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Escherichia coli is a versatile organism and very diverse. Members of this species vary 
from very pathogenic agents causing different types of diseases including meningitis, 
gastroenteritis, and septicemia, just to cite a few, to harmless organisms living in the 
intestines of both humans and animals. E. coli has also 1923 been used as a model or-

ganism for most bacteria except a few. For this reason, its study provides a huge advan-
tage and can help understand the mechanisms involved in different processes such as 
pathogenesis, environmental disinfection, nutrient utilization, 1923 antibiotic resist-
ance, and diagnostic/detection methods, and these are indeed the topics discussed in 

this book. The book has been divided into four main sections representing the different 
facets of E. coli applications, which include disease, biotechnology, environmental 

engineering and innovative approaches to detection, and lastly its physiology and cell 
biology. Such processes can be applied to the study of other organisms as well consider-
ing the development of diversity; for example, many organisms are capable of horizon-
tal gene transfer, which is capable of increasing the fitness of the bacterial organisms 

involved and has a great impact on the control of such bacterial organism. 
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Preface

Escherichia coli also known as E. coli is a rod-shaped Gram-negative bacterium. It grows free‐
ly in the intestine of all humans and most animals. It is one of the most studied organisms
and serves as the prokaryotic model of organisms. In spite of the fact that this organism is
the most studied, it continues to generate many discussions in the academic and industrial
sectors and is used for several purposes particularly in the study and application of microbi‐
ology and biotechnology. A simple search of the major databases like PubMed, Google
scholar, and others will generate hundreds of publications every day. This therefore further
emphasizes the importance of this organism.

E. coli is a versatile organism that plays a role in different sectors of human life. Though
mostly a commensal organism living in the intestines of humans and animals, E. coli can be
responsible for both intestinal and extraintestinal infections. E. coli for example is an impor‐
tant cause of urinary tract infections with severe consequences including male infertility,
which is a topic not often discussed in many books debating the pathogenesis of this organ‐
ism. E. coli also plays an important role as a model organism due to its ability to grow easily
in simple culture media, its short generation time, and the ease with which its genetic mate‐
rial can be manipulated just to cite but a few. Furthermore, many molecular processes have
been discovered by studying E. coli, and many of these have been extended to other bacterial
organisms. Such issues include, for example, the adaptation of cells in difficult environ‐
ments, genetic processes, and the production of specific enzymes through different bio‐
chemical pathways.

The present book is therefore a good mix of pathogenesis, cell biology, biotechnology, and
molecular applications of E. coli. The book does not intend to give an exhaustive study of the
organism but focuses on specific topics of interest such as pathogenesis and antibiotic resist‐
ance mechanisms, innovative methods in bacterial detection, environmental water disinfec‐
tions, and cell biology. A special attention was given to urinary tract infections that
represent important diseases in both males and females, as well as its implication in male
fertility/sterility and the mechanism thereof. This is especially important as many cases of
infertility are often misdiagnosed and the index of suspicion might be actually very far away
from E. coli. The development of antibiotic resistance is another important stumbling block
to the control of infectious diseases with the recent emergence of multiple antibiotic resist‐
ance (MAR) among different bacterial organisms including E. coli.

As a contaminant and often used as an indicator of contamination of environmental waters,
there is a need for the design of simple methods that are effective in the removal of microbial
contaminants from water sources. In this book, a number of chapters have been dedicated to
development of innovative methods for environmental water disinfection using substances
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such as pressurized carbon dioxide, the use of nanoparticles, and the use of essential oils for the
control of this organism. Further topics discussed in the book include physiology, micronu‐
trient utilization in the form of phosphate homeostasis, and mechanisms of survival in stressful
conditions such as in salty environment in the case of increased temperature with global warm‐
ing or just in nutrient-deprived conditions and provide a good start for further discussions for
future research. The different chapters also raise several questions in terms of the identification
of issues that need further attention for the development of knowledge.

The book therefore discusses recent advances in all the topics cited above and presents an
interesting reading particularly sharpened toward application compared to just basic science.
Here we present different aspects of this marvelous organism from its pathogenic capacity
both at the intestinal and extraintestinal infections; its use as a model organism has been dis‐
cussed as well. For those working in the laboratory, methods for the detection, isolation, and
characterization of E. coli have been discussed including innovative methods for the detection
of lipopolysaccharides, which can be used as markers of infections or even contamination. The
use of biosensor instruments for the detection of E. coli in different types of samples including
humans, animals, and environmental samples has also been discussed. With the recent advan‐
ces in cell phone technology, it is appropriate to adapt such useful tool for application in the
detection of water contamination, for example, as discussed in the book.

Professor Amidou Samie
Department of Microbiology,

University of Venda,
Limpopo Province,

South Africa

XIV Preface

Section 1

E. coli in Disease
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Chapter 1

Enterotoxigenic and Enterohemorrhagic Escherichia

coli: Survival and Modulation of Virulence in the

Human Gastrointestinal Tract

Charlène Roussel, Charlotte Cordonnier,

Valérie Livrelli, Tom Van de Wiele and

Stéphanie Blanquet‐Diot

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68309

Abstract

Enterotoxigenic Escherichia coli (ETEC) and Enterohemorrhagic Escherichia coli (EHEC) 
are major food‐ and water‐borne pathogens that constitute a serious public health threat 
in low‐income and developed countries, respectively. Survival and expression of viru‐
lence genes in the human digestive tract are key features in bacterial pathogenesis, but 
the mechanisms behind these processes remain largely unknown due to obvious pro‐
hibition of human studies. Use of well‐controlled and multi‐parametric in vitro models 
can aid in addressing knowledge gaps in ETEC and EHEC pathogenesis. After a general 
description of the physiopathology of ETEC and EHEC infections, this chapter will give 
an overview of all the in vitro studies that have investigated the effect of the main physi‐
cochemical and biotic parameters of the human gut on pathogen survival and expression 
of virulence factors. We bring a picture of how ETEC and EHEC are able to adapt to each 
of the successive environments of the human gastrointestinal tract by reading many cues 
provided by both the host and the gut microbiota.

Keywords: enterotoxigenic Escherichia coli (ETEC), enterohemorrhagic Escherichia coli 
(EHEC), survival, virulence genes expression, human gastrointestinal tract, in vitro 
models

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Since its identification in 1885, Escherichia coli (E. coli) has become one of the most com‐
prehensively studied bacterial species. While E. coli is widely found in the environment 
and foods and is an important member of the commensal microbiota of mammals, some 
strains have evolved to include pathogenic mechanisms that cause significant diseases in 
humans and animals. In humans, E. coli strains can cause diverse enteric/diarrheagenic or 
extra‐intestinal infections by means of virulence factors that affect a wide range of cellular 
processes. Pathogenic E. coli associated with gastrointestinal illness have been divided into 
eight pathotypes based on their virulence profiles: (i) enteropathogenic E. coli (EPEC), (ii) 
enterohaemorrhagic E. coli (EHEC), (iii) enterotoxigenic E. coli (ETEC), (iv) enteroinvasive 
E. coli (EIEC), (v) enteroaggregative E. coli (EAEC), (vi) diffusely adherent E. coli (DAEC), 
(vii) adherent invasive E. coli (AIEC) and (viii) Shiga toxin‐producing enteroaggregative 
E. coli (STEAEC) [1]. This chapter will cover only two of them: ETEC and EHEC, which show 
opposite trends during their pathogenic processes. Even if in both cases human infections 
are primarily acquired through consumption of contaminated food products or drinking 
water, ETEC is a major cause of infantile diarrhea in developing countries, while EHEC is 
one of the main E. coli pathotypes associated with food poisoning outbreaks in the devel‐
oped world.

To cause human illness, pathogenic enteric E. coli must not only survive the passage through 
the human gastrointestinal (GI) tract but also accomplish their pathogenic process by a com‐
plex and coordinated multistage strategy, including adherence to the host intestine and toxin/
virulence protein production. The current chapter will provide a state of the art of ETEC and 
EHEC physiopathology, then focus on pathogen survival in the human digestive tract and 
regulation of virulence determinants by GI cues. As studies on humans are ethically incon‐
ceivable and small animal models do not recapitulate human pathogenesis, we will introduce 
the potential of dynamic in vitro digestion systems for increasing our understanding of ETEC 
and EHEC pathogenesis in a physiologically relevant GI environment.

2. Physiopathology of ETEC and EHEC infections

2.1. Epidemiological data

ETEC are a significant cause of watery diarrhea in developing countries where sanita‐
tion and clean water remain scarce and a main cause of traveler’s diarrhea [2]. In contrast, 
EHEC are a major public health concern of developed countries [3] (Figure 1). Hence, ETEC 
are among the top four pathogens causing moderate to severe diarrhea among children 
in Africa and South Asia, while EHEC are the third most common zoonotic pathogen in 
Europe associated with large food poisoning outbreaks in EU, the USA, Canada, and Japan. 
The most common serogroups implicated in outbreaks and sporadic cases are O6, O78, O8, 
O128, and O153 for ETEC and O157:H7, O26:H11, O45:H2, O103:H2, O111:H8, O121:H19, 
and O145:H28 for EHEC.

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications4 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

ETEC cause approximately 280 million episodes of diarrhea worldwide, leading to hundreds 
of thousands of deaths per year [4]. With regard to EHEC, it is estimated that the pathogen 
is responsible for 2,801,000 acute illnesses, 3890 cases of haemolytic and uremic syndrome 
(HUS), 270 cases of permanent end‐stage renal disease, and 230 deaths worldwide [3]. For 
both pathogens, infants less than 5 years old are a high‐risk population. ETEC are respon‐
sible for 20–25% of diarrhea in young children, mostly in low‐income countries, and up to 
40% of traveler’s diarrhea [5]. In developing countries, children suffer from diarrhea attacks 
7–8 times a year, with a peak incidence occurring between 6 and 18 months, and ETEC strains 
are responsible for one of each three attacks [6, 7]. In such countries, ETEC infections have 
then shown to play a significant part in the complex association between malnutrition and 
repeated bouts of diarrheal illness among young children. The impact of EHEC is also greater 
in infants and children, compared to other ages with 42% of cases of HUS and 29% of deaths 
occurring in children between the ages of 0 and 4 years [3].

While the lack of ongoing monitoring systems makes it difficult to understand ETEC pathogenesis 
worldwide, dedicated surveillance systems of human EHEC infections have been developed in 
most of the industrialized areas of the world [8]. In Europe, the surveillance of EHEC infections is 
embedded in the Food and Waterborne Diseases and Zoonoses (FWD) surveillance system coor‐
dinated by the European Center for Disease Prevention and Control (ECDC). FWD is a passive 
surveillance system, collecting data on EHEC infections including laboratory‐confirmed cases, 
probable cases, and possible cases. Cases of HUS are specifically recorded through a network of 
pediatric nephrologists and infection‐control practitioners on the basis of clinical diagnosis.

Figure 1. ETEC and EHEC pathogenesis including epidemiological data on the infections and at‐risk populations, 
reservoir, mode of transmission and virulence factors of the pathogen, and clinical signs are described. A/E: Attaching 
and effacing; CFTR: cystic fibrosis transmembrane regulator; GC‐C: guanylyl cyclase C; GM1: monosialoganglioside 
receptor; LT: heat‐labile enterotoxins; ST: heat‐stable enterotoxins; Stx: Shiga toxin.
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http://dx.doi.org/10.5772/intechopen.68309

5



1. Introduction

Since its identification in 1885, Escherichia coli (E. coli) has become one of the most com‐
prehensively studied bacterial species. While E. coli is widely found in the environment 
and foods and is an important member of the commensal microbiota of mammals, some 
strains have evolved to include pathogenic mechanisms that cause significant diseases in 
humans and animals. In humans, E. coli strains can cause diverse enteric/diarrheagenic or 
extra‐intestinal infections by means of virulence factors that affect a wide range of cellular 
processes. Pathogenic E. coli associated with gastrointestinal illness have been divided into 
eight pathotypes based on their virulence profiles: (i) enteropathogenic E. coli (EPEC), (ii) 
enterohaemorrhagic E. coli (EHEC), (iii) enterotoxigenic E. coli (ETEC), (iv) enteroinvasive 
E. coli (EIEC), (v) enteroaggregative E. coli (EAEC), (vi) diffusely adherent E. coli (DAEC), 
(vii) adherent invasive E. coli (AIEC) and (viii) Shiga toxin‐producing enteroaggregative 
E. coli (STEAEC) [1]. This chapter will cover only two of them: ETEC and EHEC, which show 
opposite trends during their pathogenic processes. Even if in both cases human infections 
are primarily acquired through consumption of contaminated food products or drinking 
water, ETEC is a major cause of infantile diarrhea in developing countries, while EHEC is 
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oped world.
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virulence protein production. The current chapter will provide a state of the art of ETEC and 
EHEC physiopathology, then focus on pathogen survival in the human digestive tract and 
regulation of virulence determinants by GI cues. As studies on humans are ethically incon‐
ceivable and small animal models do not recapitulate human pathogenesis, we will introduce 
the potential of dynamic in vitro digestion systems for increasing our understanding of ETEC 
and EHEC pathogenesis in a physiologically relevant GI environment.

2. Physiopathology of ETEC and EHEC infections

2.1. Epidemiological data

ETEC are a significant cause of watery diarrhea in developing countries where sanita‐
tion and clean water remain scarce and a main cause of traveler’s diarrhea [2]. In contrast, 
EHEC are a major public health concern of developed countries [3] (Figure 1). Hence, ETEC 
are among the top four pathogens causing moderate to severe diarrhea among children 
in Africa and South Asia, while EHEC are the third most common zoonotic pathogen in 
Europe associated with large food poisoning outbreaks in EU, the USA, Canada, and Japan. 
The most common serogroups implicated in outbreaks and sporadic cases are O6, O78, O8, 
O128, and O153 for ETEC and O157:H7, O26:H11, O45:H2, O103:H2, O111:H8, O121:H19, 
and O145:H28 for EHEC.
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ETEC cause approximately 280 million episodes of diarrhea worldwide, leading to hundreds 
of thousands of deaths per year [4]. With regard to EHEC, it is estimated that the pathogen 
is responsible for 2,801,000 acute illnesses, 3890 cases of haemolytic and uremic syndrome 
(HUS), 270 cases of permanent end‐stage renal disease, and 230 deaths worldwide [3]. For 
both pathogens, infants less than 5 years old are a high‐risk population. ETEC are respon‐
sible for 20–25% of diarrhea in young children, mostly in low‐income countries, and up to 
40% of traveler’s diarrhea [5]. In developing countries, children suffer from diarrhea attacks 
7–8 times a year, with a peak incidence occurring between 6 and 18 months, and ETEC strains 
are responsible for one of each three attacks [6, 7]. In such countries, ETEC infections have 
then shown to play a significant part in the complex association between malnutrition and 
repeated bouts of diarrheal illness among young children. The impact of EHEC is also greater 
in infants and children, compared to other ages with 42% of cases of HUS and 29% of deaths 
occurring in children between the ages of 0 and 4 years [3].

While the lack of ongoing monitoring systems makes it difficult to understand ETEC pathogenesis 
worldwide, dedicated surveillance systems of human EHEC infections have been developed in 
most of the industrialized areas of the world [8]. In Europe, the surveillance of EHEC infections is 
embedded in the Food and Waterborne Diseases and Zoonoses (FWD) surveillance system coor‐
dinated by the European Center for Disease Prevention and Control (ECDC). FWD is a passive 
surveillance system, collecting data on EHEC infections including laboratory‐confirmed cases, 
probable cases, and possible cases. Cases of HUS are specifically recorded through a network of 
pediatric nephrologists and infection‐control practitioners on the basis of clinical diagnosis.

Figure 1. ETEC and EHEC pathogenesis including epidemiological data on the infections and at‐risk populations, 
reservoir, mode of transmission and virulence factors of the pathogen, and clinical signs are described. A/E: Attaching 
and effacing; CFTR: cystic fibrosis transmembrane regulator; GC‐C: guanylyl cyclase C; GM1: monosialoganglioside 
receptor; LT: heat‐labile enterotoxins; ST: heat‐stable enterotoxins; Stx: Shiga toxin.
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2.2. Reservoir and route of transmission

Both ETEC and EHEC infections are typically acquired through the ingestion of contami‐
nated food or water (Figure 1). However, a major difference between ETEC and EHEC is that 
ETEC only have a human reservoir of infection while EHEC are zoonotic pathogens [2, 9]. 
The main source of ETEC infection is contaminated water, such as surface water and drinking 
water (especially for weaning food) suffering from a lack of adequate sanitation and sewage 
facilities [2]. Nevertheless, a variety of food items including vegetables and herbs imported 
from endemic countries have also been recently implicated in uncommon sporadic cases or 
outbreaks in industrialized countries. Ruminants, especially cattle, are a natural reservoir of 
EHEC, and hence entry into the food chain through fecal contamination. Food (mainly under‐
cooked beef products, unpasteurized milk, and vegetable) and water are the principal sources 
of human contamination with EHEC. Person‐to‐person transmission of EHEC may signifi‐
cantly contribute to outbreaks from a primary source, whereas this mode of transmission is 
not likely under most circumstances for ETEC infection.

