea,
thrombotic thrombocytopenic purpura (TTP), fever and vomiting are included in
the important clinical findings to be observed. Most patients recover within 10 days,
however; depending on the serotype of the EHEC strain and stx subtype, HUS may
develop 1 week after the start of diarrhea, that may lead to mortality especially in
children and elderly people. HUS is characterized with acute renal failure, hemolytic
anemia and thrombocytopenia. Coma, stroke, colon perforation, pancreatitis and
hypertension are included among the other complications of HUS. It is estimated

to lead to the early development of chronic renal failure in 15% of cases. Dialysis is
necessary for HUS patients and mortality rate is 35%. Moreover, it is more commonly
observed in women (70%) and during pregnancy (13%).Good treatment for this
infection is still lacking, however; some new treatment strategies such as the usage of
anti-vero toxin (anti-Shigatoxin) antibodies have been suggested. TTP, on the other
hand, is clinically similar to HUS and fever, abdominal pain, gastrointestinal hemor-
rhage and central nervous system disorders are listed among complications that may
develop. Frequently, it forms blood clots in the brain and result in mortality [2, 15-20].

The incidence and epidemiology of the important serotypes of E. coli are given
in Table1.
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Pathogenic Site of Associated Incidence Target Significant
E. coli infection disease population transmission
route
ETEC Small Traveler’s 16 US. International Food (raw
intestine diarrhea, outbreaks travelers and produce,
chronic (1996-2003); children in street
childhood prevalence developing vendors) and
diarrhea (in 1.4% in countries water
developing patients with
countries) diarrhea;
79,420 cases
of travelers’

diarrhea each
year (in the

USA)
EPEC Small Infant diarrhea Hundreds of Children in Water, infant
intestine thousands of developing formula
deaths world countries
wide
EHEC Large Hemorrhagic 110,000 cases All ages Food (beef
intestine colitis (HC), and 61 deaths produce),
hemolytic annually in the person-to-
uremic USA person, water,
syndrome animals
(HUS)
EIEC Large Dysentery Low in Children in Water (rare),
intestine developed developing person-to-
countries countries person
EAEC Intestine Watery Developed and Children and Food, water,
diarrhea with developing adults, travelers person-to-
or without countries person
blood in the

stool, acute
and chronic

Table 1.
Summary of incidence and epidemiology of E. coli serotype [6].

3. Food safety and high-risk foods

Food safety means ensuring consumer safety and protecting products from
biological, physical and chemical hazards throughout the whole process starting
from the field to processing, storing, distributing, preparing and cooking [21].

In many countries around the world, people started to have a more conscious
perspective on food and environment. Consumers tend to prefer food that is more
natural, less processed, environment-friendly, healthy and produced safely. This
tendency makes up the basis of the “preventive/protective” (pro-active) approach
for measurements to be taken towards food safety both nationally and globally. This
approach based on risk analysis is the most appropriate and effective method for
controlling foodborne hazards. It also necessitates the application of proper control
systems in the production chain [22]. Foodborne diseases are a global subject.

A common approach by all countries and related international organizations is

a prerequisite for the detection and control of foodborne problems threatening
human health and international trade. Despite their complicated biology, epidemi-
ology and analyses, most foodborne diseases are preventable. Public health institu-
tions, food industry and consumers must be devoted to prevent foods from getting
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contaminated at farms, restaurants and homes. In outbreaks of foodborne diseases,
continuous monitoring is vital for revealing the disease tendencies in foods, regions
and associated pathogens. Genotype and subtype information obtained from
contaminated strains are required for tracing the source of contamination, charac-
terizing and comparing the strains [23].

The food safety management systems with a classical basis that were once
accepted for safe production and consumption of foods has proven to be inefficient
and researchers/organizations proposed the “risk-based food safety” approach.
Risk-based food safety approach is significantly different than the classical hazard-
based approach. In this regard, a food safety management system aims at estimating
the risks to human health as well as defining, choosing and implementing strategies
to control and decrease these risks. According to Codex Alimentarius, risk analysis
is a process consisting of three components: risk assessment, risk management
and risk communication. Today, the new approach is considered as an approach
enabling food safety issues to be diagnosed more accurately and define strategies
required to decrease these issues more effectively [23-25]. The principles of risk-
based food safety are defined with a four-step framework. The first step includes a
series of initial risk managements such as defining the food safety issues, develop-
ing a risk profile, setting risk management goals, deciding on the need for a risk
assessment, forming a risk assessment policy, creating a risk assessment and/or
risk ranking commission and analysis of the results following the assessment. In
the second step, different risk management options are defined and the options
are chosen after the assessment. The third step includes the implementation of risk
management precautions. Lastly, in the last step, observations are carried out in
appropriate areas within the food chain and this step is utilized in reviewing the
effectiveness of the risk management precautions. This step usually includes public
health monitoring in order to collect data on changes. In summary, this approach
aims at improving the food safety in high-risk food/hazard combinations, decrease
the burden of foodborne diseases and increase the consumer safety [25].

Billions of people in the world are under unsafe food risk. Each year, hundreds of
thousands of people become sick or lose their lives due to consumption of unhygienic,
high-risk foods. This is why safe food saves lives. In addition to improving the health
of individuals and the public, safe food also boosts the economic growth in the regions
where it is improved. Food safety covers four main areas, as shown in Table 2 micro-
biological safety, chemical safety, personal hygiene and environmental hygiene [26].

Microbiological safety: the potential sources of foodborne diseases are bacterial agents. Diseases can
range from mild gastroenteritis to neurological, hepatic or renal syndromes. Foodborne bacterial agents are
primary cause of severe and fatal foodborne diseases. More than 90% of food poisoning diseases are caused
by Staphylococcus, Salmonella, Clostridium, Campylobacter, Listeria, Vibrio, Bacillus and E. coli types.

Chemical safety: foods may contain some non-food chemical additives such as coloring agents or
preservatives and contaminants such as pesticide residues. Heavy metals such as lead, cadmium, mercury
and copper can be found in some food products possibly because of kitchen appliances or inadequate food
hygiene.

Personal hygiene: inadequate personal hygiene in food processors or preparers can pose a great risk to public
health. Simple activities such as hand washing and adequate washing facilities can prevent many foodborne
diseases.

Environmental hygiene: inadequate or wrong recycling and lack of equipment for disposing of wastes lead
to accumulation of spoiled and contaminated food. This situation than leads to the increase in the insect and
bug populations contributing more to the risk of contamination and spoiling. For this reason, the hygienic
conditions of the areas where food is processed and prepared are very important.

Table 2.
Four main areas of food safety [26].
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4. Storage conditions and hygiene in foods

Controlling the entry of contaminants into the food chain can be difficult. In
addition to poor hygiene, unfavorable transfer and storage conditions for foods or
contaminated raw material usage also play a part in contamination. Low quality or
contaminated foods may cause shipments to be canceled on an international level.
This poses an obstacle for the trade between countries [27]. Food safety objectives
are based on preventive actions such as safe raw material usage, good produc-
tion practices and procedures with critical control points for hazard analysis. It is
possible for the success of these preventive actions to reflect on the incidence of
foodborne diseases. WHO and Center for Control of Foodborne Infections and
Intoxications in Europe stated that one of the most important factors contribut-
ing to foodborne outbreaks were markers required for improving general hygiene
and most of these were under the control of producers/consumers and listed these
markers as following:

* Poor general hygiene

* Consuming raw products

* Using contaminated materials

* Contamination through infected people

* Cross-contamination

* Using contaminated tools

* Mistakes in processing

* Too early preparation

* Inadequate heating

* Inadequate warm-keeping

* Inadequate cooling

* Too long storage time

* Contamination during the last preparation phase

* Inadequate heating before reusing [28].

Attention should be paid to purchasing, preservation, preparation, cooking
and serving processes for ensuring food hygiene and safety. While purchasing
foodstuffs, attention should be paid to the shipment conditions, packaging and
keeping the cold chain in potentially high-risk foods such as fish, meat, chicken
and milk. Storage rules should be followed during storing. First in first out
(FIFO) rule should be followed in storages. Temperature in storage units should
be checked regularly and cooked meals should be left to cool down in room

temperature before being stored in fridges. Shelves should be made of rustproof
material and foods should be kept at least 15 cm away from the floor and walls.

92



Escherichia coli and Food Safety
DOI: http://dx.doi.org/10.5772/intechopen.82375

Food Preservation time (day)
Big piece of meat 3-5
Chicken 2-3
Minced meat 1-2
Sausage 2-3
Cooked meat 2-3
Raw fish 1-2
Shellfish 1
Cooked fish 2-3
Milk and cream 3-4
Eggs 14
Fruits 1-14
Vegetables 2-7
Table 3.

Preservation time for some foods [22].

There should be different sections for each food group (meat group, dairy group,
fruit and vegetable group) so that cross-contamination is prevented. There is a
risk of microorganism contamination from personnel, tools, environment or foods
(cross-contamination) during the preparation phase. Color code system could be
implemented in cutting areas to be able to prevent this from happening. Potentially
high-risk foods should be processed without waiting. Cooked meals should be
served in maximum 2 hours. Frozen foods should be thawed in 4-7°C. Internal
temperature of poultry should be at least 75°C while cooking. Temperature of
foods such as meat, fish and eggs should be increased to at least 63°C and they
should be processed at this temperature for at least 2 minutes. Internal tempera-
ture of hot meals should be kept at 65°C in bain-marie with a closed lid. While
serving food, clean containers should be used to transfer or hold the food. Cold
foods should be kept under 4.5°C in a closed container. Preservation time is as
important as preserving conditions when it comes to development, growing and
spreading of microorganisms. Preservation times for some foods are listed in
Table 3 [22, 29].