The infective dose widely differs between ETEC and EHEC. It fluctuates between 108 and 1010 
cells for ETEC in adults, but vulnerable populations such as infants may be susceptible to 
infection at lower doses [7, 10]. The infective dose for EHEC is recognized to be much lower: 
less than 50 to a few hundred organisms are usually sufficient to lead to the clinical signs [11].

2.3. Clinics and treatments

ETEC or EHEC show similar clinical pictures at the beginning of infections: watery diar‐
rhea leading to rapid dehydration, usually associated with nausea, vomiting, and abdominal 
cramps [2, 11]. With regard to ETEC, following an incubation period of 10–72 hours, the dura‐
tion of illness is typically 3–5 days, and resolved usually without antimicrobial treatment, even 
though symptoms can persist for 2–3 weeks. ETEC infections are generally self‐limited and 
cannot be distinguished from Cholera on clinical grounds. Symptoms are much more severe 
in children from developing countries where diarrhea and malnutrition combine to form a 
vicious cycle leading to declining health status and death. Unlike ETEC, EHEC infections 
may evolve toward extra‐digestive complications. EHEC infections typically progress from 
watery to bloody diarrhea and resolve within a week or 10 days in the majority of infected 
individuals. Nevertheless, in 5–7% of cases, the infection may lead to life‐threatening compli‐
cations, namely HUS and thrombotic thrombocytopenic purpura (TTP), and death [11, 12]. 
HUS is characterized as a triad of acute kidney failure, microangiopathic hemolytic anemia, 
and thrombocytopenia, and remains the most common cause of acute renal failure in children 
in the EU and US. The elderly mostly develop TTP, which differs from HUS because of neu‐
rological symptoms including lethargy, severe headache, convulsions, and encephalopathy.

Currently, treatment for ETEC and EHEC infections consists primarily of supportive ther‐
apy, with oral rehydration to prevent dehydration and loss of electrolytes. For EHEC, gen‐
eral supportive measures also include peritoneal dialysis or hemodialysis and management 
of anemia with transfusion of whole blood or packed red cells [13]. Conventional antibiotic 
treatment is generally not recommended for EHEC‐infected patients as it increases HUS or 
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neurological complications [14]. The use of antimicrobials is also problematic during ETEC 
infection since an etiologic diagnosis cannot be made rapidly, mainly in childhood diarrhea [2]. 
Fluoroquinolones are shown to be effective during ETEC traveler’s diarrhea [15] but should 
be used with caution due to the rise of antimicrobial resistance worldwide and the risk of 
side effects. For both pathogens, antimotility agents can be prescribed but need to be carefully 
administered as they can prolong the residence time of bacteria or their toxins in the intestine.

In this context, alternative prophylactic or therapeutic strategies are currently under develop‐
ment for ETEC and EHEC. Vaccines against the pathogens are still not commercially avail‐
able, although vaccine strategies have been developed and used with variable success in 
animal models and/or humans [16, 17]. However, Dukoral®, a vaccine commercialized for 
Vibrio cholerae, can be prescribed to prevent traveler’s diarrhea due to ETEC. Global alterna‐
tive approaches involving dietary supplementation or probiotics have also been considered 
for both ETEC [18, 19] and EHEC [20, 21], with various levels of evidence from in vitro and 
in vivo studies. Other therapeutic options targeting a specific step in bacterial pathogenesis 
have been developed, mainly for EHEC, such as the use of agents that link toxins or block 
their binding at the cell surface [13] or antibodies that inhibit the terminal complement com‐
plex formation [22].

2.4. Virulence factors

After ingestion by humans, ETEC and EHEC pursue a strategy of infection involving coloni‐
zation of the intestinal mucosal surface and production of toxins. The main sites of coloniza‐
tion differ between the two pathogens: from the upper jejunum to the ileum for ETEC [23, 24] 
and terminal ileum and colon for EHEC [25–27]. Notably, EHEC show a preferential tropism 
to the follicle‐associated epithelium (FAE) of small intestinal Peyer’s patches [25, 28], which 
has not been described for ETEC. Even if for both pathogens toxins are clearly identified as 
their main virulence factor, bacterial pathogenesis is not limited to toxin‐mediated effects, 
and a combination of virulence traits is required to make ETEC and EHEC strains fully patho‐
genic to humans. This part describes the main virulence factors that have been identified for 
ETEC and EHEC.

2.4.1. Acid resistance

After being ingested, the pathogens must first breach the acidic barrier of the human stomach 
to reach their intestinal niche. It is well described that E. coli strains have intricate acid resis‐
tance (AR) systems that enable their survival in the harsh gastric environment, the glutamate‐
dependent AR system providing the highest level of acid protection [29]. Such acid resistance 
is a critical virulence trait of the infection, especially for EHEC for which the infectious dose 
is typically very low.

2.4.2. Colonization factors

ETEC adhere to the intestinal epithelium by means of several colonization factors (CFs). More 
than 25 CFs that are antigenically and structurally diverse, have been identified in ETEC and 
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include fimbrial and fimbrillar structures. Among them, seven are generally more prevalent 
than others: CFA/I (colonization factor antigen) and CS1 to CS6 (coli surface antigen) [30]. 
Most CF receptors have not been yet identified, but CFs are thought to bind to glycopro‐
tein conjugates in mucus fraction from the small intestine and on the surface of host cells. 
Non‐fimbrial adhesins such as TibA, a glycosylated autotransporter; Tia, an outer membrane 
protein; and EtpA, which acts as a molecular bridge binding host cell receptors to the tips of 
ETEC flagella, have also been implicated in the pathogenesis [31].

EHEC colonization involves attaching and effacing (A/E) lesions on the enterocytes, which 
are characterized by ultra‐structural changes, including loss of microvilli and intimate attach‐
ment of the bacterium to the cell surface [32]. Genes encoding A/E lesion formation are local‐
ized on a pathogenicity island, the locus for enterocyte effacement (LEE), which encodes a 
bacterial type III secretion system (T3SS). Colonization is mainly mediated by the primary 
adhesin, namely intimin (encoded by eae gene), but other putative adherence factors have 
been described, such as long polar fimbriae—Lpf—or curli [33]. A number of other non‐fim‐
brial EHEC adhesins have been implicated in adhesion including the plasmid‐encoded toxB, 
the chromosomally encoded adhesins Iha, Cah, and OmpA [32, 33].

Mucin‐degrading enzymes, which allow temporary access to intestinal cell membrane and 
promote bacterial adhesion have been recently identified in both ETEC and EHEC. In ETEC, 
YghJ, a mucin‐binding metalloprotease [34] and EatA, a member of serine protease autotrans‐
porters of the Enterobacteriaceae (SPATE) family [35] have been described. In EHEC, one 
protein has been shown to have mucinase activity: StcE, an extracellular zinc metalloprotease 
which specifically recognizes α‐O‐glycan‐containing substrates [36].

2.4.3. Secretion of toxins

Toxins are considered as the main virulence factor for both ETEC and EHEC as they are 
responsible for the main clinical symptoms and/or systemic complications. In ETEC, secre‐
tory diarrheas are mediated through the action of heat‐stable (ST) and/or heat‐labile (LT) 
enterotoxins.

ETEC strains are able to secrete either one or two toxins (LT and/or ST), but it has been shown 
that LT toxin is less likely to cause disease than ST or LT/ST ETEC toxins [7]. LT toxins encoded 
by the eltAB gene are similar in structure and function to Cholera toxin by sharing 80% homol‐
ogy. LT shows an AB5 configuration with a catalytically active LTA subunit and a pentameric 
ring of LTB subunits responsible for binding and internalization [37]. LT are mainly secreted 
associated with outer membrane vesicles (OMVs) and bind irreversibly to monoganglioside 
(GM1) on the host cell. LT leads to an increase in cAMP that induces cystic fibrosis transmem‐
brane regulator (CFTR) phosphorylation, eliciting massive fluid loss and watery diarrhea. In 
addition to causing diarrhea, LT plays multiple roles in modulating host cell function and 
providing a competitive advantage for ETEC adherence to cultured intestinal epithelial cells. 
ST toxins encoded by the estAB gene are small cysteine‐rich peptides which mimic the human 
hormone guanylin. They are divided into two structural and antigenically distinct groups: 
STa and STb which reversibly bind to guanylyl cyclase C (GC‐C) and sulphatide, respectively 
[37], leading to CFTR activation and diarrhea.
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Shiga toxins (Stx) are produced by EHEC in the lumen of the intestine, and then cross the 
epithelial barrier by poorly described mechanisms to eventually reach their target organs [38]. 
Two toxin families encoded in the genomes of lysogenic lambdoid phages are produced by 
the bacteria, namely Stx1 and Stx2, the latter being associated with the most severe complica‐
tions [39]. Stx contain two major structural subunits, A and B [40]. The B subunit binds to the 
toxin cellular receptor, globotriaosylceramide‐3 (Gb3), expressed on host microvascular endo‐
thelial cell surfaces (kidney, intestine, and brain). This explains the life‐threatening complica‐
tions associated with EHEC infections. The A subunit exhibits an RNA N‐glycosidase activity 
against the 28S rRNA, resulting in inhibition of protein synthesis and cell death.

3. Bacterial survival in the human digestive tract

Bacterial survival in the human GI tract is a key parameter in ETEC and EHEC physiopathol‐
ogy. Nevertheless, how pathogens can survive in the human digestive environment remains 
largely unknown as studies in humans are impossible. For regulatory, ethical, technical, and 
cost reasons, artificial digestive systems are increasingly used as an alternative to in vivo stud‐
ies in humans. Until now, almost no data are available for ETEC under human digestive 
simulated conditions while a number of studies have assessed the survival of EHEC during 
human in vitro digestion.

Masters et al. [41] have shown that after exposure to pH 2, ETEC became undetectable by 
plate counting after 2 hours. A recent study using flow cytometry analysis indicated that there 
was no significant difference in the percentage of live bacteria when ETEC were subjected to 
pH 5 or pH 7 [42]. Only one study has investigated the impact of 30 g/L bile on the survival of 
ETEC in vitro. Despite the known bactericidal effect of bile in the intestine, growth curves for 
ETEC in Luria Bertani (LB) media and LB‐bile showed similar slopes during the exponential 
growth phase [43].

With regard to EHEC, most of the studies have been carried out, like for ETEC, using simpli‐
fied in vitro approaches integrating a limited number of digestive parameters, such as acid 
pH or bile salts [44, 45]. Even if the pathogen is considered as acid resistant, large variations 
in survival rates have been obtained for E. coli O157:H7 in acidified culture media or in simu‐
lated gastric fluid [45, 46]. This wide range of response may be explained by differences in 
culture conditions, bacterial strains, and pH values used to simulate the gastric phase. Other 
more recent studies have evaluated the survival of EHEC strains by using dynamic multi‐
compartmental in vitro models that closely mimic the gastric, small intestinal, and colonic 
human digestive conditions. In the TNO GastroIntestinal model (TIM), which simulates the 
stomach and the three segments of the human small intestine, it has been shown that EHEC 
survival was affected in the stomach and duodenum (when ingested within a food matrix 
but not with a glass of water), while bacterial growth was observed at the end of digestion 
in the jejunum and ileum [47–49]. This growth renewal in the distal parts of the small intes‐
tine was probably linked to the occurrence of less stringent conditions, such as neutral pH 
and lower concentrations of bile salts due to their reabsorption (as occurred in vivo). EHEC 
survival in the TIM model was found to be strain/serotype dependent [48] and influenced 
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by food matrices [47–49] and age conditions [48]. In particular, thanks to the potential of 
the TIM model, Roussel et al. [49] have shown that differences in digestive physicochemi‐
cal parameters related to age conditions may partly explain the higher susceptibility of chil‐
dren (compared to adults) to EHEC infections and HUS. Additional studies performed under 
human‐simulated colonic conditions (including colonic microbiota) have shown that EHEC 
strains were not able to colonize [50], probably due to the barrier effect of gut microbiota or 
to the high short‐chain fatty acid (SCFAs) concentrations found in the colon and known to 
inhibit EHEC growth [51, 52]. Taken together, these data suggest that the ability of EHEC 
to colonize the human gut would be rather linked to growth renewal of the pathogen in the 
distal parts of the small intestine than the ability to maintain in the colon.

4. Regulation of virulence genes by gastrointestinal cues

To be fully pathogenic, bacteria must not only survive in the human GI tract but also coordi‐
nate expression of virulence determinants in response to localized gut microenvironments. 
An increased number of in vitro or in vivo studies have shown that both ETEC and EHEC 
are able to respond to various GI cues and employ these cues to modulate the expression of 
their virulence factors [33, 53], as described below (Figure 2). Compared to ETEC, where all 

Figure 2. The figure provides a state of the art on the effects of biotic and abiotic parameters of the human gut on ETEC 
and EHEC virulence, as assessed by in vitro studies. Data related to ETEC and EHEC are surrounded by light grey and 
dark grey, respectively. A/E: Attaching and effacing; AI: autoinducer; CFA: colonization factor antigen; CS: coli surface; 
EA: ethanolamine; elt: heat‐labile enterotoxin encoding gene; est: heat‐stable enterotoxin encoding gene; etpA: ETEC 
two‐partner protein A encoding gene; GM1: monosialoganglioside receptor; IhA: IrgA homologe adhesion encoding 
gene; LEE: locus for enterocyte effacement; lpf: long polar fimbriae encoding gene; LT: heat‐labile enterotoxins; NO: nitric 
oxide; SCFA: short‐chain fatty acids; Stx: Shiga toxin; T3SS: type 3 secretion system.
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the available studies have been performed in simple in vitro digestive conditions, recent data 
have been obtained for EHEC in more physiological conditions simulated by dynamic multi‐
compartmental models.

4.1. Regulation by physicochemical parameters of the human gut

4.1.1. pH

Once ingested, pathogens are exposed to the host digestive tract characterized by acid con‐
ditions in the stomach where pH gradually decreases during digestion from around 6 to 2, 
followed by pH close to neutrality in the small intestine.

For ETEC, the release of ST seems to be not pH‐dependent [54], while it is acknowledged that 
extracellular pH has an influence on the release of LT toxin which increases with alkalinity 
[55, 56]. ETEC seems to use the pH gradient in the GI tract to modulate LT toxin production 
and secretion: when bacteria reach the small intestine, alkaline pH induces both transcription 
and maximal release of LT [42].

For EHEC, House et al. [57] have examined, using DNA microarrays, the gene expression 
profiles of EHEC O157 that had been acid stressed and then neutralized relative to the same 
unstressed strain. Virulence factors associated with adhesion, motility, and type III secretion 
were significantly modulated leading to enhancement of motility and host cell adhesion. The 
T3SS genes encoding proteins that mediate colonization and infection in the large intestine 
were downregulated following acid stress [33, 57]. Impact of low pH on Stx gene expression 
and production is not yet fully understood: House et al. [57] have shown no change whereas 
other studies have revealed that acid pH decreases Stx production [58, 59]. In the gastric and 
small intestinal TIM model, Roussel et al. [49] have shown that stx1 and stx2 genes were 
upregulated in the gastric compartment even if Stx‐mediated cytotoxicity is generally associ‐
ated with distal parts of the small intestine or large intestine. Higher expression levels were 
observed under child digestive conditions compared to adult ones where less acidic condi‐
tions are found, which is in accordance with the results of Yuk et al. [58] and Huang et al. [59].

4.1.2. Bile

Once the small intestine is reached, bile salts form a major challenge to pathogens, with bile 
concentrations sequentially decreasing from duodenum to colon due to reabsorption.

Chatterjee and Chowdhury [60] have shown in vitro that 2 g/L crude bile can prevent the 
binding of LT toxin to GM1 and that this effect was associated to arachidonic, linoleic, and 
oleic unsaturated fatty acids detected in crude bile. The same authors demonstrated in vivo 
in rabbit ileal loops that linoleic acid prevented LT‐mediated fluid accumulation in a dose‐
dependent manner [60]. In another study by Nicklasson et al. [61], 1.5 g/L crude bile and 2 g/L 
bile salts sodium deoxycholate and sodium glycocholate‐induced in vitro the expression of 
CS5‐encoding gene csfD. A global transcriptional analysis of two ETEC strains showed that 
bile salts at a concentration of 30 g/L in LB medium upregulated estA, eltA, or etpA (encoding 
for STa, LTa enterotoxins, and EtpA, respectively) while csoA and cstA (encoding for CS1 and 
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CS3 colonization factors) were downregulated [43]. In this study, the transcriptional response 
to bile salts was strain‐dependent, suggesting that the results should not be extrapolated to 
the entire pathovar without further investigation. Finally, at the protein level, 1.5 g/L bile salts 
were required for surface expression of at least CS5, CS7, CS8, CS12, CS14, CS17, and CS19 
[62–64]. Haines et al. [62] have shown that bile salts seem not to be required for the expres‐
sion of CS1, CS2, and CS3, while the opposite was demonstrated by Sjoling et al. [63]. These 
results suggest that both interaction of LT toxin with its receptor and expression of ETEC 
colonization factors may be differentially induced along the human intestine where bile acid 
concentrations range from 2 to 20 g/L.

Studies have also shown that bile may serve as an environmental cue for EHEC by modu‐
lating the expression of specific virulence factors [33]. DNA microarray analysis of EHEC 
O157:H7 treated with 1.5 g/L bile salts showed upregulation of acrA and acrB genes encoding 
a bile salts efflux pump [65]. Expression of several other well‐known virulence factors includ‐
ing those encoded on the LEE pathogenicity island, was not altered by bile salt treatment. 
On the contrary, a significant decrease in eae gene transcripts was observed in vitro by other 
authors when 5–8 g/L bile salts were added [66, 67]. Bile salts also modulate the expression of 
other adhesins, such as Lpf: Arenas‐Hernández et al. [68] and Yin et al. [66] found that con‐
centrations of 1.5–5 g/L led to an upregulation of lpf genes. In the TIM system, eae and lpf over‐
expression occurred under child digestive conditions at the end of in vitro digestion, when 
most of the bacterial cells have reached the distal parts of the small intestine [49]. This might 
suggest a higher ability of EHEC to colonize the terminal ileum or colon in children compared 
to adults. Lastly, there is no consensus for the effect of bile salts on stx gene expression. Kus 
et al. [65] reported that 1.5 g/L bile salt downregulated stx2 genes, whereas no influence was 
observed by Hamner et al. [67] with concentrations of 8 g/L.

4.1.3. Digestive enzymes

Very few studies have investigated how human digestive enzymes may influence the expres‐
sion of virulence genes in pathogens, none in EHEC and only two in ETEC. In the latter, 
in vitro studies have shown that trypsin, an endopeptidase secreted by duodenal epithelial 
cells, is able to increase LT release [55] and its secretory activity [69].

4.1.4. Oxygen levels

Various oxygen levels can be found in the human GI tract with concentrations decreasing 
from the upper to the lower digestive tract and from mucosal surfaces to gut lumen. Up to 
date, the effect of various oxygen concentrations on pathogen virulence has been studied only 
in EHEC.

In an in vitro cell culture model, James and Keevil [70] have shown that the presence of oxygen 
enhanced EHEC ability to adhere to epithelial cells. In other recent studies, polarized human 
colon carcinoma cells in a vertical diffusion chamber system were used to investigate the influ‐
ence of reduced apical oxygen levels on EHEC colonization [38] and Stx production [71]. The 
authors demonstrated that both EHEC‐host adhesion and expression and translocation of T3SS 
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effector proteins were increased under microaerobic conditions (1–2% oxygen). Microaerobiosis 
also significantly reduced bacterial growth as well as Stx production and release into the 
medium, while Stx translocation across the epithelial monolayer was enhanced. The role of 
oxygen levels on modulation of EHEC virulence was further confirmed by Lewis et al. [27] 
who showed in in vitro organ culture (IVOC) of human colonic biopsy samples that A/E lesion 
formation was dependent on oxygen levels. These lesions were suppressed under oxygen‐
rich culture conditions routinely used for IVOC. Taken together, these results suggest that the 
microaerobic environment adjacent to the intestinal microvilli may upregulate the expression 
of EHEC virulence factors that promote successful colonization of the large intestine.

4.1.5. Fluid shear

Fluid shear can be defined as distribution of frictional forces due to the hydrodynamic flow 
generated by GI peristaltic activity against the surface of intestinal epithelial cells. In the 
human gut, there is a decreasing gradient of fluid shear stress from mucosa to gut lumen. It 
has been generally assumed that shear stress inhibits pathogen adhesion, thereby serving as 
a non‐specific host defense against bacterial colonization [72]. For both ETEC and EHEC, this 
concept has been very poorly described in the literature.

Tchesnokova et al. [72] have shown, using in vitro erythrocytes and Caco‐2 cell models, a 
shear‐enhanced binding of intestinal CfaE, the tip‐localized minor subunit of CFA/I, in both 
prototypical and clinical ETEC strains. EHEC attachment to host cells is also enhanced by 
levels of shear force similar to peristaltic forces in the intestinal tract, which are required to 
fully activate LEE‐encoded virulence mechanisms [73]. These preliminary data suggest that, 
in addition to a range of chemical environmental signals, ETEC and EHEC are capable of 
sensing and responding to mechanical cues in the human GI tract.

4.2. Regulation by biotic factors of the human gut

4.2.1. Gut microbiota and their metabolites

4.2.1.1. Gut microbiota

During passage through the human gut, enteric pathogenic bacteria such as ETEC and EHEC 
also have to face a high number of commensal bacteria that compete with them for nutrients 
and space. There is scarce data on the interactions of EHEC, but even more so for ETEC, with 
human gut microbiota.

For ETEC, only two studies have investigated gut microbiota changes during ETEC challenge 
[74, 75]. The authors conclude that ETEC infections are associated with a rapid and reversible 
change in gut microbial community structure as well as a significant decrease in overall bacte‐
ria diversity. However, there is no available data on how gut microbiota may influence ETEC 
virulence.

With regard to EHEC, Thévenot et al. [50] have recently shown in an in vitro model of the 
human colon, that E. coli O157:H7 has an individual dependent effect on the colonic micro‐
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biota, as assessed by qPCR analysis on major phyla and genus. The same authors also showed 
that EHEC infection led in the in vitro colonic environment to a significant increase in stx1, 
stx2, and eae expression 9–12 h post‐administration. Besides, it has been also proposed that 
EHEC was sensing autoinducers produced by the GI microbiota, such as the quorum signaling 
molecule AI‐3. EHEC respond to AI‐3 by increasing flagellar synthesis and motility that allow 
the pathogen to more closely approach the mucosal epithelium at the site of colonization [76]. 
On the contrary, other soluble factors secreted by the normal gut microbiota may protect the 
host against EHEC infection. De Sablet et al. [77] have shown, in cecal contents of gnotobiotic 
rats colonized with human microbiota, that small molecules produced in part by Bacteroides 
thetaiotaomicron, a predominant species of the normal human intestinal microbiota, repressed 
stx2 mRNA expression. Mutants of B. thetaiotaomicron with impaired production of a specific 
transporter of vitamin B12 were no longer able to inhibit the production of Stx2 [78]. This work 
suggests that concentration of vitamin B12 in the gut and by extension, activities of commensal 
bacterial species producing and/or consuming vitamin B12, may modulate the production of 
the main virulence factor of EHEC. Other studies have also demonstrated that the interplay 
between the nutrient requirements of normal flora and EHEC is important in determining 
pathogen virulence [76]. Njoroge et al. [79] uncovered the importance of glucose availability 
in regulating T3SS by EHEC: high‐glucose growth media suppressed type III secretion while 
low‐glucose conditions induced LEE expression. EHEC also use fucose that is made available 
from mucus by the microbiota (especially by Bacteroides thetaiotaomicron) to modulate their 
own metabolism and virulence. Pacheco et al. [80] described a novel two‐component system 
that enables regulation of virulence gene expression and carbon‐source choice by EHEC upon 
sensing fucose, resulting in a decrease in LEE transcript levels. All these results tend to indi‐
cate that differential microbiota composition may contribute to host resistance or susceptibil‐
ity to EHEC infections. Then, differences in diet and antibiotic regimens, which cause shifts in 
the composition of the GI microbiota may also influence the outcome of the disease.

4.2.1.2. Short‐chain fatty acids

Several studies have investigated how ETEC and EHEC may respond to gut microbiota 
metabolites such as SCFAs. The three main SCFAs present in the intestine are acetate, propio‐
nate, and butyrate and their concentrations vary from the small intestine to the colon.

A single study with ETEC has shown that addition of SCFAs from C‐2 to C‐7 at a con‐
centration of 2 mg/mL in the culture medium significantly reduced or even abolished LT 
production [81]. A higher number of studies have evaluated how EHEC may sense SCFAs. 
Acetate (10–40 mM) and propionate (2–10 mM) had no effect on Stx2 production levels in 
vitro [78] while acetate production by Bifidobacterium strains was associated with an anti‐
infectious activity through the inhibition of Stx production and translocation [82]. Low 
SCFA concentrations (particularly of butyrate—from 6.25 to 25 mM), more typical of the 
distal ileum, enhanced the expression of EHEC virulence genes involved in motility, adhe‐
sion, and induction of A/E lesion formation [51, 52]. Other studies reported that high con‐
centrations of SCFAs (above 50 mM), typically found in the distal colon, were associated 
with increased expression of T3SS [83] and Iha adhesin [84]. Very recently, Lackraj et al. 
[85] have investigated how EHEC modulate flagella expression and motility in response to 
SCFA mixes typical in compositions and concentrations of the small and large intestines. 
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They showed that when EHEC were exposed to SCFA mixes representative of the small 
intestine, there was a significant upregulation of flagellar genes, flagellar protein FliC, and 
motility, while the opposite was observed with SCFA mixes representative of the large 
intestine. Lastly, a high‐fiber diet, via enhanced butyrate levels, increased host’s expression 
of Gb3 and susceptibility of mice to disease [86]. Conversely, increased levels of microbi‐
ota‐derived acetate protected animals from disease that is caused by the toxin. Collectively, 
these data suggest that molecular cues secreted by commensal microbiota such as SCFAs 
may modulate EHEC motility, adhesion, and toxin production, differently in the small and 
large intestines.

4.2.2. Host hormones

Microbial endocrinology is a newly recognized microbiology research area investigating the 
interactions of bacteria with stress‐associated hormones, such as catecholamine. Among these 
hormones, only epinephrine and norepinephrine have been investigated as environmental 
cues for ETEC and EHEC.

Lyte et al. [87] demonstrated that physiological concentrations of norepinephrine increased 
the in vitro growth of an ETEC strain isolated from calf, as well as the expression of the viru‐
lence factor F5 fimbrial adhesin. On the contrary, Sturbelle et al. [88] did not observe any effect 
of norepinephrine or epinephrine on the in vitro growth of a piglet ETEC strain, and Haines et 
al. [62] found a significant inhibition of porcine ETEC growth by norepinephrine. However, 
a significant increase in motility and expression of F4 fimbriae and LT toxin‐encoding genes 
was shown in the ETEC culture supplemented with conditioned medium (containing auto‐
inducers) and epinephrine [88]. Lastly, Haines et al. [62] found that norepinephrine inhibited 
CFA/I expression in an ETEC strain isolated from humans.

As described for ETEC, Lyte et al. [89] found that norepinephrine increased in vitro EHEC 
growth. EHEC also use norepinephrine as a signal for differential regulation of virulence 
factors mediating invasion, motility, and A/E lesion formation [90]. Regulation of EHEC viru‐
lence by epinephrine and norepinephrine is still not fully understood but it has been shown 
that the pathogen uses the histidine sensor kinases QseC and QseE as sensors of the two hor‐
mones [33, 76]. So, host‐derived hormones epinephrine and/or norepinephrine seem to assist 
ETEC and EHEC in cueing their site of colonization and enhance approach to the epithelial 
layer through increased motility and adhesion.

4.2.3. Other factors

The influence of other GI factors, such as ethanolamine (EA) and nitric oxide (NO), has been 
studied on EHEC virulence, but not on ETEC. However, the nature of the associated regula‐
tions is still not fully understood.

EA comes from the turnover of intestinal epithelial cells and commensal microbiota and is gen‐
erated from the breakdown of phosphatidylethanolamine. EHEC cultured in minimal media 
containing EA showed increased expression of both stx2 and genes encoded on the LEE patho‐
genicity island, as well as a higher number of attaching and effacing (A/E) lesions on host 
epithelial cells [91].
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suggests that concentration of vitamin B12 in the gut and by extension, activities of commensal 
bacterial species producing and/or consuming vitamin B12, may modulate the production of 
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studied on EHEC virulence, but not on ETEC. However, the nature of the associated regula‐
tions is still not fully understood.
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NO is an essential mediator of the innate immune response of infected colonic mucosa. 
Chemical or cellular sources of NO have been shown to inhibit stx‐ and LEE‐encoded genes 
mRNA expression and Stx synthesis, without altering EHEC viability [92, 93].

5. Conclusion

This chapter shows that we get clearer evidence that the food‐ and water‐borne pathogens 
ETEC and EHEC are able to adapt to each of the successive environments of the human 
GI tract by reading many cues provided by both the host and the gut microbiota. Exposure 
to different environmental cues may impact pathogen survival but also alter the expression of 
virulence genes. Nevertheless, the data obtained until now show many gaps and inconsisten‐
cies. In particular, most of the current studies have been carried out using oversimplified in 
vitro approaches, and what is still missing is the integration of signals delivered in a sequential 
but not in an isolated fashion. Relevant alternatives to better understand how ETEC and EHEC 
respond to these various cues in a temporal‐spatial fashion may imply relevant animal mod‐
els (e.g., human microbiota‐associated animals) [94] or digestion models closely mimicking 
the human digestive tract, such as the TIM or the SHIME (Simulator of the Human Intestinal 
Microbial Ecosystem) [95]. In particular, TIM and SHIME would be of high interest to (i) assess 
how the modalities of ingestion (e.g., infectious dose, growth phase, and food vehicle) and 
age conditions (adult, infant, and elderly) may influence pathogen survival and virulence in 
the human GI tract, (ii) investigate how ETEC and EHEC interact with luminal and mucosal 
gut microbiota under physiological fluid shear stresses and microaerobic conditions, and (iii) 
study host‐microbiota‐pathogen interactions by using intestinal cells in culture coupled with 
TIM or SHIME models, like in the HMI (host microbe interactions) module [96]. For an in‐
depth understanding of pathogen behavior in the human GI tract, these models should be used 
in combination with new technologies such as ‐omics or quantitative imaging technologies.
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Abstract

Urinary tract infections (UTIs) are considered to be the most frequent bacterial infections. 
Escherichia coli is the major factor of community-acquired UTI (80–90%) and a large part of 
nosocomial UTI (30%), including cystitis, pyelonephritis, prostatitis, and asymptomatic 
bacteriuria. Uropathogenic E. coli (UPEC) shows a variety of virulence factors that allow 
their transition from the intestinal tract to the urinary tract and causing infection. The 
virulence factors responsible for pathogenesis outside the gastrointestinal tract belong to 
various functional groups. Antimicrobial resistance among E. coli causing UTIs is increas-
ing in many countries around the world. This paper presents key virulence factors of 
UPEC such as adhesins, toxins, iron acquisition systems, and biofilm formation by UPEC, 
which are major problems in patients with long-term catheterization. The resistance of 
UPEC to antibiotics and innovative strategies of treatment and control of UPEC includ-
ing drug therapy, preventive vaccines, probiotics, cranberry as source of antimicrobial 
metabolites, bacteriophages, new therapeutic antibiofilm treatment such as engineered 
phages, nanoparticles, and plant-derived antibacterial agents are also presented.

Keywords: UPEC, UTI, virulence factors, biofilm, antimicrobial resistance, treatment of 
UPEC, prevention

1. Introduction

Urinary tract infections (UTIs) are considered the most frequent bacterial infections in humans 
usually caused by Enterobacteriaceae. Among them, Escherichia coli is a predominant etiological 
factor of UTI [1]. The pathogenic E. coli strains belong to different pathotypes including enteric 
E. coli and extraintestinal E. coli (ExPEC). Seven major pathotypes of enteric E. coli cause mainly 
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Urinary tract infections (UTIs) are considered to be the most frequent bacterial infections. 
Escherichia coli is the major factor of community-acquired UTI (80–90%) and a large part of 
nosocomial UTI (30%), including cystitis, pyelonephritis, prostatitis, and asymptomatic 
bacteriuria. Uropathogenic E. coli (UPEC) shows a variety of virulence factors that allow 
their transition from the intestinal tract to the urinary tract and causing infection. The 
virulence factors responsible for pathogenesis outside the gastrointestinal tract belong to 
various functional groups. Antimicrobial resistance among E. coli causing UTIs is increas-
ing in many countries around the world. This paper presents key virulence factors of 
UPEC such as adhesins, toxins, iron acquisition systems, and biofilm formation by UPEC, 
which are major problems in patients with long-term catheterization. The resistance of 
UPEC to antibiotics and innovative strategies of treatment and control of UPEC includ-
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metabolites, bacteriophages, new therapeutic antibiofilm treatment such as engineered 
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gastroenteritis but sometimes are responsible for diseases outside the intestinal tract [2]. Three 
pathotypes of the ExPEC are able to exist in the gut but do not cause diseases in this place. 
Whereas, colonization by the ExPEC strains of other host niches including the central nervous 
system, blood, and the urinary tract leads to illness in human [3]. Among ExPEC, uropathogenic 
E. coli (UPEC) is the most frequently associated with human diseases. UPEC strains cause 80–90% 
of community-acquired UTIs and more than 30% of hospital-acquired UTIs [4]. Development 
of UTIs depends on anatomical factors of host, defense mechanisms, and virulence factors of 
infecting microorganism. Bacterial infections of the urinary tract are important problem, because 
about 60% of women in the United States will have at least one UTI during their life. About 8 mil-
lion physician visits per year are related to these often chronic infections, making UTIs a problem 
of economic and medical significance [5]. UPEC can colonize the bladder and cause cystitis or 
may ascend into the kidneys, causing pyelonephritis [3]. E. coli may also spread from the urinary 
tract to the bloodstream causing bacteremia in above 30% of cases and the potential sepsis [6]. 
The presence of high numbers of E. coli in the urine without the clinical symptoms is referred as 
asymptomatic bacteriuria (ABU) and such infection in healthy, nonpregnant women is generally 
not treated [7]. Infections of the urinary tract occur when E. coli enter through the urethra and 
effectively colonize the bladder. E. coli is the most common pathogen causing cystitis, pyelone-
phritis with the possibility of causing kidney damage and death. This microorganism can induce 
acute renal failure and in case of complications after renal transplantation, E. coli is the most 
common clinical isolate [8]. It is considered that human intestinal tract is a primary reservoir 
of UPEC strains, although in some cases, clonal group of UPEC strains can be transmitted by 
contaminated food [9]. Host inflammatory responses on the breach of the sterile urinary tract by 
UPEC consist of the production of cytokines and chemokines, neutrophil influx, the exfoliation 
of infected bladder epithelial cells, and the generation of reactive nitrogen and oxygen species 
[5]. Genomic differences among UPEC and other E. coli show evolutionary adaptations, which 
enable UPEC to colonize environmental niches within the urinary tract such as epithelia lining 
the lumenal walls of the urethra, bladder, renal pelvis, and collecting ducts of the kidneys [10].