5. Different pathotypes of E. coli and outbreaks

If we take a general look at the incidence and epidemiology of disease-causing
E. coli pathotypes, we see many cases and outbreaks. For example; annual inci-
dences of 31 primary pathogens were estimated in a study conducted in the USA
in 2011. It is estimated that these 31 pathogens caused 6.6-12.7 million diseases;
39,500-75,700 hospitalizations and around 700-2300 mortalities. In another study
conducted in the USA between 2003 and 2012, it was reported that foodborne
outbreaks caused 4928 diseases, 1272 hospitalizations, 299 cases of HUS diagnosed
by a physician and 33 deaths. The primary contamination sources were listed as 55%
foodborne, 10% animal contact, 10% human-to-human transmission, 4% water-
borne and 11% unknown reasons [28, 30]. In another study conducted in Argentina,
0157:H7 STEC was detected 25.5% and non-0157 STEC was detected in 52.2% of
the raw meats analyzed in terms of STEC. Argentina is one of the countries with the
highest HUS incidence rates [31].
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In meat products, non-0157 STEC prevalence varies between 2.4 and 30.0% for
minced meat, 17.0 and 49.2% for sausage and 8.6 and 49.6 in meat put up for sale.
When STEC contamination reports verifying that the STEC 0157 prevalence had
ranged between 0.2 and 27.8% for the last 30 years were assessed in terms of STEC
0157 and non-0157 presence in bovine meat, non-0157 STEC rates were observed
to be ranging between 2.1 and 70.1% [32]. Besides, EHEC serotypes were reported
to stay alive for 9 months in —80°C and that they were not affected by the storage
conditions of pieces of meat frozen in —20°C. E. coli is reported to be directly asso-
ciated with consumption of undercooked meat. It is known that, especially meat
and milk are very suitable environments for verotoxigenic E. coli and this microor-
ganism produces significant amounts of verotoxins in contaminated meat kept in
37°C [33]. In studies, it was reported that the foods that are generally responsible
for foodborne outbreaks were: meat and meat products, fish and seafood, chicken
products, liver, ice cream, raw milk, rice meals, pasta and pasta salad, peanut, flour,
cold sandwiches, fruit juices and raw fruits and vegetables [23]. In another study, it
was stated that undercooked or uncooked hamburger, non-pasteurized fruit juices,
raw vegetables contaminated with cow manure and infected cows are important
sources of E. coli. For example; there were at least four deaths and over 500 labora-
tory approved infections were observed in an E. coli outbreak in 1993, related to
hamburgers bought from a fast-food chain [6, 23]. The outbreak in the west of USA
between 1992 and 1993 caused by E. coli 0157:H7 that affected over 700 people and
the outbreak in Japan in 1996 that affected over 8000 people and killed two people
can be listed among the outbreaks caused by E. coli 0157:H7. Foodborne outbreaks
caused by E. coli 0157:H7, O111:NM (non-motile) and STEC serotypes were
reported in many countries such as Australia, Canada, Japan, USA, many European
countries and North Africa [34].

In a study conducted on children’s nursery in Japan between 2010 and 2013, it
was detected that 68 of 1035 outbreaks were of EHEC origin. It is known that 30
of the 68 outbreaks (46%) were foodborne [35]. It is also known that there were
two EIEC outbreaks reported in England in June of 2014. These cases are rare in
England. However, it is emphasized that EIEC has a capacity to cause large and
potentially serious gastrointestinal outbreaks in Europe and that it should be
considered as a potential pathogen in foodborne outbreaks [36]. In 2011 (between
May 1st and July 4th) 2971 STEC related gastroenteritis cases including 18 deaths
and 845 HUS cases including 36 deaths were reported along with laboratory
approval, among 3816 cases reported to the public health officials in Germany.
Moreover, the number of HUS cases during outbreaks was reported to be approxi-
mately 70 times the figures that corresponds to the same period of previous
years [37]. In another report from Germany, a case-control study was conducted
with 26 patients with HUS and 81 control cases. The incidence of the disease was
associated with kale consumption in the univariate analysis and with kale and
cucumber consumption in the multivariate analysis. Twenty-five percent of the
cases reported eating kale and 88% reported eating a salad [38]. In another case
in Scotland in 1994, 71 cases were reported including 1 death and 11 HUS cases
due to non-pasteurization of milk. In an E. coli 0111 outbreak in Australia, 200
cases were reported including 23 HUS cases and 1 death due to a kind of sausage
made from minced meat. The failure in chlorination of Municipality waters
also caused outbreaks. In an outbreak in 2000 among campers in Aberdeenshire,
20 cases were reported due to the environmental exposure to the camp area
contaminated by sheep manure. Among this group of campers, the number of
people that the number of cases who had not washed their hands before meals
was almost 9 times bigger than the number of people who became ill. It is a
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well-known fact that all E. coli outbreaks cause high costs for countries in addi-
tion to the severity of the infection and the damage it leaves on people [39].

6. Conclusion

Along the food chain, controllability and traceability are of great importance for
ensuring the consumer safety and for foods to be protected from biological, physi-
cal and chemical hazards starting from the field to the moment of consumption.
Consumers constitute the last ring of the food safety. The purchasing power and
consciousness of consumers help ensure food safety and are the most important
factors for protection and prevention against risks. Prevention of E. coli infections
require not only developing new vaccines but also providing uncontaminated water
and food. Food production companies should pay close attention to the cleanliness
of their application areas and the disinfection of the running water. People who
work in food facilities and services, should be given frequent trainings on hygiene
so as to prevent E. coli contaminations. During travels from developed countries to
developing countries, unsafe foods and foods that are sold out in the open should be
avoided; packaged and labeled drinking water and beverages should be consumed
[2, 40]. Cooking food at the right temperatures can ensure inactivation of E. coli as
the factor is sensitive to high temperatures. While the meat is cut into pieces, the
microorganisms on the surface of the meat reach the inner sections and can stay
alive if a sufficient heat treatment is not applied, turning it into a risk factor for
public health. Similarly, there are some potential risks in raw milk. It poses a risk if
not pasteurized. E. coli can be inactivated with pasteurization [15, 41, 42].

Biological protection precautions are also very important. It is claimed that
8.0 logyo cfu/g lactic acid bacteria causes a 1.6 log;, cfu/g decrease in E. coli 0157:H7;
EHEC 0157 multiplies by growing in the damaged Fuji apple, yet Candida oleophila
may be effective in controlling this pathogen in these damaged apples. Decreasing
this risk of contamination caused by farms, slaughterhouses, food producers and
consumers is very important for protection from the pathogen E. coli 0157:H7
strain, which can also be transmitted through food and water. Under the Food
and Drug Administration (FDA), Meat Inspection Act and other regulations the
food industry is responsible for producing safe foods that meet national standards,
identify critical control points from production to consumption, and have good
production practices. Hazard analysis and critical control points (HACCP) isa
management system in which food safety is addressed through the analysis and
control of biological, chemical and physical hazards for raw material production,
procurement and packaging, distribution and consumption [2, 17, 40, 43].

Under the HACCP, the term hazard refers to any substance or condition that has
the potential to cause adverse health effects and that is unacceptable. These hazards
can be caused by the biological, chemical or physical contamination in the raw
material, semi-processed or finished food product. Hazard analysis is defined as the
assessment of the severity of the hazard and the likelihood of it happening. HACCP
is a system managed based on seven principles to identify, assess and control pos-
sible hazards for food [17, 44];

1. Conduct hazard analysis
2.Identify critical control points (CCP)

3. Establish critical limits
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4. Establish monitoring procedures

5. Establish corrective actions

6. Establish verification procedures

7.Establish documentation and record procedures [17].

These principles are accepted by state institutions, trade associations and the
food industry. Today, food safety systems based on HACCP principles are suc-
cessfully implemented in food processing facilities, retail food stores and global
food service operations. Following HACCP rules in production facilities is vital. In
a slaughterhouse in Mexico it was emphasized that HACCP should be applied in
addition to antimicrobial treatment to reduce the presence of potential pathogens
such as E. coli O157: H7 and non-0157 STEC in cattle carcasses. In the USA, it was
stated that the most stringent measure for the prevention and control of EHEC is
to determine the critical control points that lead to contamination of meat. Good
manufacturing practices (GMP) and standard sanitation operating procedures
(SSOPs) are accepted as the first steps in developing the HACCP system in the food
industry. Successful implementation of GMPs and SSOPs is of great importance
for the HACCP, because these systems are the building blocks of food safety dur-
ing the processing phase [45]. These guidelines act as a guarantee for production,
test, quality and assurance to help reduce the risk of foodborne diseases and ensure
production and distribution of safe food for human consumption. Many countries
follow GMP procedures and established their own GMP rules in accordance with
their own legislations. The purpose of GMP is also help reduce the uncontrollable
risks such as contamination and cross-contamination by testing the product. The
main requirements for GMP are listed below [43, 45, 46];

* Comprehensible written instructions and procedures
* Trained employees

» Records of actions, mistakes and reviews

* Records of production and distribution

* Proper storage and distribution

* Complaint and recall systems [46].

In conclusion; it should not be forgotten that as a foodborne pathogen E. coli can
spread in food, even in small numbers, and has the potential to cause infections,
food poisoning and even death. Preventive measures include protecting the food
from direct or indirect contamination, applying personal hygiene practices, pre-
serving the processed food in appropriate places and temperatures, checking proper
packaging and proper storage, cooking in proper temperatures, allowing proper
cooling and keeping the cooked food away from raw food. There are many simple
measures for consumers to take in order to prevent bacterial growth and ensure
food safety. Consumers can develop their own safety methods at home by following
the abovementioned measures. It is very important for food producers to comply
with the safety method principles such as HACCP and GMP in terms of public
health so as to prevent many diseases and outbreaks.
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Chapter 6

Human and Veterinary Vaccines
against Pathogenic Escherichia coli

Mariano Larzdbal, Angel A. Cataldi and Daniel A. Vilte

Abstract

Pathogenic Escherichia coli constitute an important current problem of public
health and animal production. Efforts have been made to fight the infections caused
by these bacteria, and in this chapter, we present the progress made up to date in
the vaccines generated for this purpose. Different vaccines have been tested against
the pathotypes responsible for human diseases such as diarrhea and urinary infec-
tions. Also, the poultry market has deserved the effort of the researchers to obtain
a product that fights the E. coli strains that cause diseases in them. Finally, advances
are also presented for the zoonotic enterohemorrhagic E. coli (EHEC), which are a
different problem due to their low importance as a disease factor in cattle, but they
are a very important pathogen in humans. In several of these fields, authorized
products have been developed and are currently being marketed.

Keywords: pathogenic Escherichia coli, vaccine, human, cattle, virulence factors

1. Introduction

This chapter deals with the current developments on human and veterinary
vaccines against pathogenic Escherichia coli of following pathotypes: enterohemor-
rhagic E. coli (EHEC) and Shiga toxin producing E. coli (STEC), enterotoxigenic
E. coli (ETEC), extraintestinal pathogenic E. coli (ExPEC), in particular uropatho-
genic E. coli (UPEC), and avian pathogenic E. coli (APEC). Other pathotypes
were not considered because of a lesser development related to vaccines. In some
cases, only vaccines tested in the target species (human, cattle, chicken, etc.) were
considered due to the high abundance of publications where experimental vaccines
were tested on rodent or on other animal models.

2. Vaccines against EHEC/STEC
2.1 Vaccines against EHEC/STEC for humans

Different factors make the development of a vaccine difficult to prevent EHEC/
STEC infection and hemolytic uremic syndrome (HUS) in humans. The lack of
knowledge about what type of immune response may confer protection, and the
multiplicity of infection routes comprising bovine-derived food products, leafy
green vegetables, pool or drinking water, person-to-person transmission [1], and
the lack of reliable animal models complicate the advance in this field.
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Szu and Ahmed developed polysaccharide conjugate vaccines composed of
detoxified lipopolysaccharide (LPS) from E. coli O157, covalently linked to a carrier
protein and a recombinant exoprotein of Pseudomonas aeruginosa (rEPA) that has
been used for conjugation of polysaccharides and proteins [2]. Phase I and Phase II
clinical studies were conducted in adults and in children ranging from 2 to 5 years
old, respectively [3]. The E. coli 0157 conjugate vaccines were safe for all ages, and
a positive humoral IgG response with bactericidal activity was found in both age
populations. However, there were certain limitations for using LPS-based vaccines.
For example, LPS failed to induce a long-lasting humoral immune response espe-
cially in children, and STEC non-0157 serotypes were not covered. In one attempt
to compensate for this shortcoming, the same group conjugated O-polysaccharide
with the B subunit of Shiga toxin (Stx1) [2]. However, this formulation did not
neutralize Shiga toxin (Stx2), the toxin type most frequently found in severe HUS
cases.

The main virulence factor of STEC/EHEC is the Shiga toxin (Stx); in conse-
quence, it is an optimal target to elicit neutralizing antibodies. Subsequently, vari-
ous Stx-based vaccine approaches have been attempted. A vaccine consisting of a
poly-N-acetylglucosamine (PNAG, a surface polysaccharide of STEC) conjugated to
the B subunit of Stx1 was produced. The antibodies raised in rabbit neutralized Stx1
potently, but modestly Stx2. Passive transfer of antibodies indicates that anti-PNAG
could confer protection, but the cross-reacting neutralization of Stx2 is limited [4].

To date, no vaccines have been approved for human use, exposing a void in
both treatment and prevention of EHEC O157:H7 infections. Vaccine research and
development efforts have oriented to cattle as the main reservoir.

2.2 Vaccines against EHEC for cattle

Up to date, different vaccine compositions have been tested to reduce the coloni-
zation of the bovine and the environmental dissemination of EHEC O157:H7. These
vaccines have different immunogenic, adjuvants, inoculation pathways, number of
doses, and of course differ in their development and evaluation level in experimen-
tal and natural conditions. In this occasion, we decided to consider the proposals
whose capacity of protection was evaluated in cattle.

The key factor for achieving a protective immune response in the animal is
the immunogen. Looking for the available literature, we can observe that there
are several candidates, mainly colonization factors, which we can classify in: type
I1I secretion system (T3SS) components, siderophore receptors and porin pro-
teins, bacterins, whole-cell envelopes, flagellin, Shiga toxins toxoids, attenuated
Salmonella, and combinations between more than one of these.

2.2.1 Vaccines based on T3SS components

The components of the T3SS were the first to be used as vaccines, because it was
already known for the essential role that proteins such as intimin, Tir, EspA, and
EspB play in the adhesion of EHEC O157:H7 to the host cell [5-7]. In 2004, Potter
et al. [8] tested a vaccine composed by a protein supernatant of EHEC 0157:H7
(containing various Esps and Tir) with the adjuvant VSA3, in animals that were
later challenged with E. coli O157:H7, as well as in animals in a clinical trial. They
observed significant increase in serum antibodies against proteins of T3SS and 0157
lipopolysaccharide. There was also a decrease in the number of bacteria in feces, in
the number of shedder animals, and in the duration of excretion in the vaccinated
group. The clinical trial showed a reduced prevalence of EHEC O157:H7 in typical
feedlot conditions when cattle were vaccinated. In 2005, Van Donkersgoed et al. [9]

102



Human and Veterinary Vaccines against Pathogenic Escherichia coli
DOI: http://dx.doi.org/10.5772/intechopen.82835

published a field trial in nine feedlots using a vaccine similar to Potter et al. [8],
and they did not observe a significant association between vaccination and pen
prevalence of fecal E. coli O157:H7. Probably, the differences in the preparation of
the secreted proteins, in this case with formalin, a different adjuvant and a different
vaccination strategy, could cause the failure. Later, this same preparation, without
formalin treatment and with VSA3 adjuvant, was standardized and analyzed in
studies in commercial feedlots of beef cattle with a two-dose regimen. The authors
evaluated the probability to detect the microorganism from terminal rectal mucosa
as a measure of gut colonization [10] and other large-scale clinical trials on com-
mercially fed cattle to test the efficacy of the regimen to reduce the environmental
transmission of EHEC 0157:H7 [11]. They concluded that the two-dose vaccine
regimen was effective to reduce the probability for E. coli 0157:H7 colonization of
the terminal rectum of cattle at slaughter and reduces the probability for environ-
mental transmission of the bacteria within commercial cattle feeding systems [12].
This evidence was accompanied by the generation of a commercial product known
as Econiche(TM), which was developed by the Canadian company Bioniche Life
Sciences. The vaccine was approved in Canada and the United Kingdom [13, 14] and
had a pending conditional license in the U.S. [15], but in 2014, the Bioniche Animal
Health business was purchased by Véntoquinol SA [16], and the production of the
vaccine was discontinued.

On the other hand, there were other groups that evaluated recombinant factor
of the T3SS in various combinations. Van Diemen et al. [17] evaluated the carboxy-
terminal 280 amino acids of intimin y and p alone or combined with the portions
of Efa-1 (EHEC factor for adherence). Immunized calves induced antigen-specific
serum IgG and, in some cases, salivary IgA responses, but did not reduce the
magnitude or duration of excretion of EHEC 026:H- (intimin ) or EHEC O157:H7
(intimin y) after an experimental challenge. Similarly, immunization of calves with
the truncated Efa-1 protein did not protect against intestinal colonization by EHEC
0157:H7.

The vaccination of calves with recombinant EspA by intramuscular and intra-
nasal routes induced high titers of antigen-specific IgG and salivary IgA, but these
responses did not protect calves from intestinal colonization after a challenge with
E. coli 0157:H7 [18].

In 2010, McNeilly et al. [19] assessed whether three purified proteins, intimin
(C-terminal 531 amino acids), EspA, and Tir, could reduce shedding of EHEC
0157:H7. Furthermore, they evaluated if the inclusion of purified H7 flagellin to the
vaccine could modify the vaccination efficacy. They used the intramuscular route
and the rectal submucosal route and obtained a significant increased response in
serum anti-EspA, anti-intimin, and anti-Tir IgG. When H7 flagellin was present,
mucosal IgA and IgG anti-H7 was generated. After experimental infection with
EHEC 0157:H7, cattle showed that immunization with these purified antigens
could significantly reduce the total levels of bacterial excretion and that the addi-
tion of H7 flagellin can improve this effect. More recently [20], this group opti-
mized the formulation of this vaccine and concluded that the immunization with
a combination of EspA, intimin, and H7 flagellin causes a significant reduction
in shedding of EHEC O157:H7, more enough to impact on transmission between
animals.

Vilte et al. [21] evaluated a vaccine composed by the C-terminal 280 amino acids
of intimin y and EspB. The intramuscular immunization elicited significantly high
levels of serum IgG antibodies. Antigen-specific IgA and IgG were also induced in
saliva, but only the IgA response was significant. Following experimental challenge
with E. coli 0157:H7, a significant reduction in bacterial shedding, was observed in
vaccinated calves.
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2.2.2 Vaccines based on sidevophor veceptors (SRP) and porins proteins

This proposal is based on reducing the ability of the bacterium to obtain iron
from the environment to decrease the level of infection [22]. Thornton et al. [23]
assessed the efficacy of an SRP-composed vaccine (Epitopix LLC) to reduce the
prevalence and fecal excretion of EHEC O157:H7 in calves after an experimental
infection. A significant response in serum anti-SRP antibody titers was detected,
and they concluded that the vaccination tended to decrease the fecal prevalence
and concentration of EHEC O157:H7. In other study [24], this group evaluated the
vaccine to control the burden of E. coli 0157:H7 in feedlot cattle in field conditions.
Vaccination with SRP was associated with the reduction of fecal concentration of
EHEC 0157:H7 and suggested to reduce the burden of these bacteria on cattle. In
a third assay, the vaccine was evaluated in feedlot cattle naturally shedding E. coli
0157. There were two different inoculum volumes of vaccine, 2 and 3 ml. They
concluded that SRP vaccine at the 3 ml dose reduced prevalence of E. coli O157.
These results led to the commercial elaboration of a product known as E. coli bacte-
rial extract vaccine with SRP® technology [25] and manufactured by Pfizer Animal
Health (Now Zoetis Services LLC). It has conditional license of the U.S. Department
of Agriculture.

2.2.3 Vaccines based on bacterins and bacterial envelopes

To evaluate the protection conferred by a bacterin of EHEC 0157:H7, van
Diemen et al. [17] prepared a formalin-inactivated bacterin from EDL933nalR
strain that was inoculated in a combined schedule by intramuscular (with Alu-0il)
and intranasal (mixed with cholera toxin B subunit) routes. It elicited significant
IgG responses against intimin and LPS from E. coli 0157:H7, but did not confer
protection against intestinal colonization by EHEC 0157:H7 after challenge.

In 2011, Sharma et al. [26] evaluated three heat-inactivated bacterins to reduce
the fecal shedding of E. coli 0157:H7. They used a hha + strain of E. coli 0157:H7
and constructed a hha and hha sepB deletion mutants. These deletions enhance the
expression and intracellular accumulation of T3SS proteins, respectively. There
was a significant increase in IgG against LEE-encoded proteins in calves vaccinated
with kha or hha sep B mutant bacterins compared to wild strain, and a reduction in
the numbers of animals shedding EHEC O157:H7 and in the duration of the fecal
shedding of bacteria in feces was also observed.

An alternative to bacterins was assayed by Vilte et al. [27] by means of empty
envelopes of EHEC 0157:H7 known as bacterial ghosts (BGs). These envelopes
retain all surface components in a nondenatured form. Animals were vaccinated
with BGs (without adjuvants) by subcutaneous route and elicited significant levels
of specific IgG in serum. Following oral challenge with E. coli 0157:H7, a significant
reduction in both the duration and total bacterial shedding was observed in vac-
cinated calves.

2.2.4 Vaccines based on flagellin

In 2008, McNeilly et al. [28] assayed a systemic (intramuscular) and mucosal
(intrarectal) immunization with purified H7 flagellin to evaluate its effects on the
colonization of EHEC O157:H7 after a challenge. The vaccination induced high
titers of anti-H7 IgG and IgA antibodies in both serum and nasal secretions by
intramuscular injection, but the intrarectal route failed in generating any response
against H7. With respect to colonization of EHEC 0157:H7, they concluded that
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immunization reduced colonization rates and delayed peak shedding, but did not
affect total bacterial fecal shedding.