UPEC strains have different virulence factors that enable the bacteria to adhere and colonize the 
uroepithelial cells and to establish the UTIs. UPEC harbor more genes encoding adhesins, iron 
acquisition systems, and toxins than K12 strains and commensal E. coli isolates. These virulence 
genes are often encoded on mobile genetic elements called pathogenicity islands [11, 12].

This paper describes key virulence factors of UPEC, the role of biofilm formation by UPEC in 
development of UTIs and in catheter-associated UTIs. The resistance to antibiotics and new 
therapeutic approaches of treatment and control of UPEC will be also discussed.

2. Virulence factors of UPEC

2.1. Adhesins

Adhesive proteins as the most important determinants of pathogenicity of UPEC strains 
are arguable [13], but based on many observations of ABU strains, it was found that these 
strains are nonadherent and nonhemolytic [14]. UPEC adhesins activate host signaling  
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pathways that promote bacterial invasion [15]. Bacterial adherence to urothelium is important 
in the development of UTI because it allows the bacteria to persist in the urinary tract against 
flushing by urine flow. Function of type 1 fimbriae as virulence factors in human pathology 
remains unclear because they are expressed in both commensal and pathogenic E. coli strains  
[16, 17]. The type 1 fimbriae are heteropolymeric surface organelles that consist of several sub-
units. These fimbriae bind E. coli cells to the urothelial mannosylated glycoproteins uroplakin 
by subunit FimH, which is located at the distal tip of the type 1 fimbriae. UPEC commonly 
expresses FimH that efficiently bind monomannose- and trimannose-containing glycopro-
tein receptors. Whereas, commensal E. coli strains usually bind to trimannose residues [18]. 
Binding of FimH to uroplakins that are expressed in the differentiated urothelium of the blad-
der and urethers causes adhesion and cellular invasion of E. coli and promotes formation of 
intracellular bacterial communities which leads to the acute stage of infection [19, 20]. FimH 
adhesin enables UPEC to escape before the immune response by internalization within uro-
thelial cells. Inside infected urothelial cells, E. coli is harbored within vesicles [21, 22]. Blocking 
of FimH adhesin with antibodies or inactivity of the fimH gene has a negative effect on the 
ability of UPEC to colonize the bladder epithelium [5]. fimH gene is the most commonly iden-
tified virulence gene in the isolates causing UTI [17].

About 80% of UPECs express P fimbriae that are frequently associated with acute pyelone-
phritis [23]. P fimbriae are encoded by papA-K gene operon which can be localized on one or 
more pathogenic-associated islands [24]. The P-fimbrial–tip adhesins (PapG adhesins) bind 
to Gal α (1–4) Gal in glycosphingolipids of the membrane of urothelial cells localized in the 
kidney. The PapG adhesins are encoded by four classes of papG genes but only two of them 
are associated with uropathogenicity. Class II adhesin genes are predominant among the iso-
lates from pyelonephritis and from renal transplant patients, while class III genes are found 
more frequently among cystitis isolates [25–27]. Attachment of P fimbriae to receptors leads 
to activation of the immune cell response and to the development of inflammation- and pain-
associated with UTIs. P fimbriae improve bacterial colonization of the tubular epithelium 
that can adversely affect renal filtration leading to total obstruction of the nephron and conse-
quently contributes to the full pathophysiology of pyelonephritis [14].

S fimbriae of E. coli bind to sialyl galactosides occurring in the receptors of erythrocytes and 
renal tubular epithelium cells, and are also involved in UTIs development. S fimbriae show 
binding to epithelial cells of lower urinary tract and kidney and may facilitate bacterial dis-
semination within host tissues [15, 28].

E. coli strains harboring operons coding fimbrial Dr and afimbrial Afa adhesins are also asso-
ciated with UTIs. Dr adhesins bind to decay-accelerating factor (DAF) which is widely distrib-
uted along the urinary tract and plays an important role in colonization of urinary tract by Dr 
adhesin-producing E. coli [29]. UPECs with Afa adhesins have a tropism to renal tissue and 
have the ability to induce chronic or recurrent infection [30]. The research recently conducted 
by Muenzner et al. [31] showed that uropathogenic E. coli strains, which express the Dra/AfaE 
adhesins, bind to CEACAMs (carcinoembryonic antigen-related cell adhesin molecules) pres-
ent on epithelial cells. The interaction of CEACAMs with Dra/AfaE adhesins causes increase 
of integrin activity, promote matrix adhesion, and suppress epithelial exfoliation, which pro-
motes host infection.
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in the development of UTI because it allows the bacteria to persist in the urinary tract against 
flushing by urine flow. Function of type 1 fimbriae as virulence factors in human pathology 
remains unclear because they are expressed in both commensal and pathogenic E. coli strains  
[16, 17]. The type 1 fimbriae are heteropolymeric surface organelles that consist of several sub-
units. These fimbriae bind E. coli cells to the urothelial mannosylated glycoproteins uroplakin 
by subunit FimH, which is located at the distal tip of the type 1 fimbriae. UPEC commonly 
expresses FimH that efficiently bind monomannose- and trimannose-containing glycopro-
tein receptors. Whereas, commensal E. coli strains usually bind to trimannose residues [18]. 
Binding of FimH to uroplakins that are expressed in the differentiated urothelium of the blad-
der and urethers causes adhesion and cellular invasion of E. coli and promotes formation of 
intracellular bacterial communities which leads to the acute stage of infection [19, 20]. FimH 
adhesin enables UPEC to escape before the immune response by internalization within uro-
thelial cells. Inside infected urothelial cells, E. coli is harbored within vesicles [21, 22]. Blocking 
of FimH adhesin with antibodies or inactivity of the fimH gene has a negative effect on the 
ability of UPEC to colonize the bladder epithelium [5]. fimH gene is the most commonly iden-
tified virulence gene in the isolates causing UTI [17].

About 80% of UPECs express P fimbriae that are frequently associated with acute pyelone-
phritis [23]. P fimbriae are encoded by papA-K gene operon which can be localized on one or 
more pathogenic-associated islands [24]. The P-fimbrial–tip adhesins (PapG adhesins) bind 
to Gal α (1–4) Gal in glycosphingolipids of the membrane of urothelial cells localized in the 
kidney. The PapG adhesins are encoded by four classes of papG genes but only two of them 
are associated with uropathogenicity. Class II adhesin genes are predominant among the iso-
lates from pyelonephritis and from renal transplant patients, while class III genes are found 
more frequently among cystitis isolates [25–27]. Attachment of P fimbriae to receptors leads 
to activation of the immune cell response and to the development of inflammation- and pain-
associated with UTIs. P fimbriae improve bacterial colonization of the tubular epithelium 
that can adversely affect renal filtration leading to total obstruction of the nephron and conse-
quently contributes to the full pathophysiology of pyelonephritis [14].

S fimbriae of E. coli bind to sialyl galactosides occurring in the receptors of erythrocytes and 
renal tubular epithelium cells, and are also involved in UTIs development. S fimbriae show 
binding to epithelial cells of lower urinary tract and kidney and may facilitate bacterial dis-
semination within host tissues [15, 28].

E. coli strains harboring operons coding fimbrial Dr and afimbrial Afa adhesins are also asso-
ciated with UTIs. Dr adhesins bind to decay-accelerating factor (DAF) which is widely distrib-
uted along the urinary tract and plays an important role in colonization of urinary tract by Dr 
adhesin-producing E. coli [29]. UPECs with Afa adhesins have a tropism to renal tissue and 
have the ability to induce chronic or recurrent infection [30]. The research recently conducted 
by Muenzner et al. [31] showed that uropathogenic E. coli strains, which express the Dra/AfaE 
adhesins, bind to CEACAMs (carcinoembryonic antigen-related cell adhesin molecules) pres-
ent on epithelial cells. The interaction of CEACAMs with Dra/AfaE adhesins causes increase 
of integrin activity, promote matrix adhesion, and suppress epithelial exfoliation, which pro-
motes host infection.
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Curli are highly adhesive extracellular amyloid fibers produced by UPEC and other 
Enterobacteriaceae [32]. The major subunit of curli is the CsgA [33]. Curli promote adherence to 
epithelial cells and resistance against the human antimicrobial peptide LL-37, and also cause 
induction of the proinflammatory cytokine IL-8. They exhibit exclusive role in promoting 
UPEC biofilms and represent one of the major biofilm components [34]. Curli are produced at 
limitation of nutrients and salts, at reduced oxygen tension and at temperature below 30°C. 
However, it is believed that many pathogenic bacteria and commensal strains can also express 
curli at 37°C during infection in humans [35]. Curli fimbriae interact with serum proteins and 
this might promote bacterial dissemination in host. UPEC strains-producing curli are more 
likely to cause urosepticaemia than strains which do not produce curli [36].

2.2. Toxins

Production of toxins by UPEC is an important virulence factor because they may induce an 
inflammatory response and lead to symptoms of urinary tract infections. The most impor-
tant virulence factor of UPEC is α-hemolysin (HlyA). This toxin is strongly proinflamma-
tory and leads to secretion of IL-6, IL-8, and chemotaxins that increase clinical severity in 
UTI patients [27, 37]. HlyA belongs to the family of RTX (repeats in toxin) [38]. HlyA is 
a lipoprotein of 110 kDa that forms pores in host cells, leading at high concentrations of 
HlyA to cell lysis, that enable UPEC to defeat mucosal barriers, damage effector immune 
cells, and gain access to nutrients and iron [39]. At sublytic concentrations, HlyA implicates 
the inhibition of chemotaxis and bacterial killing by phagocytes and induces apoptosis of 
neutrophils and renal cells, and also promotes the exfoliation of bladder epithelial cells [40]. 
Hilbert et al. [41] found that cytotoxicity, cytokine suppression, and HlyA production were 
tightly linked in clinical strains, and that E. coli utilizes HlyA to inhibit epithelial cytokine 
production in vitro. HlyA is responsible for about 50% of UTIs cases which leads to renal 
complications [27].

Cytotoxic necrotizing factor 1 (CNF1) is produced by approximately one third of UPEC 
[14]. The toxicity of this protein is linked with its ability to constitutive activation of the Rho 
GTPases that affect numerous cellular functions such as the formation of actin stress fibers 
and membrane ruffle formation. The result is the entry of E. coli into urothelial cells [42]. 
CNF1 promote apoptosis of bladder epithelial cells, probably stimulating their exfoliation 
and increasing bacterial entry to underlying tissue [43]. Besides, CNF1 inhibits activities of 
neutrophils, reducing phagocytosis and antimicrobial activity [44].

Secreted autotransporter toxin (Sat) is referred to as serine protease autotransporter and is 
associated with pyelonephritic E. coli strains. Sat is considered a virulence factor because 
it has toxic activity against cell lines of bladder or kidney origin. Sat induces elongation 
of cells and loosening of cellular junctions in cell lines of kidney. Furthermore, Sat trig-
gers vacuolation within the cytoplasm of both human bladder and kidney cell lines [45]. 
Another secreted toxin called Vat (vacuolating autotransporter toxin), often expressed by 
UPEC strains, shows the ability to induce a variety of cytopathic effects in target host cells, 
including swelling and vacuolation. However, the role of Vat in UTI pathogenesis has not 
been thoroughly studied [46].
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2.3. Iron acquisition systems

Limiting iron availability in the urinary tract is an important host defense against bacterial 
pathogens. For growth and metabolic activity, bacteria require a cytoplasmic iron concentra-
tion of about 10−6 M, while free iron concentrations in the mammalian host are extremely low 
(10−25 M in the blood and lower at other sites of organism) [47]. Consequently, pathogenic bac-
teria have to be equipped with systems for acquisition of iron from the host. Bacteria produce 
siderophores, low-molecular-weight molecules that bind and transport iron (Fe3+) through 
the bacterial membrane into cytosol where the iron is released. Iron bound siderophores are 
transported through (with) specific receptors at the outer membrane that facilitate carrying of 
siderophore-iron complexes through the bacterial membrane. Common siderophore system 
is enterobactin and its receptor FebA, which is expressed by both pathogenic and K12 E. coli 
strains, although in the context of infection and also other siderophore systems (salmochelin 
and IroN, aerobactin and IutA, and yersiniabactin and FyuA) have been observed in UPEC 
[3]. The occurrence of these systems in UPEC strains difficult to identify certain systems as 
virulence factors of UPEC [48].

3. Biofilm formation by UPEC

Currently biofilm is defined as a structured bacterial community embedded in a self-pro-
duced matrix and attached to an abiotic or living surface [49].

The biofilm matrix is composed with exopolysaccharides, which form a hydrated viscous layer 
and protects enclosed bacterial cells against dehydration, toxic molecules such as antibiotics, 
and from immune system of host [50]. Bacteria within the biofilm differ in gene expression 
resulting in a phenotype different from the planktonic bacteria. The slow growth of pathogens 
in biofilms is the major factor conferring resistance to antibiotics [51]. The ability of bacteria to 
form biofilm is associated with pathogenesis of numerous diseases. Biofilm formation results 
in chronic, persistent infections that are difficult to eradicate with antimicrobial treatment. It is 
believed that biofilms occur in up to 60% of human infections [52]. UPEC can persist within the 
bladder tissue in underlying epithelial cells or create biofilm-like pods in the recurrent cystitis 
[53]. Biofilm of E. coli may form on the urothelium and is involved in infections associated 
with biomaterials such as catheters or prostheses. UPEC strains are frequently isolated from 
biofilms formed in the lumen of catheters and showing resistance to antibiotic treatment [54]. 
Catheter-associated urinary tract infection (CAUTI) is the most common nosocomial infection, 
and approximately 80% of UTIs acquired in the hospital are associated with catheterization 
[55]. The insertion of indwelling catheter into the bladder increases the susceptibility of patients 
to UTIs, because these devices are the initiation site of infection by introducing opportunistic 
organisms into the urinary tract [56]. UPEC strains are capable of colonizing the intestinal and 
vaginal tracts, and these sites are potential reservoirs of microorganisms for UTIs and CAUTIs 
[57]. The urinary catheter connects the colonized perineum with the sterile bladder providing 
a route for bacterial entry along the catheter lumen or the external surface of the catheter [58]. 
CAUTI is related to the susceptibility of catheter material to microbial colonization. The initial 
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CNF1 promote apoptosis of bladder epithelial cells, probably stimulating their exfoliation 
and increasing bacterial entry to underlying tissue [43]. Besides, CNF1 inhibits activities of 
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Secreted autotransporter toxin (Sat) is referred to as serine protease autotransporter and is 
associated with pyelonephritic E. coli strains. Sat is considered a virulence factor because 
it has toxic activity against cell lines of bladder or kidney origin. Sat induces elongation 
of cells and loosening of cellular junctions in cell lines of kidney. Furthermore, Sat trig-
gers vacuolation within the cytoplasm of both human bladder and kidney cell lines [45]. 
Another secreted toxin called Vat (vacuolating autotransporter toxin), often expressed by 
UPEC strains, shows the ability to induce a variety of cytopathic effects in target host cells, 
including swelling and vacuolation. However, the role of Vat in UTI pathogenesis has not 
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and from immune system of host [50]. Bacteria within the biofilm differ in gene expression 
resulting in a phenotype different from the planktonic bacteria. The slow growth of pathogens 
in biofilms is the major factor conferring resistance to antibiotics [51]. The ability of bacteria to 
form biofilm is associated with pathogenesis of numerous diseases. Biofilm formation results 
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believed that biofilms occur in up to 60% of human infections [52]. UPEC can persist within the 
bladder tissue in underlying epithelial cells or create biofilm-like pods in the recurrent cystitis 
[53]. Biofilm of E. coli may form on the urothelium and is involved in infections associated 
with biomaterials such as catheters or prostheses. UPEC strains are frequently isolated from 
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Catheter-associated urinary tract infection (CAUTI) is the most common nosocomial infection, 
and approximately 80% of UTIs acquired in the hospital are associated with catheterization 
[55]. The insertion of indwelling catheter into the bladder increases the susceptibility of patients 
to UTIs, because these devices are the initiation site of infection by introducing opportunistic 
organisms into the urinary tract [56]. UPEC strains are capable of colonizing the intestinal and 
vaginal tracts, and these sites are potential reservoirs of microorganisms for UTIs and CAUTIs 
[57]. The urinary catheter connects the colonized perineum with the sterile bladder providing 
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CAUTI is related to the susceptibility of catheter material to microbial colonization. The initial 
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stage of biofilm formation on a urinary catheter includes deposition of conditioning film of host 
urinary components, such as proteins, electrolytes, and other organic molecules [59]. These 
molecules on the surface of the urinary catheter may change its surface and neutralize any 
antiadhesive properties [60]. Planktonic bacteria are attached to the surface of the urinary cath-
eter through hydrophobic and electrostatic interaction [61]. Development of biofilm on surface 
of the catheter occurs through the division of binding bacterial cells, appending additional 
planktonic bacteria and secretion of extracellular matrix. Detachment of single cell or group of 
bacterial cells from the biofilm may result in the passage of pathogens into the urine [51]. For 
this reason, biofilm formation on the urinary catheters is critical for initiating and maintaining 
of CAUTIs and is a reservoir of resistant pathogenic bacteria [62]. Several factors contribute to 
the formation of biofilm by E. coli, e.g. fimbriae, curli, and flagella. Type 1 fimbriae involved in 
biofilm formation may also support the colonization of urinary catheter surface [15]. The risk 
of CAUTI depends on the duration of catheterization, the quality of catheter care, and host sus-
ceptibility. Prolonged catheterization is the most important risk factor associated with CAUTI 
[62]. Long-term urinary catheter use (more than 30 days) causes permanent bacterial coloniza-
tion of the urine in 100% cases [63]. Examination of people in a nursing home showed that 
long-term catheterization was significantly related with bacteriuria, pyelonephritis, and renal 
inflammation [58]. Forming of biofilm on the urinary catheters is a public health problem for 
patients who need these medical devices. It is recommended that patients who are chronically 
catheterized were treated with 5–10 days of targeted antibiotic therapy [64].