2.2.5 Vaccines based on attenuated Salmonella

In 2010, Khare et al. [29] assessed a live attenuated recombinant Salmonella
enterica serovar Dublin aroA expressing intimin. The recombinant Salmonella was
inoculated three times by oral route, but this did not produce a significant increase
of intimin-specific IgA in serum and feces. Interestingly, they observed a transient
clearance of E. coli O157:H7 in feces from vaccinated calves that subsequently
reduced colonization and shedding of bacteria after an experimental challenge.

2.2.6 Vaccines based on Shiga toxins

An attractive target to research in cattle constitutes the Shiga toxins (Stx), the
more important virulence factor for human health. In fact, Stx modulates cellular
immune responses in cattle [30-32]. For that, in 2018, Schmidt et al. [33] evaluated
the response, in a calf cohort, to immunization with recombinant Shiga toxoids
genetically inactivated (rStxIMUT/rStx2MUT). Calves were passively (colostrum
from immunized cows) and actively (intramuscularly) vaccinated, and this gener-
ated a significant difference in serum antibody titers compared with a control
group. There was no EHEC 0157:H7 challenge, but the natural presence of fecal
STEC was monitored, and they observed less fecal positive (by PCR) samples from
calves vaccinated than those from control animals. It is interesting because this
investigation was not restricted to a determined serotype of EHEC.

In other study, Martorelli et al. [34] combined recombinant intimin and EspB
with the B subunit of Stx2 fused to Brucella lumazine synthase (BLS-Stx2B) in
order to evaluate whether the presence of Stx was able to improve the effect of the
vaccine on fecal shedding of EHEC 0157:H7 following an experimental inocula-
tion. The immunization generates antibodies against Stx2B in serum and intestinal
mucosa, but a superior level of protection compared with the use of intimin and
EspB alone was not observed.

Aswas seen, there were and there are numerous efforts looking for a solution
to reduce the contamination of cattle and its environment for EHEC 0157:H7 and
other dangerous serotypes too. Even two commercial products have been achieved,
one of which has unfortunately been removed from the market. However, the fact
that this pathogen does not constitute a direct problem for farmers, and because
EHEC are not a cause of severe illness in cattle, makes our work more challenging.
We have not only to find an adequate immunogen or formulation or doses that have
a good response, but it must also be attractive enough for farmers to take it as a pos-
sible and desirable alternative to collaborate with one health perspective.

3. Vaccines against ETEC

ETEC is one of the leading bacteria that causes 200 million diarrheal cases and
between 170,000 and 380,000 deaths annually in the world [35, 36]. Children
under 5 years of age in developing countries are the most affected by ETEC infec-
tions and 42,000 deaths have been reported only in 2013 [37]. As well, ETEC
infections are the main cause of diarrhea reported in persons who travel to Latin
America, Africa, and Asia [38], where approximately 10 million traveler’s diarrhea
cases have been reported worldwide per year [39, 40].
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There have been several attempts to obtain a vaccine against ETEC. The greatest
efforts have been focused on virulence factors such as fimbriae called colonization
factor antigens (CFA) and colonization surface antigens (CS) and two enterotoxins,
heat-labile (LT) and heat-stable (ST). These virulence factors are extremely impor-
tant during the pathogenesis of ETEC. CFA promote the attachment to enterocytes
in the small intestine and are critical for colonization. After the attachment, ETEC
releases LT and/or ST enterotoxins that disrupt fluid and cause electrolyte homeo-
stasis in small intestinal epithelial cells [41]. Therefore, a vaccine directed against
CFA could prevent the adherence and intestinal colonization, avoiding the subse-
quent release of enterotoxins by ETEC. Although 23 immunologically distinct CFA
adhesins have been identified, its high variation present in the different circulating
strains worldwide has prevented the development of a protective vaccine [42-44].
Studies of killed whole-cell vaccines demonstrate the development of colonization
factor antigen I (CFA/I) and LT IgA antibodies but only were protective against
homologous strains [45, 46]. To date, isolated ETEC can be divided into 42 different
clonal groups with a singular combination of colonization factors (CFs) and toxins
[47]. Alternative approaches of CS targets have been evaluated. CFA/I fimbria, CS3,
CS5, and CS6 are immunologically related to the more prevalent CFs covering a
50-80% of the clinical ETEC isolates. ACE527 and rCTB-CF are two whole-cell vac-
cines that include a wide repertory of CFs. Five CFA adhesins (CFA/I, CS2, CS3, CS5,
and CS6), one CFA subunit (CS1), and the LT-B subunit compose the ACE527 vac-
cine, represented by three live attenuated ETEC strains [48, 49]. The orally inocu-
lated ACE527 protects challenged adults with homologous strains [49, 50]; however,
it had adverse effects on volunteers [51]. The rCTB-CF vaccine is composed by five
formalin-killed ETEC strains, which presents CFA/I, CS1, CS2, CS3, CS4, and CS5
adhesins supplemented with recombinant B subunit of the cholera toxin (rCTB) [52,
53]. The immune response induced by rCTB-CF vaccine showed to reduce the risk of
developing diarrhea in adult travelers [54], but presented little protection and some
adverse effects in young children [55, 56]. Despite the improvements made to rCTB-
CF and ACE527 [50, 51, 57], these vaccines fail to protect against some ETEC strains
since they do not contain the heat-stable class a(STa) or LT-A antigens.

Neutralizing the effects of these enterotoxins is considered a highly effective
approach for preventing ETEC diarrhea. However, the development of vac-
cines from toxoids has not presented satisfactory results either. Both LT and ST
are potent toxins; therefore, no toxin can be used directly as a vaccine antigen.
However, detoxified derivatives of LT including the B subunit (not toxic LT-B)
have demonstrated immunological properties even as an adjuvant in many animal
models [58-60]. The A subunit is also included in studies of ETEC LT (LT-A)
vaccine. The purpose of this incorporation is to induce a mostly protective immune
response [61, 62]. On the other hand, STa unlike LT is poorly immunogenic due to
its small size.

Recent progress in toxoids antigens enhances the potential for developing an
effective and safe subunit vaccine against ETEC diarrhea. A skin path vaccine
containing LT toxin was applied to humans. Immunized adults developed strong
IgG and IgA antibody responses to LT [63, 64], which reduced the incidence
of moderate-to-severe diarrhea caused by ETEC in healthy adults traveling to
Mexico or Guatemala [65]. A secondary study demonstrated that the LT patch
provided protection against LT + ETEC diarrhea but provided no protection against
STa + ETEC [66]. Therefore, the use of the LT patch alone cannot be considered a
suitable approach for vaccinating against ETEC [67].

Subunit vaccine from a mutant LT toxin (mLT) has been proposed. Although
it is safer than LT, up to now, mLT has not demonstrated a wide efficacy in the
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protection against diarrhea caused by ETEC [66]. However, it has been explored
mainly as a vaccine adjuvant. mLT demonstrated a higher protective efficacy of vac-
cine candidates for whole cell ETEC and a CFA + candidate adhesin subunit vaccine
[68]. Therefore, its function as adjuvant favors a greater response of the candidate
as well as allows the generation of anti-LT response.

Most of the ETEC strains isolated from patients with diarrhea are STa+ alone or
LT+. The low immunogenicity and the high need to generate an immune response
against STa led the researcher to develop mLT-STa fusions. Results of mouse
immunization studies showed that LT-STaN12S toxoid fusion induces neutralizing
anti-STa antibodies [69]. The high titer in mice presented against both toxoids
makes it a promising antitoxin subunit vaccine.

Alternative adhesion tip of the CfaE and multiepitope fusion antigen (MEFA)
were used as a conservative antigen for the development of a broadly protective
ETEC antiadhesin vaccine [70]. Nonhuman primate immunized with CfaE showed
protection against a CFA/I ETEC challenge [71]. However, the coadministration
of CfaE and mLT did not protect against ETEC strains expressing Sta. MEFA is
represented by epitopes from the seven most important CFA adhesins expressed by
ETEC strains which was strongly immunogenic inducing high titers of antibodies
specific to all adhesins [72]. This combination is an efficient means of developing a
vaccine for antigenically heterogeneous pathogens like ETEC.

Novel antigens, such as the glycoprotein EtpA and the outer membrane adhesin
EaeH, have been identified by genome sequencing [73]. Antibodies against EtpA
demonstrated a significant reduction in the colonization of mice by the challenge
ETEC strain (H10407) [74]. The identification of new antigens could be the way to
incorporate epitopes that allow a greater range of protection against the different
ETEC strains. These new epitopes, incorporated into the candidate vaccines that
contain the most conserved and representative virulence factors of ETEC, could
enhance the protection against diarrhea caused by ETEC.

ETEC is the most common cause of E. coli diarrhea in farm animals, and in
the first four days of calves, life can be responsible for severe diarrhea with high
mortality [75]. The strains are characterized by the surface adhesins fimbriae being
F5, F7, and F17, more frequently involved in diarrhea in calves [76-79]. In addition,
CS31 adhesin is prevalent on isolates from calves with E. coli septicemia [80, 81].

In regards to toxins, STa is the only toxin associated with disease in neonatal calves
infected with ETEC [82], rarely LT are identified [76, 83]. Killed ETEC possessing
F5-fimbriae or purified F5 fimbriae are contained in the commercial vaccines for
calves. These vaccines do not contain F17, CS31, or STa; however, the impact of
their absence is unknown. The maternal vaccination with these vaccines protects
the neonatal ETEC infections by passive colostral and lactogenic immunity [84, 85].
Once the lactation stage is over, the cattle being more resistant [86]. In this way,
vaccination dams are an effective strategy to prevent ETEC diarrhea in neonates
calves [87, 88].

4. Vaccines against ExPEC

ExPEC causes a vast majority of urinary tract infections (UTIs), mostly in
women with highly common recurrent episodes. EXPEC pathotypes causing UTI are
called uropathogenic E. coli (UPEC). A recent review of Nesta and Pizza describes
progresses in UPEC vaccines [89]. Most of the vaccines are aimed to stimulate the
mucosal immune system. Initial attempts to the development of vaccines against
ExPEC infections have been unsuccessful [90, 91]. The immunogen in these vaccine
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was single-purified virulence factors such as hemolysin [92], pilin, or the O-specific
polysaccharide LPS, conjugated to either Pseudomonas aeruginosa endotoxin A (TA)
or cholera toxin (CT) as carrier proteins [93, 94]. Because of high heterogeneity of
O-specific polysaccharide, the design of a polysaccharide vaccine able to prevent
ExPEC infections has been extremely challenging [95]. The O18-polysaccharide
conjugated to either cholera toxin or to P. aeruginosa exoprotein A (EPA) was safe
and able to induce antibodies with opsonophagocytic killing activity (OPK) in
human volunteers. IgG purified from immunized individuals were protective in
mice in an E. coli 018 challenge sepsis model [93]. However, a further test with a
12-valent O-antigen showed difficulties of cross protection.