4. Antimicrobial resistance of UPEC

Antimicrobial resistance in UPEC is a clinical problem in patients with UTIs, in particular in 
women with recurrent UTI. The empirical antimicrobial treatment in case of recurrent UTIs 
exerts significant resistance pressure on the uropathogens and the fecal flora, which serves 
as resistance reservoirs for potential uropathogens [65–67]. Antimicrobial resistance among 
E. coli causing UTI is increasing in many countries around the world and shows considerable 
variations during different time periods and in different areas [68, 69].

The level of resistance of UPEC strains from hospitalized patients in Poland and Turkey to 
ampicillin was 56% [70, 71], while above 85% of UPEC strains from patients in India were 
resistant to this antibiotic [68]. High percentage (67.3%) of E. coli strains resistant to tetracy-
cline was isolated from people with UTI from different parts of India [68].

Sanchez et al. [72] suggested that the increase of resistance of UPEC to ciprofloxacin is a result 
of widespread use of this antibiotic in the treatment of uncomplicated UTIs in the early 2000s. 
The most recent published data suggested that the level of resistance to trimethoprim-sulfa-
methoxazole increased and in different countries was over 21–24.2% [71–73]. This trend has 
continued for decades and the increasing resistance of E. coli to trimethoprim-sulfamethoxa-
zole can be explained by frequent use of this antimicrobial agent because it is recommended 
as the second-line drug in treating acute uncomplicated cystitis in women. Authors reported 
low resistance of E. coli to nitrofurantoin (0.85–1.6%) and no increase in resistance in the last 
decade was observed [71, 72].
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The extended spectrum of β-lactamases (ESBLs) produced by Enterobacteriaceae is responsible 
for resistance of amino and ureido penicillin, oxyimino cephalosporin, and monobactams, but 
not to 7-α-substituted β-lactam [74]. The production of ESBLs by UPEC strains complicates 
treatment because these strains are resistant not only to β-lactam antibiotics but often are also 
resistant to other classes of antibiotics-like aminoglycosides, quinolones, and cotrimoxazole, 
such as gentamicin, ciprofloxacin, and trimethoprim-sulfamethoxazole, respectively [75–77]. 
This reduces the treatment options to a limited number of antibiotics and empirical therapy 
with cephalosporins and fluoroquinolones often fail in patients with UTI [78]. Hoban et al. 
[79] found that these resistant microorganisms are more susceptible to the carbapenems, imi-
penem, and ertapenem, than to other antibiotics. ESBL-producing microorganisms were pri-
marily considered multiresistant organisms originating in hospitals, but in recent years, the 
number of ESBL producers increased also among outpatients, especially related with UTIs. 
The authors reported 21 and 21.4% ESBL-producing E. coli found in community-acquired UTIs 
in Turkey [80] and in North India [81], respectively, while in Mexico, 31% of uropathogenic 
E. coli isolated from hospitalized patients [77] and 17.6% E. coli from hospitalized European 
UTI patients [79] were producers of ESBLs. UTIs complicated by ESBL producers tend to lead 
to uncertain outcomes and prolong hospitalization, especially that these organisms tend to be 
multidrug resistant [74]. Among ESBLs, the CTX-M enzymes are the most prevalent among 
isolates of UPE from inpatients and outpatients leading to serious problems for the antimicro-
bial management of these infections [82, 83]. There is a need for new therapy of UTI caused by 
multiresistant ESBL-producing UPEC.

5. Treatment and control of UPEC

Currently, the antibiotic therapy is an important part of the therapeutic strategy for UTI. The 
increased antibiotic resistance in recent years suggests that the choice of antibiotic should 
be guided by the results of sensitivity assay, although in cases of community-acquired UTI, 
an empirical therapy is often used [23]. The drugs of first-line choice for empirical treatment 
of uncomplicated UTI in all European countries are fosfomycin trometamol, pivmecilli-
nam, or nitrofurantoin macrocrystals [84]. Trimethoprim-sulfamethoxazole is also used in 
countries where resistance to this chemotherapeutic is low. Higher rates of side effects in 
comparison with other drugs limit the use of quinolones as second-line therapy. Moreover, 
in many countries in Europe, high resistance rates of E. coli strains to nalidixic acid were 
observed [85], and thus aminoglycosides and carbapenem are the drugs of choice. In 
patients with recurrent infections of the urinary tract, the antibiotics may be recommended 
prophylactically. It is believed that two recurrences of UTI within 6 months after therapy 
or three episodes per year could be considered an indication to establish prophylaxis after 
treatment. The drugs for this purpose are nitrofurantoin, trimethoprin-sulfamethoxazole, 
fosfomycin trometamol, and cotrimoxazole at lower doses than therapeutic [86]. However, 
repeated antibiotic treatment of UTI and prophylactic use of antibiotics frequently results 
in a rise in resistance to antibiotics and adversely affects microbiota of patients which may 
lead to secondary infections posttreatment, such as gastrointestinal infection and vaginal 
yeast infection [87, 88].
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For this reason, alternative or additional prophylactic strategies have been investigated. One 
of them is improving the management of UTI by the development of preventive vaccines. 
Effective vaccine for UTI will need to generate a strong mucosal immune response in the 
urinary tract. Designing a UTI vaccine that would be effective against UPEC is difficult due 
to heterogeneous nature of the UPEC population. UTI vaccine should be designed based on 
more than one antigen because not all strains express the exact set of virulence genes during 
infections. A vaccine based on the multiple virulence factors, such as fimbrial adhesins or iron 
receptors, could be clinically effective against UTI [89]. The vaccine with whole or lysed frac-
tions of inactivated bacteria can be effective to generate protective immunity. Urovac® is one of 
such vaccines (Solco Basel AG, Birsfelden, Switzerland, and Protein Express, Cincinnati, OH, 
USA) containing ten heat-killed uropathogens, including six UPEC strains. The UPEC strains 
in the Urovac® show different virulence factors, such as hemolysin, type 1, P, and S fimbrial 
adhesins, CNF-1, siderophores, and the E. coli CFT073 pathogenicity island marker and many 
different O and H antigens. Evaluating the efficacy of vaginally administrated Urovac® found 
that the immunization did not ensure significant long-term protection from UTI or an increase 
in mean levels of UPEC antibodies in serum, vagina, or urine [90]. However, among the women 
receiving Urovac, 72% were free from UTIs, while only 30% of women given placebo remained 
free from UTIs caused by E. coli. Moreover, in the Urovac vaccinated group, the number of 
E. coli caused UTIs was significantly lower compared to the control group [91]. Another vac-
cine which is used in Switzerland since 1988 and sold in other countries worldwide is OM-89/
Uro-Vaxom® (OM Pharma, Myerlin, Switzerland). Uro-Vaxom is an oral capsule containing a 
lyophilized mix of membrane proteins from 18 UPEC strains. The clinical studies showed that 
Uro-Vaxom was significantly more effective than placebo in preventing recurrent UTI [92].

Other prophylaxis method is use of different Lactobacillus species in the form of probiotics 
which reduced the risk of UTI and vaginal infections. Use of Lactobacillus species maintains low 
pH and produces hydrogen peroxide that inhibits growth of E. coli in urinary tract but also acti-
vates Toll-like receptor-2 and therefore leads to reduced inflammatory reaction [93]. Beerepoot 
et al. [94] conducted study in which postmenopausal women with recurrent UTI prophylacti-
cally received trimethoprim-sulfamethoxazole or oral capsules containing L. rhamnosus GR-1 
and L. reuteri RC-14. After 12 months of treatment, the reduction in recurrence was more than 
50% in both groups. However, in group that received trimethoprim-sulfamethoxazole, the two-
fold increase in resistance was observed.

Research on dietary supplementation showed that cranberry juice and its extracts reduced UTI 
recurrences. The active metabolite of cranberry, proanthocyanidin A prevents bacterial adhe-
sion to the urothelial layer by inhibiting P fimbriae expression [95]. The minimum daily dose 
of proanthocyanidin A, which is able to reduce significantly the number of urinary E. coli to be 
36 mg [96]. The study conducted by Wojnicz et al. [97] showed that cranberry extract Żuravit 
S.O.S.® reduced motility and adhesion to epithelial cells in E. coli strains isolated from urine 
of patients with pyelonephritis and also limited the ability of these strains to form biofilm.

Bacteriophages are highly specific and very effective in lysing bacteria. The use of lytic phages 
that are able to pass through the extracellular matrix against E. coli biofilm causes a reduc-
tion of bacteria number in biofilm and also prevents biofilm formation on catheter coated 
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with hydrogel containing bacteriophages [98, 99]. Biofilm-associated UTIs are difficult to treat 
due to the high level of antimicrobial resistance showed by biofilm structures. Many authors 
recommend macrolides (erythromycin, clarithromycin, and azithromycin) as the treatment 
of choice in biofilm-associated infections because these antibiotics inhibit the production of 
primary component of the matrix, alginate [100, 101]. Ciprofloxacin, norfloxacin, gentamicin, 
or nitrofurazone are often used as components in coating and impregnating the catheters in 
the aim to inhibit bacterial attachment and development of biofilm [55, 102]. New therapeutic 
antibiofilm treatments are studied as alternative to antibiotics in order to inhibit biofilm for-
mation and also to avoid the emergence of resistant bacterial populations. The silver showed 
antimicrobial activity by interacting with bacterial cell membrane and is used to coat cath-
eters. The study showed a statistically significantly lower frequency of bacterial infection in 
patients treated with a silver alloy-coated catheter compared to those treated with uncoated 
catheter. Schaeffer et al. [103] reported that bacteriuria was present in 27% of patients with the 
silver-coated silicone catheter and in 55% of group with uncoated silicone catheter. It was also 
demonstrated that silver alloy used in hydrogel-coated urinary catheter reduced of up 45% of 
CAUTI [104]. However, the study conducted by Desai et al. [105] showed that E. coli adher-
ence was not significantly lower on silver-impregnated silicone or latex catheters compared 
to adherence of E. coli on catheters without silver.

The new antibiofilm strategy is phage therapy using engineered bacteriophages that have biofilm-
degrading enzymatic activity. It was demonstrated that engineered phages that express biofilm-
degrading enzymes are more efficient in removing bacterial biofilms than nonenzymatic phage 
alone. Lu and Collins [106] generated bacteriophage which expressed biofilm-degrading enzyme 
(DspB) during infection. The DspB showed simultaneous action against both bacterial cells in the 
biofilm and the biofilm matrix. The engineered enzymatic phage reduced bacterial biofilm cell in 
99.9%. One of the new ways of eliminating biofilm is the use of nanoparticles. Water-based syn-
thesis of yttrium fluoride (YF3) nanoparticles that showed antibacterial properties against E. coli 
was described. The minimal inhibitory concentration was observed at 0.01 mg/mL. In addition, 
YF3 nanoparticles-coated catheters were able to significantly reduce bacterial colonization com-
pared to the uncoated surface, which provides the potential to develop the concept of utilizing 
yttrium fluoride nanoparticles as novel antimicrobial and antibiofilm agents [107].

The alternative strategies to decrease UPEC infection include the use of plant-derived anti-
bacterial agents containing different functional groups in their structure and development of 
resistance in bacteria to these antimicrobials is less frequent [108]. Borges et al. [109] showed 
that phenolic acids such as gallic and ferulic acid have prevented biofilm formation and show 
potential to reduce the mass of biofilms formed by the Gram-negative bacteria including E. coli. 
The antibiofilm effect of trans-cinnamaldehyde (TC) on UPEC was reported by Amalaradjou 
et al. [110]. These authors showed that TC was effective against UPEC biofilm on polystyrene 
or latex, and the expression of E. coli genes encoding attachment and invasion of bladder 
cells was significantly decreased by TC [111]. Phytochemicals as alternative antimicrobials 
in preventing and inactivating E. coli biofilm on urinary catheters were also assessed. It was 
demonstrated that TC at the concentration of 0.5% was highly effective for preventing E. coli 
biofilm formation in the lumen of urinary catheter and after 1 day of completely inhibited 
biofilm formation. Whereas, completely inactivated biofilm after 1 day was observed at 1.25% 
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urinary tract. Designing a UTI vaccine that would be effective against UPEC is difficult due 
to heterogeneous nature of the UPEC population. UTI vaccine should be designed based on 
more than one antigen because not all strains express the exact set of virulence genes during 
infections. A vaccine based on the multiple virulence factors, such as fimbrial adhesins or iron 
receptors, could be clinically effective against UTI [89]. The vaccine with whole or lysed frac-
tions of inactivated bacteria can be effective to generate protective immunity. Urovac® is one of 
such vaccines (Solco Basel AG, Birsfelden, Switzerland, and Protein Express, Cincinnati, OH, 
USA) containing ten heat-killed uropathogens, including six UPEC strains. The UPEC strains 
in the Urovac® show different virulence factors, such as hemolysin, type 1, P, and S fimbrial 
adhesins, CNF-1, siderophores, and the E. coli CFT073 pathogenicity island marker and many 
different O and H antigens. Evaluating the efficacy of vaginally administrated Urovac® found 
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receiving Urovac, 72% were free from UTIs, while only 30% of women given placebo remained 
free from UTIs caused by E. coli. Moreover, in the Urovac vaccinated group, the number of 
E. coli caused UTIs was significantly lower compared to the control group [91]. Another vac-
cine which is used in Switzerland since 1988 and sold in other countries worldwide is OM-89/
Uro-Vaxom® (OM Pharma, Myerlin, Switzerland). Uro-Vaxom is an oral capsule containing a 
lyophilized mix of membrane proteins from 18 UPEC strains. The clinical studies showed that 
Uro-Vaxom was significantly more effective than placebo in preventing recurrent UTI [92].

Other prophylaxis method is use of different Lactobacillus species in the form of probiotics 
which reduced the risk of UTI and vaginal infections. Use of Lactobacillus species maintains low 
pH and produces hydrogen peroxide that inhibits growth of E. coli in urinary tract but also acti-
vates Toll-like receptor-2 and therefore leads to reduced inflammatory reaction [93]. Beerepoot 
et al. [94] conducted study in which postmenopausal women with recurrent UTI prophylacti-
cally received trimethoprim-sulfamethoxazole or oral capsules containing L. rhamnosus GR-1 
and L. reuteri RC-14. After 12 months of treatment, the reduction in recurrence was more than 
50% in both groups. However, in group that received trimethoprim-sulfamethoxazole, the two-
fold increase in resistance was observed.