Three vaccines against UTI reached market status in different countries.
Vaccines based on whole or lysed fractions of inactivated E. coli have been evalu-
ated in human clinical trials and have been so far the most effective in inducing
some degree of protection in patients with recurrent urinary tract infections. The
sublingual vaccine Uromune, an inactivated whole preparation of E. coli, Klebsiella
pneumoniae, Proteus vulgaris, and Enterococcus faecalis, evaluated as prophylactic
treatment in a multicenter retrospective observational study, demonstrated a
certain degree of clinical benefit in terms of reduced recurrence rate in women
suffering recurrent UTI [96].

The Solco Urovac vaccine, a vaginal suppository polymicrobial vaccine consist-
ing of 10 inactivated uropathogenic bacteria, including six E. coli serotypes, Proteus
mirabilis, Morganella movganii, K. pneumoniae, and E. faecalis strains, showed a
minimal efficacy in Phase I and two Phase II trials in women suffering of recurrent
UTIs [97-99]. However, in two additional clinical studies, the vaginal mucosal vac-
cine given for a 14-week period increased the time to reinfection in UTI susceptible
women, representing a valuable alternative to the antibiotic-based prophylactic
regimens [98, 100].

One of the first vaccine tested was based on E. coli extract was presented by Frey
et al. [101]. This development lead to Uro-Vaxom, a commercial vaccine that was
assessed in larger clinical trials a few years later [102] leading to the recommenda-
tion of Uro-Vaxom for prophylactic treatment of patients with recurrent urinary
tract infections. OM-89/Uro-Vaxom vaccine demonstrated modest protection in
women [103]. However, in a more recent trial on 451 female subjects, the lyophi-
lized lysate of 18 E. coli strains, OM-89/Uro-Vaxom, manufactured using a modified
lytic process, based on alkaline chemical lysis and autolysis, failed to show a preven-
tive effect on recurrent uncomplicated UTIs [104].

Other vaccines reached clinical trial status. The development of EXPEC4V, a
novel tetravalent bioconjugate vaccine developed by Glaxo Smith Kline against
extraintestinal pathogenic E. coli, started by an epidemiological screening of the
prevalent E. coli serotypes causing infection in women in Switzerland, Germany,
and the USA. The authors selected the O antigens from LPS from the prevalent
serotypes. It was evaluated for safety, immunogenicity, and clinical efficacy in
placebo-controlled phase Ib trial [105]. By glycoengineering, the O antigens were
conjugated in E. coli. The vaccine was well tolerated and elicited a robust antibody
response in patients suffering from recurrent UTIs. Data indicated a reduced
incidence of UTIs after vaccination, especially for higher bacterial loads. Clinical
trial was performed in a population of healthy women with a history of recurrent
UTTI allowed for an additional, preliminary assessment of the candidate’ clinical
efficacy. In a multicenter Phase Ib clinical trial, 92 healthy adult women with a his-
tory of recurrent UTI received a single injection of either intramuscular EXPEC4V
or placebo. The authors concluded that the tetravalent E. coli bioconjugate vaccine
candidate was well tolerated and elicited functional antibody responses against all
vaccine serotypes [106].
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Mobley et al. investigated four defined antigens (IreA, Hma, IutA, and FyuA)
associated with iron uptake, as an immunogen to prevent UTI [107]. The adjuvant
used was cholera toxin. They tested the formulation in mice and observed antigen-
specific IgG response. High antibody titers correlate with low colony forming units
(CFUs) of UPEC following transurethral challenge of vaccinated mice. In addition,
sera from women with and without histories of UTI have been tested for antibody
levels to vaccine antigens. They indicated that iron uptake components are a suitable
target for vaccination against UTI. Later, it was observed that the iron receptor
FyuA is present in 77% and it is highly conserved among UPEC isolates [108]. FyuA
immunization of mice reduced the colonization of UPEC in bladder and kidney.
Adhesins and bacterial appendages as flagella have a long history as immunogenic
single antigens component of experimental vaccines against UTI. FliC (or pilin)
and FimH (from type 1 fimbriae) were administered to mice as a fusion or mixed
and elicited higher levels of serum and mucosal. Different combinations and
adjuvants elicited good protection against UPEC [109].

5. Vaccines against APEC

APEC that belongs to the EXPEC pathotype is a major causative agent of coli-
bacillosis, aerosacculitis, polyserositis, septicaemia, and other diseases in chickens,
turkeys, and other avian species. It is responsible for significant loss for the poultry
industry. Main APEC serogroups associated with disease are O1, 02, and O78.

An ideal vaccine for poultry has to be able to induce cross protection against various
APEC serogroups capable of causing disease. To be deliverable via a massive immuniza-
tion method such as administering the antigens in drinking water or feed, iz ovo and
spray, in order to immunize thousands of broiler chickens, must be used. And, the vac-
cine has to be administered at a young age so that the birds develop a protective immune
response by the age of 21 days when they are most vulnerable to APEC infection [110].

Inactivated bacterin vaccines or autovaccines of APEC are frequently used in
the field, but their protective efficacy was not demonstrated. Landman and van Eck
studied the protection conferred in laying hens against E. coli peritonitis syndrome
(EPS) disease. Vaccines were formulated either as aqueous suspension or as water-
in-oil induced protection against homologous challenge, while protection against
heterologous challenge was inconclusive. However, other study [111] indicated no
protection against a challenge with homologous or heterologous strain, in spite of a
raise of IgY titer in vaccinated animals.

A recombinant Salmonella enterica serovar Typhimurium strains expressing the
heterologous O polysaccharide of E. coli O1 and O2 was used to immunize chickens
and elicited production of serum IgG and mucosal sIgA antibodies against the LPS
of APEC 01 and O2. The immune response induced resulted protective against a
lethal dose of both APEC serogroup strains [112]. An attenuated Salmonella (Alon,
AcpxR, and AasdA16) delivery system containing the genes encoding P-fimbriae
(papA and papG), aerobactin receptor (iutA), and CS31A surface antigen (clpG)
of APEC was constructed, and its potential as a vaccine candidate against APEC
infection in chickens was evaluated. It induced an immune response and an effec-
tive protection against colibacillosis caused by APEC [113].

Mixed recombinant APEC surface proteins EtsC (a type I secretion system
protein), the porins OmpA and OmpT, and TraT of APEC were used as antigens
to immunize chickens seeking for a broad protection against several serotypes of
APEC. The experimental vaccine elicited specific IgY and the induction of diverse
cytokines in spleen and resulted in a reduction of lesion scores in different organs
and a reduction of bacterial loads in blood and organs [114].
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A commercial vaccine (Gall N tect CBL) against avian colibacillosis for layer
hens is produced and marketed in Japan since 2012. It consists of a live attenuated
078 APEC with a Acrp deletion. A big trial in layer hens [115, 116] demonstrated
that it prevents avian colibacillosis infection and improves productivity. Live attenu-
ated APEC strains were used as experimental vaccines for various research groups
in colibacillosis fields. Strains deleted in aroA [117], carAB [118], and galE [119]
were tested. Another commercial vaccine, based in subunit components, is Nobilis
(MSD) composed by F11-and FT-antigens of APEC in a water-in-oil emulsion. No
trials have reported by the company, but Gregersen et al. in 2010 [120] observed that
in a controlled trial the vaccine application did not affect the overall mortality rate
between the vaccinated and control flocks, but mortality due to E. coli infections
made up only 8.2% in vaccinated birds compared with 24.6% in unvaccinated birds.
Also, differences in average first week mortality, average weight at 38 days, and food
conversion rate among vaccinated and control birds, respectively, were not found.

6. Conclusion

A high interest in the development of vaccines against pathogenic E. coli occurred
in recent years. This interest is related both to pathotypes affecting human and ani-
mal health. Few vaccines have been licensed and reached market and public health
status. There is an intrinsic difficulty in directing the immune response to a bacterial
species that is commonly part of the animal microbiota. The state of the art consists
in identifying antigenic components that are exclusive of pathogenic subtypes.

In spite of these difficulties, science has gained a relevant knowledge of viru-
lence, pathogenicity, genomics, and epidemiology of pathogenic E. coli, and with no
doubt this will benefit vaccinology concerning pathogenic E. coli.
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Photodynamic Inactivation of
Escherichia coli with Cationic
Porphyrin Sensitizers

Jin Matsumoto, Tomoko Matsumoto, Kazuya Yasuda
and Masahide Yasuda

Abstract

The activity of singlet-oxygen sensitizers for photodynamic inactivation (PDI) of
microorganisms and photodynamic therapy of tumor cells has been evaluated using
Escherichia coli, Saccharomyces cerevisiae, and human cancer cell lines. In this chapter,
drug resistance of E. coli was examined based on the PDI activity of a variety of RPy-
P-porphyrin sensitizers with different number of ionic valence and different hydro-
phobic characters. The PDI activities toward E. coli were evaluated using the minimum
effective concentrations ([P]) of the porphyrin sensitizers. It was found that the [P]
value for E. coli was larger than that for S. cerevisiae. E. coli has drug-resistance toward
hydrophobic and mono-cationic porphyrins. However, E. coli has weak drug-resistance
toward the porphyrins with both polycationic character and hydrophobicity. Since the
outer membrane mainly consists of lipopolysaccharides and phospholipids that are
negatively charged, cationic porphyrins are able to adsorb to the outer leaflet. Then
the cationic porphyrins with hydrophobic character can interact with not only the
outer leaflet but also inner leaflet of the outer membrane and the plasma membrane.
Thus, porphyrins may be incorporated inside E. coli cells via the self-promoted uptake
pathway. Moreover, polycationic porphyrins can interact with DNA and proteins by
strong binding affinities.

Keywords: PDT sensitizer, singlet oxygen, porphyrins, PDI activity, Escherichia coli,
Saccharomyces cevevisiae

1. Introduction

Singlet-oxygen ('0,) sensitizers for photodynamic inactivation (PDI) of micro-
organisms and photodynamic therapy of tumor cells have been developed using
Escherichia coli, Saccharomyces cerevisiae, and human cancer cell lines (e.g., HeLa
cell) as model cells [1-4]. As E. coli is a Gram-negative bacterium, the cell wall
consists of an inner membrane, cytoplasmic membrane, a periplasmic space with a
peptidoglycan layer, and an outer membrane [5]. Since the E. coli cell wall has a low
permeability, there are only a few '0,-sensitizers that can permeate the cell wall and
inactivate
E. coli efficiently at low concentrations.