Research on dietary supplementation showed that cranberry juice and its extracts reduced UTI 
recurrences. The active metabolite of cranberry, proanthocyanidin A prevents bacterial adhe-
sion to the urothelial layer by inhibiting P fimbriae expression [95]. The minimum daily dose 
of proanthocyanidin A, which is able to reduce significantly the number of urinary E. coli to be 
36 mg [96]. The study conducted by Wojnicz et al. [97] showed that cranberry extract Żuravit 
S.O.S.® reduced motility and adhesion to epithelial cells in E. coli strains isolated from urine 
of patients with pyelonephritis and also limited the ability of these strains to form biofilm.

Bacteriophages are highly specific and very effective in lysing bacteria. The use of lytic phages 
that are able to pass through the extracellular matrix against E. coli biofilm causes a reduc-
tion of bacteria number in biofilm and also prevents biofilm formation on catheter coated 
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with hydrogel containing bacteriophages [98, 99]. Biofilm-associated UTIs are difficult to treat 
due to the high level of antimicrobial resistance showed by biofilm structures. Many authors 
recommend macrolides (erythromycin, clarithromycin, and azithromycin) as the treatment 
of choice in biofilm-associated infections because these antibiotics inhibit the production of 
primary component of the matrix, alginate [100, 101]. Ciprofloxacin, norfloxacin, gentamicin, 
or nitrofurazone are often used as components in coating and impregnating the catheters in 
the aim to inhibit bacterial attachment and development of biofilm [55, 102]. New therapeutic 
antibiofilm treatments are studied as alternative to antibiotics in order to inhibit biofilm for-
mation and also to avoid the emergence of resistant bacterial populations. The silver showed 
antimicrobial activity by interacting with bacterial cell membrane and is used to coat cath-
eters. The study showed a statistically significantly lower frequency of bacterial infection in 
patients treated with a silver alloy-coated catheter compared to those treated with uncoated 
catheter. Schaeffer et al. [103] reported that bacteriuria was present in 27% of patients with the 
silver-coated silicone catheter and in 55% of group with uncoated silicone catheter. It was also 
demonstrated that silver alloy used in hydrogel-coated urinary catheter reduced of up 45% of 
CAUTI [104]. However, the study conducted by Desai et al. [105] showed that E. coli adher-
ence was not significantly lower on silver-impregnated silicone or latex catheters compared 
to adherence of E. coli on catheters without silver.

The new antibiofilm strategy is phage therapy using engineered bacteriophages that have biofilm-
degrading enzymatic activity. It was demonstrated that engineered phages that express biofilm-
degrading enzymes are more efficient in removing bacterial biofilms than nonenzymatic phage 
alone. Lu and Collins [106] generated bacteriophage which expressed biofilm-degrading enzyme 
(DspB) during infection. The DspB showed simultaneous action against both bacterial cells in the 
biofilm and the biofilm matrix. The engineered enzymatic phage reduced bacterial biofilm cell in 
99.9%. One of the new ways of eliminating biofilm is the use of nanoparticles. Water-based syn-
thesis of yttrium fluoride (YF3) nanoparticles that showed antibacterial properties against E. coli 
was described. The minimal inhibitory concentration was observed at 0.01 mg/mL. In addition, 
YF3 nanoparticles-coated catheters were able to significantly reduce bacterial colonization com-
pared to the uncoated surface, which provides the potential to develop the concept of utilizing 
yttrium fluoride nanoparticles as novel antimicrobial and antibiofilm agents [107].

The alternative strategies to decrease UPEC infection include the use of plant-derived anti-
bacterial agents containing different functional groups in their structure and development of 
resistance in bacteria to these antimicrobials is less frequent [108]. Borges et al. [109] showed 
that phenolic acids such as gallic and ferulic acid have prevented biofilm formation and show 
potential to reduce the mass of biofilms formed by the Gram-negative bacteria including E. coli. 
The antibiofilm effect of trans-cinnamaldehyde (TC) on UPEC was reported by Amalaradjou 
et al. [110]. These authors showed that TC was effective against UPEC biofilm on polystyrene 
or latex, and the expression of E. coli genes encoding attachment and invasion of bladder 
cells was significantly decreased by TC [111]. Phytochemicals as alternative antimicrobials 
in preventing and inactivating E. coli biofilm on urinary catheters were also assessed. It was 
demonstrated that TC at the concentration of 0.5% was highly effective for preventing E. coli 
biofilm formation in the lumen of urinary catheter and after 1 day of completely inhibited 
biofilm formation. Whereas, completely inactivated biofilm after 1 day was observed at 1.25% 
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and 1.5% TC solution. p-Coumaric and ferulic acids have preventive action on E. coli biofilm 
formation on urinary catheter but complete inactivation of the biofilm formed at presence of 
these phytochemicals was not observed [112]. Recently showed that two alkaloids, piperine 
from black pepper and reserpine from Indian snakeroot, decreased swarming and swimming 
motilities of the uropathogenic E. coli CFT073. Additionally, piperine increased penetration 
of ciprofloxacin and azithromycin in to biofilm of E. coli CFT073. Authors suggest that these 
substances can affect on bacterial colonization by inhibition bacterial motility and also may 
help in treatment of infection by strengthening the penetration of antibiotic in biofilms [113].

One of the other strategies to prevent colonization, invasion, and biofilm formation by UPEC 
is inhibition of the assembly of pili by family of bicyclic 2-pyridones, termed pilicides.

The activity of pilicides was evaluated in two different pilus biogenesis systems in UPEC. 
Hemagglutination mediated by either type 1 or P pili, adherence to bladder cells, and biofilm for-
mation mediated by type 1 pili were all reduced by 90% in laboratory and clinical E. coli strains 
[114]. Pilicide ec240 was found to disrupt type 1 pili, P pili, S pili, and flagellar motility [115]. 
Other pilicides also inhibit the production of Dr pili that are important in pyelonephritis [116]. 
Mannosides are FimH receptor analogues and bind to this pilus with high affinity, which results 
in blocking FimH binding to mannosylated receptors. The use of mannosides is considered a 
new strategy in treating and preventing UTIs because they prevent bladder colonization and 
invasion and are effective against multidrug-resistant UPEC and against established UTIs [117].

6. Conclusions

UTIs belong to the most common bacterial infections. E. coli is the major factor of community-
acquired UTIs and a large part of nosocomial UTIs is also caused by this microorganism. 
UPECs have a wide range of virulence factors and spread of antimicrobial resistance that 
threaten effective treatment of UTIs using antibiotics. Intensive research that can identify 
essential virulence mechanisms of UPEC can lead to the development of UTI treatments and 
prophylactics. The identification of virulence determinants, especially responsible for initial 
attachment and adhesion of bacterial cells to receptors can be the basis for the development 
of targeted therapy that prevents the development of UTI. New strategies of UTIs treatment 
and prevention include chemical compounds such as pilicides and mannosides that block 
UPEC adhesion or vaccines against siderophores, pili, and UPEC toxins. However, they are 
still at the preclinical stage of development. These novel antivirulence therapies for treatment 
of UTIs still require substantial effort associated with future clinical trials.
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Abstract

Urinary tract infections (UTIs) are the commonest human bacterial infections and are 
responsible for substantial morbidity and mortality, resulting in increased healthcare 
costs. Most UTIs are caused by specialized Escherichia coli (E. coli) strains referred to as 
uropathogenic E. coli (UPEC). UPEC possess a variety of virulence factors (VFs), which 
the organism uses to attach, invade, and injure the host. These VFs include adhesins, 
toxins, iron acquisition factors, lipopolysacharide capsules, and other invasins. Most 
studies on UTI pathogenesis have targeted VFs. The source of UPEC is the host’s fecal 
flora. According to the pathogenicity theory, UPEC strains with special VFs move from 
the host’s fecal flora to the urogenital tract and cause UTI. However, another theory 
states that the numerically abundant strain is responsible for UTI. Effective UTI man-
agement is hampered by the recent rise in antibiotic resistance, specifically, the recent 
emergence of multidrug-resistant E. coli sequence type 131. The distribution of VFs and 
other bacterial characteristics among different patient groups and UTI syndromes, is cru-
cial understanding UTI pathogenesis, which would guide clinical decision making. For 
ST131 clonal group, further epidemiological studies are needed to clarify transmission 
pathways, risk factors for spread, and reservoirs, so that effective control measures can 
be devised.
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1. Introduction

Urinary tract infections (UTIs) are an important medical problem, being the second most com-
mon bacterial infection of humans after respiratory tract infection. They are often recurrent, 
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frequently difficult to treat, and can cause parenchymal damage to the kidney, leading to renal 
insufficiency and further complications [1–3]. UTIs impose a substantial burden on society 
and the health care system in relation to diagnosis, management, lost productivity, morbidity, 
and sometimes death [4–6]. Furthermore, increasing resistance to therapeutically important 
antimicrobial agents and the recent emergence of the virulent and multidrug-resistant ST131 
clonal group have made UTI management progressively more costly and challenging [7, 8]. 
Several studies suggest that a greater array of VFs is generally needed to cause more invasive 
UTIs, although the extent appears to differ according to age and gender. Thus, further  studies 
targeting VFs, which have been proposed as the best target for vaccine development, are 
needed. A better understanding of UTI pathogenesis, especially for the most common cause 
of UTI, namely Escherichia coli, is crucial for treatment and prevention of UTIs.

2. Etiology of UTI

UTIs are mainly caused by bacteria, although fungi and some viruses have also been impli-
cated. Among bacteria, Gram-negative bacteria of the Enterobacteriaceae family,  including 
E. coli, Klebsiella, Enterobacter, Proteus species, etc., are mostly involved. However, some 
Gram-positive organisms, principally Staphylococcus aureus, Staphylococcus saprophyticus and 
Streptococcus agalactiae, also play a role especially among young women. E. coli is the dominant 
causative agent in all patient groups, causing 80–90% of all UTIs [5]. Consequently, E. coli 
serves as a model pathogen for studying UTI pathogenesis.

Escherichia coli is a normal constituent of the intestinal microbiota of humans and animals [9, 
10]. The distinctive E. coli strains that cause most UTIs have been designated uropathogenic 
E. coli (UPEC). They possess diverse virulence-associated factors (VFs) that assist them in 
 attaching to, invading, and injuring the host, and include adhesins, toxins, siderophores, 
protective polysaccharide coatings, invasins, and serum resistance-associated proteins. 
The presence and numbers of such VFs predicts in vivo virulence [11].

3. Epidemiology and risk factors for E. coli UTI

Overall, UTI is more prevalent among females than males, attributable to the close proxim-
ity of the urogenital tract to the anus in females, the greater length of the male urethra, and 
the antibacterial activity of prostatic fluid in men [12, 13]. Functional, hormonal, and ana-
tomical changes that occur during pregnancy predispose pregnant women to UTI [14]. UTI 
during pregnancy can result in devastating maternal and neonatal complications,  including 
maternal sepsis, preterm labor, and premature delivery [14]. Thirty percent of patients with 
untreated asymptomatic bacteriuria (ASB) develop symptomatic cystitis and up to 50% 
develop pyelonephritis [13]. ASB is also associated with intrauterine growth retardation and 
low-birth-weight infants [13]. Up to 27% of preterm births have been associated with UTI in 
pregnancy [14].

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications46 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

Among bacterial infections in children, UTI ranks highly, even outnumbering bacterial menin-
gitis, pneumonia, and bacteremia [15]. About 1% of infants < 3 months old develop UTI, with 
more males affected than females. Proper and urgent UTI management is crucial in children as 
an estimated 10–15% of children with UTI will develop permanent kidney damage, leading to 
other chronic diseases such as hypertension and renal insufficiency [16, 17].

The propensity of UTIs to recur, often within a few weeks or months after an initial acute 
infection, is a problem in UTI management. Approximately 20–30% of women will have a 
recurrent bladder infection within 6 months after an initial episode, and an additional 3% will 
experience a third infection [18, 19].

4. E. coli UTI pathogenesis

UTI pathogenesis is a complex process that is influenced by various host biological and 
behavioral factors, and by properties of the infecting pathogen, including VFs. This presents 
a challenge in epidemiological studies regarding the role of specific VFs in UTI pathogenesis 
because of the confounding effect of host factors.

In most noncompromised individuals, the urinary tract is normally sterile, and the entry of 
exogenous microorganisms is prevented by urine flow, secreted and tissue-associated anti-
bacterial factors, and the bactericidal activities of effector immune cells. In most cases, the 
host fecal flora is the source of the infecting E. coli strain, and spreads via the perineal,  vaginal, 
and periurethral areas to the lower urinary tract (i.e., urethra and bladder) where they may 
establish colonization [20]. Two hypotheses have been proposed to explain the movement of 
the organism from the fecal flora to the urinary tract. The prevalence hypothesis holds that the 
numerically most prevalent E. coli clones in the feces will be involved, whilst the  pathogenicity 
theory holds that E. coli strains with enhanced virulence potential will be selected [20]. These 
two mechanisms may not be mutually exclusive, but instead may jointly contribute to UTI 
pathogenesis [21].

Although the host’s fecal flora is the major source of the E. coli infecting strain, other proximal 
external reservoirs of the organism have been described. Community outbreaks of UTI have 
been reported [22–24], but without any evidence of person-to-person transmission. Foods and 
water have been proposed as possible vehicles of such outbreaks [22–24]. Specifically, exten-
sive molecular similarities between E. coli from retail meat products and healthy or infected 
humans have been described [22]. Within-household spread of E. coli among co-habitating 
humans and their pets, including between sexual partners, have been confirmed [4, 10, 11]. 
The VFs of the invading bacteria and the host’s defense mechanisms determine the outcome 
of the infection [25]. A variety of host factors, such as age, gender, pregnancy, or immunologi-
cal status, may predispose to UTI and allow less virulent pathogens to cause the disease [20]. 
If the infection is confined to the lower urinary tract, with symptoms such as dysuria and 
frequency of urination, the infection is referred to as acute cystitis. If the infection spreads to 
the upper urinary tract with symptoms such as flank pain, fever, and malaise, the infection is 
defined as an acute pyelonephritis.
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5. Uropathogenic E. coli (UPEC) and virulence factors (VFs)

Virulence refers to the ability of an organism to cause disease, and is a function of the presence 
of distinct accessory traits, referred to as virulence factors (VFs). VFs are specific properties 
that enable organisms to overcome host defenses and cause disease [26]. However, although 
several VFs have been identified in UPEC, experimental and epidemiological data have 
shown that none uniquely defines these pathogens.

UPEC VFs are grouped by functional categories as adhesins, toxins, iron acquisition systems, 
and protectins. VFs are encoded by genes located on chromosomes or plasmids, with some 
being exclusively chromosomal (e.g., pap and hly), others exclusively or principally plas-
mid-associated, e.g., iss and traT, and some either chromosomal or plasmid-associated (afa). 
Consequently, VFs may be vertically or horizontally transmitted, further contributing to the 
complexity of understanding the role played by specific VF genes in UTI pathogenesis.

6. Structure of adhesins

Adhesins, which appear as hair-like fibers called fimbriae (or pili), facilitate the colonization 
with E. coli in the urinary tract by attaching to host epithelial cells. This attachment promotes 
the persistence of the organism in the bladder, and serves as a reservoir for ascending infection 
in the urinary tract [27].

Various adhesins have been identified and are classified mainly according to receptor 
specificity, with some being mannose resistant and others sensitive. P fimbriae (or pili), the 
best-described group of mannose-resistant adhesins of UPEC, are so named because they 
specifically bind to the Gal(α1–4) Gal disaccharide galabiose, which is an antigen within 
the human P blood group system [26]. Different components of the P fimbriae have been 
described, including four different units that are at the tip of the fibrillum, including PapG, 
PapE, PapF, and PapK [28–30]. These fimbrial proteins and other accessory proteins are 
encoded by a chromosomal multicistronic gene cluster termed pap (pilus associated with 
pyelonephritis), which can be carried on large chromosomal insertions called pathogenicity 
associated islands (PAIs) [31].

Actual attachment of the organism to host epithelial cells is effected through PapG by recogni-
tion of glycolipid receptors expressed on host kidney cells and red blood cells [32]. Three vari-
ants of PapG, encoded by distinct alleles of the corresponding gene, pap, have been identified, 
namely PapGI, PapGII, and PapGIII [32–34]. Most studies indicate that allele II is the main 
PapG variant in E. coli bacteremia (regardless of primary source), acute pyelonephritis, and 
acute prostatitis, whilst allele III predominates in acute cystitis [33, 9]. Other studies found 
statistically significant associations between allele III and several compromising host condi-
tions, such as urinary anatomical abnormalities, diabetes [33, 35].