PDI refers to the use of a visible-light source, oxidizing agents (e.g., O,), and
photosensitizers. Photosensitizers absorb light energy that causes an energy transfer
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Figure 1.
Typical structure of porphyrin sensitizer (P type).

to O,, which leads to the formation of reactive oxygen such as 10,, thereby inactivat-
ing cells and bacteria. Preliminary studies on the photodynamic action for biologi-
cal systems started in the 1930s by PDI of phages using methylene blue [6, 7]. PDI
of bacteria has received considerable attention as a methodology leading to the
medical application of infection therapy beyond antimicrobial resistance. Among
the large variety of photosensitizers developed for PDI over the last 60 years, por-
phyrins and metalloporphyrins became attractive sensitizers owing to their strong
absorption band in the visible-light region [8-11].

In the case of porphyrin sensitizers, their solubilities in water are an important
characteristic for handling them as aqueous solutions, since porphyrin derivatives, in
general, are poorly soluble in water. The most popular method to improve the solubility
in water is the introduction of ionic groups to the porphyrin ring. Especially, the intro-
duction of an alkylpyridinium (RPy) group into porphyrins is a useful method to make
porphyrins water-soluble [12, 13]. A typical RPy-bonded porphyrin is represented by
meso-tetra[4-(1-methyl-pyridinium)] porphyrin (TMP). The first application of TMP
to PDI was reported by Ben Amor et al. in 1998 [14]. For the last two decades, a variety
of RPy-bonded porphyrins have been prepared and studied for PDI [15-21].

We have interested in axially RPy-bonded tricationic P-porphyrins and their PDI
activity [22-26]. It is advantageous that the water solubilization is easily achieved
through the modification of the axial ligands of P-porphyrins. It is expected that
polycationic porphyrins have strong binding affinities to DNA [27-32]. In this
chapter, drug resistance of E. coli was discussed based on PDI activity of a variety
of P- and Sb-porphyrin sensitizers with different number of ionic valence and
different hydrophobic character. The typical structure of the porphyrin sensitizer is
shown in Figure 1, and they are named P-type porphyrin.

2. Materials and methods
2.1 Axially RPy-bonded tricationic P-porphyrins: (RPy3),P(Tpp)**

The preparation of tricationic bis[3-(1-alkyl-4-pyridinio) propoxo]
tetraphenylporphyrinatophosphorus(V) complex, (RPy3),P(Tpp)** (Tpp = tet-
raphenylporphyrinato group), was performed as follows [22]. Dichloro(tetraphe-

nylporphyrinato) phosphorus chloride ([CLP(Tpp)]Cl [33], 300 mg) was reacted
with 3-(4-pyridyl)-1-propanol (5.0 mL) in MeCN (30 mL) at reflux temperature
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for about 24 h until the Soret band shifted from 435 to 428 nm. Bis[3-(4-pyridyl)
propoxo]tetraphenylporphyrinatophosphorus(V) chloride, (Py3),P(Tpp)’,

was produced in 47% yield. The (Py3),P(Tpp)* (50 mg) was reacted with alkyl
halides (1.0 mL) in MeCN (25 mL) at reflux temperature for about 24 h to give
(RPy3),P(Tpp)** [22]. The yields of (RPy3),P(Tpp)** are listed in Table 1.

2.2 Axially RPy-bonded polycationic Sb-porphyrins

Axially RPy-bonded polycationic Sb-porphyrins were prepared using
dibromo(tetraphenylporphyrinato)antimony bromide ([Br,Sb(Tpp)]Br) as the
starting material [34]. The partial methanolysis of [Br,Sb(Tpp)]Br (1.077 g) was
performed in MeOH-MeCN (1:1, 160 mL) in the presence of pyridine (0.75 mL)
at 80°C until the Soret band shifted from 427 to 423 nm. Bromo(methoxo)-
(tetraphenylporphyrinato)antimony bromide ([MeO (Br)Sb(Tpp)]Br, 520 mg)
was formed in 61% yield [35]. An MeCN (20 mL) solution of [Br,Sb(Tpp)]Br
(150 mg) and [MeO(Br)Sb(Tpp)]Br (180 mg) was heated with 3-(4-pyridyl)-
1-propanol (3.7 mL) at refluxing temperature for about 24 h until the Soret band

Sensitizers n® z? Metal Yield /% &10* M ecm™¢ Cw/mM ¢
Soret Q
(MePy3),P(tpp) 1 +3 P 95 269 1.38 34
(BuPy3),P(tpp) 4 +3 P 93 231 118 61
(PentPy3),P (tpp) 5 +3 P EY) 272 132 38
(HexPy3),P(tpp) 6 +3 P 47 313 145 538
(HeptPy3),P(tpp) 7 +3 P 32 26.7 1.26 6.0
(OctPy3),P(tpp) 8 +3 P 48 187 097 38
(HexPy3),Sb(tpp) 6 +3 Sb 35 16.3 418 111
(MePy3)Sb (tpp) 1 2 Sb ) 127 445 24
(HexPy3)Sb (tpp) 6 2 Sb 25 151 448 52
(MePy5),P(tpp) 1 +3 P 73 282 136 >120
(EtPy5),P(tpp) 2 +3 P 58 296 140 >120
(ButPy5),P(tpp) 4 +3 P 44 253 129 112
(HexPy5),P(tpp) 6 +3 P 44 247 122 64
(4EtPy5),P(tpp) 2 +3 P 72 127°¢ 057° >120
(Me),P(PyHex) 6 +2 P 57 226 131 5.0
(Me1),P(PyHex) 6 +2 P 78 141 0.89 114
(Bu),P(PyMe) 1 2 P 94 181 1.01 136
(Bu2),P(PyMe) 1 +2 P 32 217 121 13.0
(Hex2),P(PyMe) 1 ") P 45 286 163 8.0

“Z = charge of the complex.

by = carbon number of the alkyl chain on the Ap.

‘Molar absorption coefficient for the Soret and the Q bands in MeOH solution.
“Cyy = water solubility in mM.

‘Broadening of UV spectra occurred.

Table 1.
PDI of E. coli with cationic porphyrins.
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shifted to 418 nm, respectively. Thus, bis[3-(4-pyridyl) propoxo]tetraphenyl-
porphyrinatoantimony (V) bromide ((Py3),Sb(Tpp)”, 83 mg) and 3-(4-pyridyl)
propoxo (methoxo)tetraphenylporphyrinatoantimony (V) bromide (Py3Sb(Tpp)~,
90 mg) were obtained in 50% and 43% yields, respectively. (Py3),Sb(Tpp)*

(50 mg) was reacted with 1-bromohexane (0.5 mL) in MeCN (13 mL) at reflux tem-
perature for about 24 h to give bis[3-(1-hexyl-4-pyridinio)-1-propoxo]-5,10,15,20-
tetraphenylporphyrinatoantimony (V) tribromide ((HexPy3),Sb (Tpp)3+, 20 mg,
35%). The reaction of (Py3Sb(Tpp)*, 50 mg) with Mel and 1-bromohexane (0.5 mL
in MeCN (13 mL) at reflux temperature for about 24 h gave a-(methoxo)-p-[3(1-
-methyl-4-pyridinio)-1-propoxo]-5,10,15,20-tetraphenylporphyrinatoantimony
(V) dibromide (MePy3Sb(Tpp)2+, 25 mg, 42%) and a-(methoxo)-p-[3 (1-hexyl-
4-pyridinio)-1-propoxo]-5,10,15,20-tetraphenyl-porphyrinatoantimony (V)
dibromide (HexPy3Sb (Tpp)2+, 20 mg, 25%), respectively [24].

2.3 Axially RPy-bonded tricationic P-porphyrins: (RPy5),P(Tpp)**

Bis[5-(3-alkyl-1-pyridinio)-3-oxapentyloxo]tetraphenylporphyrinato-
phosphorus(V) dibromide, chloride ((RPyS)zP(Tpp)3*) was prepared from
dihydroxo(tetraphenylporphyrinato)phosphorus chloride ([(HO),P(Tpp)]Cl),
which was prepared by hydrolysis of [CLP(Tpp)]Cl (300 mg) by refluxing in a
mixed solvent of MeCN (160 mL) with pyridine (60 mL) and H,O (60 mL) [22].
Alkylation of [(HO),P(Tpp)]Cl (80 mg) with di(2-bromoethyl) ether (1 mL)
was performed in the presence of K,CO; (19 mg) and 18-crown-6 ether (4.2 mg)
in MeCN (5 mL) at 50°C to give bis(5-bromo-3-oxa-pentyloxo)tetraphenyl-
porphyrinatophosphorus(V) chloride ((Br5),P(Tpp)*). The (Br5),P(Tpp)* (50 mg)
was reacted with 3-alkylpyridine (1.0 mL) in MeCN (10 mL) under heating
at 100°C for 20-68 h for the preparations of (RPy5),P(Tpp)>* [22]. Similarly,
bis[5- (4-ethyl-1-pyridinio)-3-oxapentyloxo]tetraphenylporphyrinatophosphor
us(V) dibromide, chloride, (4EtPy5),P (Tpp)3+ was prepared via the reaction of
(Br5),P(Tpp)* (63 mg) with 4-ethylpyridine (1.0 mL) in dry MeCN (10 mL) at
100°C for 20 h.