Type 1 fimbriae are the commonest adhesive organelles of E. coli. They mediate adhesion of 
the organism to secreted and cell-bound mannosylated glycoproteins and exhibit mannose 
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sensitive hemagglutination of guinea pig erythrocytes [36]. The ubiquitous distribution of 
these fimbriae in E. coli makes it difficult to show an association with UTI outside an experi-
mental setting. However, type 1 fimbriae exhibit several different phenotypes due to allelic 
variation of the gene for the lectin subunit, fimH, and these phenotypes have been shown to be 
distributed differentially among fecal and UTI isolates [37–39]. Type 1 fimbriae are encoded 
by a chromosomal fim gene cluster that contains genes for a structural subunit, an adhesin, 
several accessory proteins, and regulatory proteins (fimACDFGH) [30, 39].

Phase variation controls the expression of type 1 fimbriae by site specific recombination. A 314-bp  
phase-variable invertible element, that contains the promoter, controls the transcription of 
the fimbrial genes fimACDFGH. The promoter drives the expression of type 1  fimbriae when 
the switch is in the ON orientation but not when it is in the OFF orientation [40]. It has been 
shown that the expression of type 1 fimbriae coordinately affects the expression of P  fimbriae 
in an inverse manner, providing evidence of a direct communication between genes related 
to pathogenesis [41, 42].

Although most studies have confirmed that type 1 fimbriae are particularly important in blad-
der colonization [43, 44], the proportions of UPEC strains from urine and feces expressing 
type 1 fimbriae appear to be similar [26], ranging from a high of 71% among isolates from 
cystitis patients to a low of 58% among those from patients with ASB, with fecal strains in the 
mid-range at 60% [26]. However, in contrast, the level of expression of type 1 fimbriae among 
UPEC blood isolates (81%) is significantly different from that of fecal strains [45, 46].

Another adhesin family is the Afa/Dr family, which consists of adhesins that include the 
 uropathogen-associated fimbrial adhesin Dr, along with other nonfimbrial adhesins,  including 
Afa-1, Afa-2, Afa-3, Afa 4, NFu1, and Dr-11. These adhesins have a different structure from 
other E. coli fimbrial adhesins in that they appear as fine mesh, a coil-like structure or as a 
filamentous capsule coating on the cell surface [45, 47, 48]. Epidemiological studies show that 
E. coli strains that express adhesins of the Afa/Dr family are involved in 25–50% of cases of 
cystitis in children, and 30% of cases of pyelonephritis in pregnant women [49]. Moreover, 
E. coli strains expressing Dr adhesins have been associated with a two-fold increase in the risk 
of a second UTI. It has also been shown that UPEC encoding the Dr adhesin could survive for 
more than 1 year within renal tissue [49, 50]. These findings suggest a possible role for Dr/Afa 
adhesins in recurrent or chronic UTI.

Finally, the closely-related S fimbriae and F1C (fimbriae of serotype 1C), so named because 
of their binding specificity for terminal sialyl-galactoside residues, mediate X-type mannose 
resistant hemagglutination of human erythrocytes [51–53]. They agglutinate human and 
bovine red cells [54, 55]. S fimbriae have a similar, but less well defined, structure to both type 1 
and P fimbriae. Just like type 1 and P fimbriae, expression of S fimbriae exhibits phase varia-
tion [51]. Binding sites for S fimbriae are located on epithelial cells of the proximal and distal 
tubules, collecting ducts and glomerulus [55]. In humans, S-fimbriated E. coli strains are more 
closely associated with meningitis and bacteremia than with UTI [56]. They could therefore be 
important in the movement of the organism from the urinary tract to the blood stream. Few 
studies have been carried out on the role played by these two types of fimbriae in UTI patho-
genesis. FIC fimbriae are expressed by about 14% of UPEC and 7% of E. coli fecal isolates [53].
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and P fimbriae. Just like type 1 and P fimbriae, expression of S fimbriae exhibits phase varia-
tion [51]. Binding sites for S fimbriae are located on epithelial cells of the proximal and distal 
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7. Iron acquisition systems for UPEC

Bacteria and the host compete for available iron, which is needed for oxygen transport and 
storage, DNA synthesis, electron transport, and metabolism of peroxides [57, 58]. Pathogenic 
bacteria, including UPEC, have devised ways of accessing iron by producing siderophore-
mediated iron transport systems. UPEC exhibit multiple mechanisms for extracting iron from 
the host, mainly siderophore-siderophore receptor systems, but also heme uptake [59–62]. 
Siderophores, which are secreted low molecular weight molecules, have a high affinity for 
ferric (Fe3+) iron, which is insoluble as a free cation. UPEC retrieve iron-bound siderophores 
through receptors that facilitate the transportation of siderophore-iron complexes through the 
bacterial membrane and into the cytosol where the iron is concentrated and utilized. While all 
E. coli can produce the siderophore enterobactin, production of alternative siderophores has 
been shown to increase virulence of strains causing bacteremia [10].

Several enterobacteria contain a gene cluster called the high pathogenicity island (HPI), 
which encodes proteins for biosynthesis of the yersiniabactin siderophore and its uptake 
 system [63, 64]. The HPI is widespread among members of the Enterobacteriaceae family, and 
is essential for virulence in Yersinia and certain pathotypes of E. coli [63]. One of the important 
genes residing on the HPI is fyuA encoding the 71 kDa outer membrane protein FyuA (ferric 
siderophore uptake), which act as a receptor for Fe-yersiniabactin uptake [65]. FyuA, which 
was first described in Yersinia species, is associated with virulence in many members of the 
Enterobacteriaceae family [65]. Studies by Hancock and Klemm have confirmed that the ferric 
yersiniabactin receptor (FyuA) is required by UPEC for efficient biofilm formation [66].

Aerobactin is another important hydroxamate siderophore synthesized from the condensa-
tion of two lysine and one citrate molecules. In UPEC, the aerobactin system is encoded by a 
five-gene operon with four genes encoding the enzymes needed for aerobactin synthesis and 
a fifth encoding the outer membrane receptor protein [67, 68]. The synthesis genes are desig-
nated iuc, for iron uptake and chelation and the receptor gene is iut, for iron uptake and trans-
port [69]. Successive steps in the biosynthesis of aerobactin are catalyzed by the iuc genes and 
involve hydroxylation of lysine and acetylation of the hydroxyl group to form hydroxamic 
acid molecules which react with citrate to form aerobactin [69].

Previous studies have shown that the aerobactin system and P fimbriae are commonly found 
together in UPEC isolates from patients with UTI and urosepsis [70, 71]. However, among 
urosepsis patient isolates, this association is only true for chromosomally encoded aerobactin 
[71]. An association of chromosomally encoded aerobactin with hemolysin among urosepsis 
or UTI patient isolates has also been confirmed [71]. These observations suggest that the asso-
ciation of aerobactin with other VFs differs between plasmid and chromosomal aerobactin. 
Plasmids carrying the aerobactin region sometimes also carry antimicrobial resistance genes 
[71–73]. The aerobactin system is found more commonly among UPEC strains from patients 
with pyelonephritis (73%), cystitis (49%), or bacteremia (58%) than among ASB patient 
 isolates (38%) or fecal strains (41%), which suggest that aerobactin contributes to virulence 
both within and outside of the urinary tract. The association of aerobactin with more serious 
forms of UTI is seen specifically in infants, girls, and women [26, 9].
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Finally, UPEC produce salmochelins in order to access iron during invasion of the host. The 
salmochelin siderophore system, so named because it was first shown to be characteristic of 
Salmonella strains [74], is also present in UPEC. This siderophore system is encoded by iroA 
gene cluster, which is made up of five genes, iroB, iroC, iroD, iroE, and iroN. iroN gene encodes 
an outer membrane siderophore receptor which transports different catechol siderophores, 
including N-(2,3-dihydroxybenzoy)-L-serine and enterochelin. iroB encodes a glucosyltrans-
ferase that glucosylates enterobactin, iroC encodes an ABC transporter required for transport 
of salmochelins, whilst iroD and iroE encode a cytoplasmic esterase, and a periplasmic hydro-
lase, respectively [75]. The salmochelin receptor iroN may play a dual role as an iron uptake 
receptor as well as an internalization factor [10]. Using a neonatal rat model, it was shown 
that iroN plays a major role during the bacteremic step of the disease [76]. These findings sug-
gest that iroN is associated with increased virulence. Studies by Bauer et al. showed that iroN 
occurred 2.1–4 times more frequently in UTI isolates than in rectal isolates [77].

8. Toxins produced by UPEC

Most hemolytic UPEC strains secrete a heat-labile cytolytic protein toxin known as alpha 
hemolysin [78], which is encoded by a polycistronic operon, consisting of four genes arranged 
in the order of hly-CADB [79]. The product of hlyC is important in the activation of the hemo-
lytic toxin, which is the product of the hlyA gene. The gene products of hlyB and hlyD together 
with TolC are involved in secretion of the hemolysin through the bacterial cell wall [80]. The 
hemolysin determinants are located on the bacterial chromosome in human isolates of E. coli, 
in contrast to the plasmid location among animal strains [32].

Alpha hemolysin lyses red cells of all mammals and even of fish [81], and is toxic to host cells 
resulting in inflammation, tissue injury, and impaired host defenses. Hemolysin stimulates 
super-oxide anion and hydrogen peroxide release from and oxygen consumption by renal 
tubular cells, including histamine release from mast cells and basophils [82, 83]. Hemolytic 
uropathogenic strains almost always also express P fimbriae [84]. Hemolysin production is 
found most commonly in UPEC strains from patients with pyelonephritis (49%), followed by 
cystitis isolates and ASB [85]. These data demonstrate an association of hemolysin production 
with invasive uropathogenic strains. UPEC strains that produce increased amounts of alpha 
hemolysin are also more resistant to the complement action of human serum when compared 
to strains that are nonhemolytic or produce reduced amounts of hemolysin [81].

UPEC also produce a toxin referred to as cytotoxic necrotising factor type 1 (CNF-1). CNF-1 
is a chromosomally encoded UPEC toxin that catalyzes the glutamine deamination of the 
small GTPases RhoA, Rac, and Cdc 42 [86], leading to the disturbance of numerous  eukaryotic 
 cellular functions including formation of actin stress fibers, lamellipodia, filopodia, and modu-
lation of inflammatory signaling pathways [87, 88].

Yamamoto et al. showed that 61% of UTI isolates and 38% of bacteremia isolates produced 
CNF-1 as opposed to only 10% of commensal fecal isolates [89]. Of these isolates, approximately 
98% that produced CNF-1 also produced hemolysin. Studies by Mitsumori et al. showed a 
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genes residing on the HPI is fyuA encoding the 71 kDa outer membrane protein FyuA (ferric 
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a fifth encoding the outer membrane receptor protein [67, 68]. The synthesis genes are desig-
nated iuc, for iron uptake and chelation and the receptor gene is iut, for iron uptake and trans-
port [69]. Successive steps in the biosynthesis of aerobactin are catalyzed by the iuc genes and 
involve hydroxylation of lysine and acetylation of the hydroxyl group to form hydroxamic 
acid molecules which react with citrate to form aerobactin [69].

Previous studies have shown that the aerobactin system and P fimbriae are commonly found 
together in UPEC isolates from patients with UTI and urosepsis [70, 71]. However, among 
urosepsis patient isolates, this association is only true for chromosomally encoded aerobactin 
[71]. An association of chromosomally encoded aerobactin with hemolysin among urosepsis 
or UTI patient isolates has also been confirmed [71]. These observations suggest that the asso-
ciation of aerobactin with other VFs differs between plasmid and chromosomal aerobactin. 
Plasmids carrying the aerobactin region sometimes also carry antimicrobial resistance genes 
[71–73]. The aerobactin system is found more commonly among UPEC strains from patients 
with pyelonephritis (73%), cystitis (49%), or bacteremia (58%) than among ASB patient 
 isolates (38%) or fecal strains (41%), which suggest that aerobactin contributes to virulence 
both within and outside of the urinary tract. The association of aerobactin with more serious 
forms of UTI is seen specifically in infants, girls, and women [26, 9].
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with TolC are involved in secretion of the hemolysin through the bacterial cell wall [80]. The 
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is a chromosomally encoded UPEC toxin that catalyzes the glutamine deamination of the 
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CNF-1 prevalence of 64% among UPEC isolates from prostatitis and 36% from pyelonephritis. 
These results suggest that CNF-1 is associated with increased virulence in UTI pathogenesis. 
CNF-1 production may also increase the inflammatory response of the host [90]. Specifically, 
Elliott et al. reported that CNF-1 evokes edema and necrosis and is associated with inflamma-
tion in the intestines of rabbits in a diarrhea model of infection [90]. Human neutrophils have 
been observed to be less effective at killing CNF-1 positive, than CNF-1 negative bacteria.

9. Protectins

UPEC also express outer membrane proteins, such as traT and Iss, which may enhance serum 
resistance through avoidance of complement killing [26]. Bacteria are killed by normal human 
serum through the lytic activity of the complement system [91]. The alternative pathway is 
activated by bacteria in the absence of specific antibody and plays a more important role in 
serum killing than the classic pathway [92]. Resistance of E. coli to killing by serum results 
from the individual or combined effects of capsular polysaccharide, O-polysaccharide side 
chains, and surface proteins [93].

Although the K1 capsule is important in certain strains, other mechanisms appear to be more 
significant determinants of serum resistance in some populations of E. coli isolates. On the 
whole, smooth strains are more serum resistant than rough strains [94] and the degree of 
serum resistance is proportional to the amount of lipopolysaccharide (O antigen) the strain 
contains [95]. Serum-resistant strains are usually more nephropathogenic than comparable 
serum-sensitive strains in a variety of models of UTI [96, 97] even though these resistant 
strains may not be associated with increased lethality [96].

9.1. Outer membrane protease T

Outer membrane protease T (OmpT) of E. coli is a surface membrane serine protease and is 
the prototypical member of the omptin family of Gram-negative bacteria [98]. OmpT is an 
enzyme that catalyzes the activation of plasminogen to plasmin [99, 100], a function that is 
physiologically relevant for the virulence of Yersinia pestis and for clinical E. coli isolates [101, 
102]. OmpT also plays a role in virulence by cleavage of protamine and other cation pep-
tides with antibiotic activity [103, 104]. Studies by Hui et al. indicated that OmpT promotes 
E. coli persistence in the urinary tract by interfering with the antimicrobial activity of urinary 
 cationic peptides [100].

9.2. Uropathogenic specific protein

Uropathogenic specific protein (Usp) in E. coli, which was discovered by chance, is encoded 
by usp located on PAIs [105]. Usp, which is homologous to the Vibrio cholerae zonula occludens 
toxin gene [106], is significantly more prevalent among UPEC isolates than fecal E. coli 
 isolates from healthy individuals. Several studies have shown various roles for Usp in UTI 
 pathogenesis in different UTI syndromes and patient groups. Studies by Rijavec et al. showed 
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a strong association between Usp and bacteremia of urinary tract origin, suggesting that Usp 
is important in the migration of UPEC from the urogenital tract to the blood stream [107]. 
Other studies have shown comparable prevalences of Usp in cystitis, pyelonephritis, and 
prostatitis isolates [108]. Furthermore, Usp has (frequently) been associated with all common 
 serotypes of UPEC [109].

10. Biofilm production by UPEC

Biofilm production by E. coli is an important VF which may also protect bacteria from antibi-
otic action and so contribute to resistance [110–113]. Recent studies have shown that biofilm 
production in E. coli, mediated by co-expression of curli and cellulose, supports long-term 
survival of UPEC in the urinary tract by surrounding the organism with an inert, hydro-
phobic extracellular matrix [110, 113, 114]. Most studies of biofilm formation in UTI have 
addressed its role in recurrences.

Curli belong to a class of fibers known as amyloids and are involved in adhesion to surfaces, 
cell aggregation and, finally, biofilm development. Curli fibers are encoded in the curling 
subunit gene (csg) gene cluster, made up of two differently transcribed operons. One operon 
codes for csgB, csgA, and csgC, and the other one for csgD, csgE, and csgG [115]. Expression 
of both curli operons is important for curli fiber assembly. Curli fibers are also essential for 
internalization of bacteria during an infection [30].

Co-expression of curli and cellulose tends to decrease in prevalence from more severe to 
less severe UTI, then to commensal isolates, suggesting that biofilm may facilitate progres-
sion from the lower to upper urinary tract [110]. Furthermore, co-expression of both biofilm 
 components is associated with a high prevalence of individual VF genes, high VF scores, 
and phylogenetic group B2, consistent with heightened urovirulence of such strains. Notably, 
there may be an interaction between classic VFs and biofilm formation. For example, in one 
study, all isolates that co-expressed both biofilm components also harbored fyuA, imply-
ing that iron uptake via the yersiniabactin system may play a significant role in biofilm 
growth [64]. Additionally, recent studies have shown that the biofilm components, curli fim-
briae and cellulose, also play important roles in adhesion, invasion, and long-term survival of 
UPEC within the host  urinary tract [110, 111].