2.4 RPy-bonded dicationic P-porphyrins at meso position: (R'm),P(RPyTpp)**

At first, 5,10,15-triphenyl-20- (4-pyridinyl) porphyrin (PyTpp) was prepared
by reaction of pyrrole (1.55 mL), benzaldehyde (1.83 mL), and 4-formylpyridine
(0.56 mL) in propanoic acid (100 mL) in an oil bath heated at 140°C for 1 h to
give PyTpp (533 mg, 14%) [24]. PyTpp (101 mg) was reacted with phosphoryl
chloride (POCl;, 2.0 mL) in pyridine (10 mL) in a pressure bottle heated at 180°C
for 1 day to give dichloro[triphenyl(4-pyridinyl) porphyrinato] phosphorus chloride
([CLP(PyTpp)ICl, 99.0 mg) in 81% yield. Substitution of the axial chloro ligand
with a methoxo group was performed by refluxing [CLP(PyTpp)]Cl (82.7 mg) in
MeOH (20 mL)-pyridine (0.25 mL) for 3 days until the Soret band shifted from 435
to 424 nm. Dimethoxo[5-(1-hexyl-4-pyridinio)-10,15,20-triphenyl-porphyrinato]
phosphorus (V) dichloride ((Me),P(HexPyTpp) ) was prepared by reaction of
[(MeO),P(PyTpp)1Cl (62.0 mg) with 1-iodohexane (2 mL) in DMF (5 mL) in the
presence of K,CO; (19 mg) at 100°C for 2 h. (Me)zP(HexPyTpp)2+ was purified
through anion exchange with chloride ions, as follows. An aqueous solution (10 mL)
of AgBF, (115 mg) was added to a MeCN-MeOH (1:1 v/v; 20 mL) solution of the
porphyrins. After stirring for 24 h at room temperature, the solution was washed
with water (100 mL) and an aqueous NaCl solution (100 mL) three times and
subjected to precipitation with hexane (200 mL) [24].
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[CLP(PyTpp)]Cl (78-100 mg) was reacted with ethylene glycol deriva-
tives (H(OCH,CH,),,OR’, R’ = Me, n-Bu, #n-Hex, 5-7 mL) in MeCN (10 mL)
in the presence of pyridine (0.75 mL) for 24 h to give bis(2-alkyloxyethoxo)-
5-(4-pyridinyl)-10,15,20-triphenylporphyrinatophosphorus (V) chloride
([(R'm),P(PyTpp)]Cl) in 66-88%. Bis(2-methoxyethoxo)-5-(1-hexyl-4-
pyridinyl)-10,15,20-triphenylporphyrinatophosphorus (V) bromide, chloride
((Mel)zP(HexPyTpp)2+) was prepared by reaction of [(Me1),P(PyTpp)]Cl (51 mg)
with 1-iodohexane (2 mL) in DMF (5 mL) in the presence of K,CO; (19 mg)
in an oil bath heated at 100°C for 2 h. After anion-exchange, dichloride salt of
(Mel)zP(HexPyTpp)2+ (27 mg, 78%) was obtained. Also, other meso-RPy-bonded
dicationic P-porphyrins (61-90 mg) were reacted with Mel (1.2 mL) in DMF
(75 mL) in the presence of K,CO; (43 mg) by heating at 100°C for 24 h to give an
N-methyl-substituted complex. After anion exchange, (Mel)zP(HexPyTpp)2+
(35 mg, 94%), (Bu2)2P(MePyTpp)2+ (13.7 mg, 32%), and (Hex2)2P(MePyTpp)2+
(28.0 mg, 45%) were formed [24].

2.5 Preparation of E. coli suspension

E. coli K-12 (IFO 3301) was cultured aerobically at 30°C for 8 hin a LB medium
(pH 6.5) consisting of bactotryptone (10 g LY, yeast extract (5 g L™, and NaCl
(10g LY. After centrifugation of the cultured broth at 12,000 rpm for 10 min,
the harvested cells were washed with physiological saline (NaCl, 7 g L™!) and then
suspended in physiological saline, resulting in a cell suspension of E. coli. The cell
concentrations were determined using a calibration curve and turbidity quantified
by the absorbance measured at 600 nm on an UV-Vis spectrometer [24].

2.6 PDIof E. coli

PDI of E. coli was performed as follows. A phosphate buffer (0.1 M, pH 7.6) was
prepared by dissolving Na,HPO, (2.469 g) and NaH,PO, (0.312 g) in 100 mL of water.
The suspension of E. coli cells (1 x 10° cells mL™, 1.0 mL), an aqueous solution of the
studied sensitizers (25-100 pM, 0.1 mL), and the phosphate buffer (0.1 M, pH 76,

8.9 mL) were introduced into L-type glass tubes, resulting in a buffer solution (10 mL)
containing E. coli (1 x 10* cells mL ™) and the studied sensitizers (0.25-1.0 pM). Under
dark conditions, the L-type glass tubes were set on a reciprocal shaker and shaken

at 160 rpm at room temperature for 2 h [24]. And then the L-type glass tubes were
irradiated using a fluorescent lamp (Panasonic FL-15ECW, Japan; wave length = 400-
723 nm; the maximum intensity: 545 nm; 10.5 W cm?) ona reciprocal shaker at room
temperature. A portion of the reaction mixture (0.1 mL) was taken up to 2 h at 20-min
intervals and plated on LB plates. The LB plates were incubated for 30 h at 30°C.

The amount of the living cells (B) was defined as the average number of E. coli
colonies that appeared after an incubation period of 30 h in three replicate plates.
The B values for the PDI sensitizers were recorded at each irradiation time.

2.7 Fluorescence imaging

Incorporation of porphyrin sensitizers inside cells can be examined by fluores-
cence microscopy images of E. coli on a confocal laser scanning microscope (CLSM)
under laser excitation at 543 nm. The aqueous solution containing the porphyrin
sensitizers and E. coli was incubated for 3 h at 25°C. The concentrated solution was
sandwiched between a cover slip and an agar pad on a bottom cover slip to maintain
its position within the same focal plane [36].
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3. Results
3.1 Properties of RPy-bonded P-porphyrins

Figure 2 shows the structures of the prepared porphyrins, which were water
soluble due to cationic complexes. The water solubility (Cy) is listed in Table 1. In
addition, Table 1 lists the absorption coefficient (¢) of Soret band around 431 nm
and Q-band at 562 nm in MeOH. These porphyrins could absorb strongly visible
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Figure 2.
Polycationic P- and Sh-porphyrins bonded to alkylpyridinium (RPy).
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light. Moreover, they could generate 'O, efficiently, since the quantum yields for
the formation of 'O, were found to be 0.88 for (HexPy3),P (Tpp)3+ and 0.87 for
(Bu2),P(MePyTpp)** [23].

3.2 Results of PDI of E. coli

Results of PDI of E. coli are summarized in Table 2. As seen from Table 2, Meso-
RPy-substituted P-porphyrins ((R’m)zP(RPyTpp)2+) have cytotoxicity, since E. coli
was inactivated under dark conditions.

Based on Table 2, the survival ratios were calculated as 100B/B, where B,
is the initial amount of bacteria. From the time-course plots of survival ratios
(100B/By), the half-life (Ty/, in min), i.e., the time required to reduce B from By to
0.5By, was measured. A typical example of time-course plots is the case of PDI of
E. coli by (HexPy3),P (Tpp)3+ as shown in Figure 3. In this case, the T, value of

Sensitizers [P]] Amount of bacteria ([B])/CFUmL™?

pM®
£=0/min® 20 40 60 80 100 120

(MePy3),P(tpp) 2.0 512 +22 450 £ 14 383+13 344+20 198+13 103+45 27+12

(BuPy3),P(tpp) 2.0 377 £ 56 216 + 10 105 +9.9 39+53 18+32 6.0+27 23x06

(PentPy3),P(tpp) 0.5 105+ 12 65+12 36+4.6 19+£38 14+40 11+31 70+2.0

(HexPy3),P(tpp) 0.5 243 £23 156+52 125+58 86+31 77«75 60x12 17:6.0

(HeptPy3),P(tpp) 0.4 203+ 16 117 +91 53+3.8 39+£31 15+12 47+21 3.0zx0

(OctPy3),P(tpp) 0.5 294 + 14 215+15 194+12 136+16 10399 76+10 44:8.0

(HexPy3),Sb(tpp) 1.0 152+71  110+47 7617 49:42 36:15 21+45 45+87

(MePy3)Sb(tpp) 1.0 170 £13 167+17 134+80 126+68 102+17 108+26 113+13

(HexPy3)Sb(tpp) 1.0 131+28 120+ 14 75+ 11 55+ 16 36+11  23+35 13+17
(MePy5),P(tpp) 1.0 29+ 64 16 +4.2 12+ 56 10+1.0 13+23 67+21 6715
(EtPy5),P(tpp) 0.25 167 + 14 141 +18 59 +£9.0 57+06 17+15 03+06 0

(BuPy5),P(tpp) 0.25 145 +11 123+76 92 +75 63:46 33:84 67+49 47:06

(HexPy5),P(tpp) 0.25 213+ 10 213+ 95 176 £+16  166+68 140+82 132+12 97+44

(4-EtPy5),P(tpp) 0.5 139 + 14 85+13 88+16 62+6.0 42x87 3270 33:15

(Me),P (PyHex) 2.0 90+13 88+17 49+78 27 +6.2 17+£51 13+15 15+31

(Me1),P(PyHex) 0.5 89+27 57+29 42+72 18+35 16+29 83+40 57:12

(Me1),P(PyHex) 4 05 109 + 26 99 +13 59+12 64+10 65+165 59+42 41+96

(Bu1),P(PyMe) 0.5 24 +36 20+ 4.5 13+£3.0 12+12 7329 3721 47+12
(Bu1),P(PyMe) d 0.5 34+5.0 25+£35 28+6.1 31+35 25+15 20+27 1921
(Bu2),P(PyMe) 2.0 126 + 14 56 +3.8 21+ 49 87+21 33+35 17:06 2321

(Bu2),P(PyMe) ¢ 2.0 150+13  141+55 129+83 124:+11 116+13 84:14 94:12

(Hex2),P(PyMe) 1.0 63+59 50 +75 56 +2.1 45£81 39+91 35:61 33:12

“PDI of E. coli was performed in a phosphate buffer solution (10 mL, pH 7.6) containing E. coli (ca. 2 x 10* cell
mL™") and porphyrin sensitizers under the irradiation of a fluorescent lamp. CFU = colony formation unit.

b[P] was adjusted to attain the value of Ty, between 20 and 120 min.

‘Irvadiation time (t) in min.

“Under dark conditions.

Table 2.
PDI of E. coli with cationic porphyrins under visible light irradiation.
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Figure 3.

Typical example of time-course plots of survival ratio (100B/B,) in the PDT of E. coli with
(HexPy3),P(Tpp)** (0.5 uM) under visible light irradiation (*) and under dark conditions (). The T, was
determined to be 31 min from the plots.

(HexPy3)2P(Tpp)3 * was determined to be 31 min. The minimum concentrations
of the sensitizer [P] were adjusted such that Ty, attained values between 20 and
120 min. Thus, the bactericidal activity (Ap in puM ™ h™) was evaluated using the
following equation: A = 60/([P] x Ty,). Table 3 summarizes [P] and A values in
the PDI of E. coli.

3.3 PDI activity of the porphyrin sensitizers toward E. coli

As shown in Table 3, the A values were dependent on the number of carbon
atoms (#) in the alkyl group on the RPy group in (RPy3)2M(Tpp)3+ (M =P, Sb),
RPy3Sb (Tpp)z*, and (RPyS)zP(Tpp)3*. Figure 4A shows the dependence of
the Ar values on # in the case of a series of (RPy3)2M(Tpp)3+ (M = P, Sb) and
RPy3Sb (Tpp)2+. The maximum value of Ar appeared atn = 7 whose [P] value
was 0.40 pM. Moderately long alkyl chain made the sensitizer more active
toward E. coli [24]. In the case of a series of (RPy5),P (Tpp)3+ (Figure 4B), the
maximum value of A appeared atz = 2 whose [P] value for E. coli was 0.25 pM
[25]. Therefore, the Ap and [P] values of 3-ethyl analog were compared with
those of 4-ethyl isomer. It was found that the Ay value of 4-ethyl isomer was
lower than that of 3-ethyl isomer. In the case of the 4-ethyl analog, broadening
of Soret and Q bands occurred due to aggregation of porphyrin chromophores.

It is suggested that aggregation caused to lower the Ap value of 4-ethyl isomer
(4EtPy5),P(Tpp)**).

Figure 5 shows the fluorescence images of E. coli in the presence of depicting
the emission from (MePy3)2P(Tpp)3+ and (HeXPy3)2P(Tpp)3* inside E. coli. The
images show that (HexPy3),P (Tpp)3+ was accumulated inside E. coli, whereas
(MePy3),P(Tpp) 3* was not. (HexPy3)2P(Tpp)3 *, which had a large affinity to E. coli,
had the high PDI activity. The RPy group with a long alkyl chain made the sensitizer
reactive toward E. coli.
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Sensitizer® z® Metal ne [Pl/uM*¢ Typ/min®  Ag/pM~ h7'f
(MePy3),P(tpp) +3 P 1 2.0 66 0.5
(BuPy3),P(tpp) +3 P 4 2.0 27 11
(PentPy3),P(tpp) +3 P 5 0.5 29 41
(HexPy3),P(tpp) +3 P 6 05 31 38
(HeptPy3),P(tpp) +3 P 7 0.4 24 63
(OctPy3),P(tpp) +3 P 8 05 63 19
(HexPy3),Sb(tpp) +3 Sb 6 1.0 36 17
(MePy3)Sb(tpp) +2 Sb 1 1.0 106 0.6
(HexPy3)Sb(tpp) 2 Sb 6 1.0 68 09
(MePy5),P(tpp) +3 P 1 1.0 40 15
(EtPy5),P(tpp) +3 P 2 0.25 2 75
(ButPy5),P(tpp) +3 P 4 0.25 53 4.5
(HexPy5),P(tpp) +3 P 6 0.25 120 2.0
(4EtPy5),P (tpp) +3 P 2 05 50 24
(Me),P(PyHex) +2 P 6 2.0 45 0.7
(Me1),P(PyHex) +2 P 6 0.5 37 3.2
(Bu1),P(PyMe) +2 P 1 0.5 55 2.2
(Bu2),P(PyMe) +2 P 1 2.0 23 13
(Hex2),P(PyMe) +2 P 1 1.0 116 0.5

“The PDI did not occur under dark conditions except for meso-RPy-substituted P-porphyrins, which were cytotoxic
under dark conditions

bz - charge of the complex.

‘n = carbon number of the alkyl chain on the AP,

[P] = minimum concentrations of the porphyrins adjusted to attain the value of Ty, between 20 and 120 min.
“Ty2 = half-life in min.

fAg = PDI activity in uM™ h™: A = 60/([P] x Ty).

Table 3.
The [P], T,,, and Apvalues in the PDI of E. coli by cationic porphyrins.

3.4 Comparison of the PDI activity in E. coli with the PDI activity in
Saccharomyces cerevisiae

For comparison of the PDI activity in E. coli and other microorganisms, PDI of
S. cerevisiae was performed using (RPy3),P(Tpp)>*. It could photoinactivate S. cerevisiae
in lower concentration compared with the case of E. coli [23]. For example, the [P]
values of (MePyb‘)zP(Tpp)3+ for S. cerevisiae were 0.05 pM, while that for E. coli was
2.0 pM. Moreover, PDI of S. cerevisiae was performed using other porphyrins (Type
E, Figure 6), which were monocationic and highly hydrophobic. The PDI of S. cerevi-
siae occurred efficiently by Type E porphyrins [37]. The [P] values for the PDI of
S. cerevisiae were optimized to be 0.005 pM. Thus, S. cerevisiae has low drug resis-
tance for hydrophobic sensitizers rather than polycationic sensitizers, since the [P]
value of tricationic porphyrins was larger than that of monocationic porphyrins (Type
E). On the contrary, no PDI of E. coli by Type E porphyrins occurred at all. This result
shows that a more positive character is required for an efficient PDI of E. coli.
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Relationship between the Ap values and number of carbon atoms (n) in the alkyl group on the alkylpyridinium
(RPy) in PDI of E. coli using (A) P-porphyrins ((RPy3),P(Tpp)**, ©) and Sb-porphyrins ((RPy3),Sb(Tpp)**
and RPy3Sb(Tpp)*', A) and (B) 3-alkyl-substituted P-porphyrins ((RPys5),P(Tpp)**, ) and their 4-ethyl-
analog ((4EtPy5),P(Tpp)*", *).
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Figure 5.

The incorporation of porphyrins inside bacteria through self-promoted mechanism. (i) Cationic porphyrin
adsorbs to the anionic outer membrane; (ii) amphiphilic porphyrin interacts with hydrophobic parts of outer
and inner membranes; (iii) porphyrin is incorporated inside the cell.
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Figure 6.

Fluorescence images of E. coli obtained with a CLSM under laser-excitation at 543 nm. Fluorescence coming
from inside the cells was observed with the addition of (HexPy3),P(Tpp)** (D), but not observed with the
addition of (MePy3),P(Tpp)** (A). Transmission images of E. coli containing (HexPy3),P(Tpp)** (E) and
(MePy3),P(Tpp)** (B). The image of C is obtained by overlapping images in A and B, and the image in F is
obtained by overlapping images in D and E.

4. Discussion

The mechanism behind the PDI activity in E. coli is still not completely
understood. However, it is known that the first contact of porphyrin photosen-
sitizers occurs at the outer membrane. The outer leaflet of the outer membrane
mainly consists of lipopolysaccharides and phospholipids, which are negatively
charged and are stabilized with divalent cations such as Ca®* and Mg”* [38].
Therefore, electrostatic interaction between cationic photosensitizers and the
outer leaflet instead of these divalent cations promotes destabilization of the
outer membrane [39]. In the case of the cationic porphyrins with hydrophobic
character, or the amphiphilic one, they can also interact with not only the
outer leaflet but also the inner leaflet of the outer membrane and the plasma
membrane (Figure 7). Thus, the amphiphilic porphyrins may be incorporated
inside E. coli cells via the self-promoted uptake pathway [37]. The porphyrin
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Figure 7.
P-porphyrins (Type E) substituted with alkylethyleneglycol ligands.
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sensitizers passed through the cell wall may reach biogenic proteins, lipids,

and DNA. Under irradiation, reactive oxygen such as 'O, was generated near to
these molecules to induce cell death. Although E-type porphyrins generate '0,
efficiently under visible light irradiation, the lifetime of 'O, in aqueous medium
is very short (~3 ps) [40]. Thus, for efficient PDI, 10, should be generated as
close as possible to the target molecules. The P type porphyrins with amphiphilic
characters, which can be incorporated inside E. coli, will be advantageous to PDI
via '0, generation.

5. Conclusion

PDI of E. coli K-12 (IFO 3301) was examined using 19 kinds of cationic porphy-
rin sensitizers. In conclusion, (1) E. coli has high drug-resistance toward the hydro-
phobic and monocationic porphyrins such as Type E. (2) However, E. coli has low
drug-resistance toward polycationic porphyrins such as Type P. (3) Especially, E.
coli has low drug-resistance toward polycationic porphyrins with moderately long
alkyl chain, for example, (Hepth?:)zP(Tpp)3+ and (EthS)zP(Tpp)3*. Alkyl chains
might result in moderate hydrophobicity to take advantage of interaction between
hydrophobic parts of cell membranes. (4) Polycationic porphyrins can interact with
the anionic outer membrane at the first step and DNA and proteins inside the cells
with strong binding affinities.
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Abbreviations

A PDI activity (in pM ™ h™): A = 60/([P] x Ty/)
B mount of bacteria

By initial amount of bacteria

CFU colony formation unit

Cw water solubility

€ molar absorption coefficient

LB Luria-Bertani medium

m number of ethylene glycol unit

n carbon number of the alkyl chain on the Ap

[P] minimum effective concentrations of sensitizer
PDI photodynamic inactivation

RPy N-alkylpyridinium group

t irradiation time

Tip half-life time required to reduce B from By to 0.5B,
Z valence number of the porphyrin complex
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Abbreviations of substances

(Br5),P(Tpp)*
(Py3):P(Tpp)*
(Py3),Sb(Tpp)*
Py3Sb(Tpp)"

PyTpp ,
(RPy3),P(Tpp)~*

(RPy3),Sb(Tpp)**
(RPy5),P(Tpp)**
RPy3Sb(Tpp)**
(R'm),P(RPyTpp)**

TMP

Author details

bis(5-bromo-3-oxapentyloxo)tetraphenylporphyrinato-
phosphorus chloride

bis[3-(4-pyridyl) propoxo]tetraphenylporphyrinato-
phosphorus chloride

bis[3-(4-pyridyl) propoxo]tetraphenylporphyrinato-
antimony bromide

3-(4-Pyridyl) propoxo(methoxo)tetraphenylporphyrinato
antimony bromide

triphenyl(4-pyridinyl) porphyrin
bis[3-(1-alkyl-4-pyridinio) propoxo]tetraphenylpor-
phyrinatophosphorus chloride, dihalide
bis[3-(1-alkyl-4-pyridinio) propoxo]tetraphenylpor-
phyrinatoantimony tribromide
bis[5-(3-alkyl-1-pyridinio)-3-oxapentyloxo]tetraphenyl-
porphyrinatophosphorus dibromide, chloride
a-(methoxo)-B-[3-(1-hexyl-4-pyridinio)-1-propoxo]-5,10,
15,20-tetraphenylporphyrinatoantimony (V) dibromide
bis(2-alkyloxyethoxo)-5-(1-alkyl-4-pyridinio)-10,15,20-
triphenylporphyrinatophosphorus (V) dichloride
meso-tetra[4-(1-methylpyridinium) Jporphyrin
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The title of the book “The Universe of Escherichia coli” aims to present and emphasize
the huge diversity of this bacterial species and our efforts to prevent the E. coli
infections. As it is part of the gut microbiota, E. coli is a well-known commensal
species, and probiotic E. coli strains are successfully used for improving host’s
health. Also many “workhorse” E. coli strain exist that are employed in laboratory
and biotechnology settings. But certain E. coli strains can cause intestinal and also
extraintestinal infections at many anatomical sites. Therefore many efforts are
undertaken to prevent E. coli infections, among them food safety, vaccines, but also
new antimicrobial agents are searched for.
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