11. Phylogenetic group and VF distribution among patient groups and 
clinical syndromes

E. coli is commonly classified into four main phylogenetic groups namely A, B1, B2, and D [116] 
as defined by multilocus enzyme electrophoresis and multilocus sequence typing [117]. Several 
studies have shown that E. coli pathogenic strains from extraintestinal infections mostly derive 
from group B2, and to a less extent group D [21, 118, 119]. Most studies quote prevalence rates 
around 63–65% for group B2 in pathogenic strains, and 10–15% for group D [21]. Commensal 
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Uropathogenic specific protein (Usp) in E. coli, which was discovered by chance, is encoded 
by usp located on PAIs [105]. Usp, which is homologous to the Vibrio cholerae zonula occludens 
toxin gene [106], is significantly more prevalent among UPEC isolates than fecal E. coli 
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Other studies have shown comparable prevalences of Usp in cystitis, pyelonephritis, and 
prostatitis isolates [108]. Furthermore, Usp has (frequently) been associated with all common 
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otic action and so contribute to resistance [110–113]. Recent studies have shown that biofilm 
production in E. coli, mediated by co-expression of curli and cellulose, supports long-term 
survival of UPEC in the urinary tract by surrounding the organism with an inert, hydro-
phobic extracellular matrix [110, 113, 114]. Most studies of biofilm formation in UTI have 
addressed its role in recurrences.

Curli belong to a class of fibers known as amyloids and are involved in adhesion to surfaces, 
cell aggregation and, finally, biofilm development. Curli fibers are encoded in the curling 
subunit gene (csg) gene cluster, made up of two differently transcribed operons. One operon 
codes for csgB, csgA, and csgC, and the other one for csgD, csgE, and csgG [115]. Expression 
of both curli operons is important for curli fiber assembly. Curli fibers are also essential for 
internalization of bacteria during an infection [30].

Co-expression of curli and cellulose tends to decrease in prevalence from more severe to 
less severe UTI, then to commensal isolates, suggesting that biofilm may facilitate progres-
sion from the lower to upper urinary tract [110]. Furthermore, co-expression of both biofilm 
 components is associated with a high prevalence of individual VF genes, high VF scores, 
and phylogenetic group B2, consistent with heightened urovirulence of such strains. Notably, 
there may be an interaction between classic VFs and biofilm formation. For example, in one 
study, all isolates that co-expressed both biofilm components also harbored fyuA, imply-
ing that iron uptake via the yersiniabactin system may play a significant role in biofilm 
growth [64]. Additionally, recent studies have shown that the biofilm components, curli fim-
briae and cellulose, also play important roles in adhesion, invasion, and long-term survival of 
UPEC within the host  urinary tract [110, 111].

11. Phylogenetic group and VF distribution among patient groups and 
clinical syndromes

E. coli is commonly classified into four main phylogenetic groups namely A, B1, B2, and D [116] 
as defined by multilocus enzyme electrophoresis and multilocus sequence typing [117]. Several 
studies have shown that E. coli pathogenic strains from extraintestinal infections mostly derive 
from group B2, and to a less extent group D [21, 118, 119]. Most studies quote prevalence rates 
around 63–65% for group B2 in pathogenic strains, and 10–15% for group D [21]. Commensal 
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E. coli are mainly associated with phylogenetic groups A or B1, and are mainly devoid of 
virulence determinants [118, 120, 121]. The overlapping associations of VFs and phylogeny 
with clinical virulence makes it difficult to understand which directly determines virulence. 
However, some studies in children showed that pyelonephritis isolates more often belonged to 
group B2, contained on average higher prevalences of individual VF genes, and consequently 
had higher VF scores than did cystitis or fecal isolates, suggesting that both VF repertoire and 
phylogenetic background play important roles in UTI pathogenesis.

UTI syndrome-specific differences among E. coli clinical and fecal isolates from men are 
 consistent with findings from women, which have shown a gradient of virulence from E. coli 
strains causing more invasive UTI syndromes, such as pyelonephritis and febrile UTI, through 
those causing cystitis, to fecal strains [9, 122]. However, men are less likely than women or 
girls, to develop cystitis due to low-virulence strains, which is consistent with a previous 
observation that isolates from men with febrile UTI appeared relatively virulent, even in the 
presence of host compromise [122].

In most patient groups, pyelonephritis isolates tend to exhibit the highest prevalences of many 
individual VFs, have the highest VF scores, and are the most likely to belong to phylogenetic 
group B2, ST131, and a UTI-associated O type. The reported higher prevalence of pap operon 
genes (encoding P fimbriae) in pyelonephritis than cystitis isolates correlates with increased 
tropism for the kidney of P fimbriated strains [121, 123]. papGII has been shown, experi-
mentally, to contribute to pathogenesis of pyelonephritis [124, 125], and OmpT is strongly 
associated with febrile UTI in men [122, 126]. However, it is not clear whether these VFs act 
individually or in concert with other known or unknown VFs in causing pyelonephritis.

In men and women, although cystitis and pyelonephritis isolates differ in inferred  molecular 
virulence, phylogenetic group distribution is similar between the two clinical syndromes. 
However, within each phylogenetic group, VF scores exhibit a gradient across source groups 
(fecal < cystitis < pyelonephritis), suggesting the presence of different virulence strata within 
each phylogenetic group, with more virulent strains selectively causing pyelonephritis and 
less virulent strains being associated with cystitis and fecal isolates in that order. This  suggests 
that VF repertoire is as, or more, important than phylogenetic background for  predicting 
pathogenic behavior in UPEC [122, 127].

Although cystitis and pyelonephritis isolates differ significantly in inferred virulence in vari-
ous patient groups, no single VF profile is unique to any clinical syndrome or patient group, 
implying that UTI pathogenesis is multiply determined, as suggested by several previous 
studies [122, 128]. Thus, intervention strategies based on VF genes might have to involve 
multiple targets, which would offer the extra advantage of protection against a wide range 
of UTI syndromes.

12. Transmission of VFs

The genes encoding specific UPEC VFs can be exclusively chromosomal (e.g., pap and hly); 
exclusively or principally plasmid-associated (e.g., iss and traT); or can occur in either  location 
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(e.g., the aerobactin operon and afa/drab). Plasmid-borne VFs have an obvious vehicle for 
horizontal transmission among E. coli lineages. Such VFs tend to be distributed more broadly 
but more sporadically within the species than are chromosomal VFs [129]. Studies have dem-
onstrated that certain VFs commonly occur together, in a way that suggests co-selection or 
direct genetic linkage [130, 131]. Direct genetic linkage of VFs has been shown on PAIs and 
plasmids [132–134].

13. Antimicrobial drugs and uropathogenic Escherichia coli

Managing UTI caused by UPEC has become challenging over the years due to increasing resis-
tance to the commonly used antibiotics [135–139], which poses a great threat to future capacity 
to treat UTI caused by UPEC. Although TMP-SMX has traditionally been used as a first-line 
treatment for UTI [140], there are reports of increased resistance to this antibiotic, which in 
some countries is in the range 15–20% [137]. Many UPEC strains resistant to TMP-SMZ are also 
resistant to amoxicillin and cephalexin. Nitrofurantoin remains highly effective against UPEC, 
but is mainly used for cystitis treatment due to its inability to attain sufficient serum levels to 
treat invasive or systemic infections [137], and all have excellent bioavailability and achieve 
high urinary concentrations. However, increased FQ use has resulted in a rise in the prevalence 
of resistance, and FQ-resistant E. coli has become a major problem in several countries [141].

14. Relationship between antibiotic resistance and virulence or 
phylogenetic background in UPEC

Previous studies show that in E. coli isolates from patients with urosepsis, resistance to anti-
microbial agents such as ampicillin, sulfonamides, tetracycline, chloramphenicol, and strep-
tomycin is negatively associated with virulence and a phylogenetic group B2, but positively 
associated with host compromise (immune deficiency, diabetes, and other urinary anatomical 
abnormalities) [26]. There is a similar negative association between FQ resistance and VFs and 
group B2 [142–144]. This suggests that, resistance may provide a greater fitness advantage to 
E. coli than traditional VFs or a group B2 background, allowing them to cause infections in 
compromised hosts with weakened defenses who are frequently exposed to antibiotics.

15. E. coli sequence type 131 (ST131)

Determining the clonal types of UPEC is crucial for understanding the role of clonal spread 
to emerging antimicrobial resistance, which is important for defining and interrupting trans-
mission pathways. Multidrug-resistant E. coli sequence type 131 (ST131) has emerged over 
the past decade as a globally disseminated cause of extraintestinal infections in humans and 
 animals [145–147]. The recent emergence of this clone has coincided with an increase in antibi-
otic resistance among E. coli generally, suggesting a contributing role for ST131 in resistance.
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tropism for the kidney of P fimbriated strains [121, 123]. papGII has been shown, experi-
mentally, to contribute to pathogenesis of pyelonephritis [124, 125], and OmpT is strongly 
associated with febrile UTI in men [122, 126]. However, it is not clear whether these VFs act 
individually or in concert with other known or unknown VFs in causing pyelonephritis.

In men and women, although cystitis and pyelonephritis isolates differ in inferred  molecular 
virulence, phylogenetic group distribution is similar between the two clinical syndromes. 
However, within each phylogenetic group, VF scores exhibit a gradient across source groups 
(fecal < cystitis < pyelonephritis), suggesting the presence of different virulence strata within 
each phylogenetic group, with more virulent strains selectively causing pyelonephritis and 
less virulent strains being associated with cystitis and fecal isolates in that order. This  suggests 
that VF repertoire is as, or more, important than phylogenetic background for  predicting 
pathogenic behavior in UPEC [122, 127].

Although cystitis and pyelonephritis isolates differ significantly in inferred virulence in vari-
ous patient groups, no single VF profile is unique to any clinical syndrome or patient group, 
implying that UTI pathogenesis is multiply determined, as suggested by several previous 
studies [122, 128]. Thus, intervention strategies based on VF genes might have to involve 
multiple targets, which would offer the extra advantage of protection against a wide range 
of UTI syndromes.

12. Transmission of VFs

The genes encoding specific UPEC VFs can be exclusively chromosomal (e.g., pap and hly); 
exclusively or principally plasmid-associated (e.g., iss and traT); or can occur in either  location 
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(e.g., the aerobactin operon and afa/drab). Plasmid-borne VFs have an obvious vehicle for 
horizontal transmission among E. coli lineages. Such VFs tend to be distributed more broadly 
but more sporadically within the species than are chromosomal VFs [129]. Studies have dem-
onstrated that certain VFs commonly occur together, in a way that suggests co-selection or 
direct genetic linkage [130, 131]. Direct genetic linkage of VFs has been shown on PAIs and 
plasmids [132–134].

13. Antimicrobial drugs and uropathogenic Escherichia coli

Managing UTI caused by UPEC has become challenging over the years due to increasing resis-
tance to the commonly used antibiotics [135–139], which poses a great threat to future capacity 
to treat UTI caused by UPEC. Although TMP-SMX has traditionally been used as a first-line 
treatment for UTI [140], there are reports of increased resistance to this antibiotic, which in 
some countries is in the range 15–20% [137]. Many UPEC strains resistant to TMP-SMZ are also 
resistant to amoxicillin and cephalexin. Nitrofurantoin remains highly effective against UPEC, 
but is mainly used for cystitis treatment due to its inability to attain sufficient serum levels to 
treat invasive or systemic infections [137], and all have excellent bioavailability and achieve 
high urinary concentrations. However, increased FQ use has resulted in a rise in the prevalence 
of resistance, and FQ-resistant E. coli has become a major problem in several countries [141].

14. Relationship between antibiotic resistance and virulence or 
phylogenetic background in UPEC

Previous studies show that in E. coli isolates from patients with urosepsis, resistance to anti-
microbial agents such as ampicillin, sulfonamides, tetracycline, chloramphenicol, and strep-
tomycin is negatively associated with virulence and a phylogenetic group B2, but positively 
associated with host compromise (immune deficiency, diabetes, and other urinary anatomical 
abnormalities) [26]. There is a similar negative association between FQ resistance and VFs and 
group B2 [142–144]. This suggests that, resistance may provide a greater fitness advantage to 
E. coli than traditional VFs or a group B2 background, allowing them to cause infections in 
compromised hosts with weakened defenses who are frequently exposed to antibiotics.

15. E. coli sequence type 131 (ST131)

Determining the clonal types of UPEC is crucial for understanding the role of clonal spread 
to emerging antimicrobial resistance, which is important for defining and interrupting trans-
mission pathways. Multidrug-resistant E. coli sequence type 131 (ST131) has emerged over 
the past decade as a globally disseminated cause of extraintestinal infections in humans and 
 animals [145–147]. The recent emergence of this clone has coincided with an increase in antibi-
otic resistance among E. coli generally, suggesting a contributing role for ST131 in resistance.
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In contrast to traditional antimicrobial resistant E. coli, which mostly derive from low virulence 
phylogenetic groups A and B1, ST131 derives exclusively from phylogenetic group B2, which 
is traditionally known to be enriched for VF genes. This, plus limited experimental evidence of 
virulence and several case reports of unusually severe or fatal extraintestinal infections due to 
ST131, suggests that the emergence of ST131 may be due to a high virulence potential (in addi-
tion to antibiotic resistance) compared with other E. coli types. However, despite this, some 
studies have reported absence of traits commonly associated with B2 phylogeny, particularly 
adhesins (e.g., P, S, and FIC fimbriae) and toxins (e.g., hemolysin and cnf1).

Most ST131 clinical isolates are FQ resistant, and many are also co-resistant to aminoglycosides 
and/or trimethoprim-sulfamethoxazole (TMP-SMZ). A minority produces extended-spectrum  
beta-lactamases (ESBLs) that confer resistance to extended-spectrum cephalosporins. E. coli 
clonal group ST131 may be associated with other beta-lactamases but some isolates are cephalo-
sporin susceptible [148, 149].

Despite limited epidemiological evidence of increased virulence of ST131, a recent study 
revealed that ST131 exhibits a marked prevalence gradient across source groups, from pyelo-
nephritis to cystitis isolates, and finally to fecal isolates [126]. This is consistent with increased 
urovirulence, and provides epidemiological evidence of increased virulence for ST131, which 
has been presumed but without evidence from experimental animal models [8, 150]. The anti-
biotic resistance advantage, in combination with the possible presence of enhanced virulence, 
could explain the recent worldwide emergence of ST131. The increasing prevalence of ESBL-
producing E. coli has been associated with the emergence of CTX-M-ST131 pandemic clonal 
group [151]. Available evidence supports that ST131 is an important contributor to the spread 
of ESBLs among reproductive-age women in some regions, albeit limited research in many 
parts worldwide [141, 152].

Four VF genes (iutA, ompT, usp, and traT) are associated with ST131 isolates, and so could 
represent potential targets for vaccines or other interventions, particularly if a functional role 
in virulence or dissemination can be demonstrated for them. Most of the ST131 isolates (85%) 
are of the O25b variant, and the remainder are type O16 [153, 154].

Resistance of ST131 to extended-spectrum cephalosporins is often due to production of 
ESBLs. The initial descriptions of ST131 emphasized its association with CTX-M-15, but 
subsequent studies have shown that it is more commonly ESBL-negative but FQ-resistant 
[154–156]. Previous studies in Australia and Japan showed that ST131-O25b, ST131-O16, and 
group D-ST405 clonal groups contribute to the spread of ESBL-producing E. coli [151, 152]. 
The dominant ESBL, in E. coli, globally and in Australia [157] is CTX-M-15, which is frequently 
encoded on plasmids carried by the ST131 pandemic clonal group.

16. Conclusions

A wide range of UPEC VFs have been established epidemiologically or experimentally 
(in vivo) as being important in UTI pathogenesis. No single VF profile has been proven to 
be important in causing any particular UTI syndrome. Indeed, studies have suggested that 
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UTI pathogenesis is multiply determined. Thus, intervention strategies based on VF genes 
might have to involve multiple targets, which would offer the extra advantage of protection 
against a wide range of UTI syndromes. This observation, which is in agreement with previ-
ous studies, provides evidence that VF repertoire is as, or more, important than phylogenetic 
background for predicting pathogenic behavior in UPEC.

The prevalence of antibiotic resistance among human urine E. coli isolates has risen substan-
tially in recent years, especially to first line agents such as fluoroquinolones and trimethoprim-
sulphamethoxazole. Furthermore, multidrug-resistant E. coli ST131 has shown rapid global 
dissemination among humans and animals, which has coincided with the general increase in 
resistance among E. coli clinical isolates. A better understanding of the microbiological basis 
for the emergence of UPEC antibiotic resistance is necessary for guiding efforts aimed at inter-
rupting this process. Further studies on ST131 are clearly needed to explain its impressive 
emergence so that control measures can be devised and implemented.

Author details

Timothy Kudinha

Address all correspondence to: tkudinha@yahoo.com

Charles Sturt University, Orange, NSW, Australia

References

[1] Draghijeva E. Virulence factors in Escherichia coli from children with pyelonephritis. 
Clinical Microbiology and Infection. 1999;6:328-333

[2] Leroy S, Chalumeau T, Ulinski T, et al. Impressive renal damage after acute  pyelonephritis 
in a child. Pediatric Nephrology. 2010;25:1365-1368

[3] Prakash Kalra OM, Raizada A. Approach to a patient with urosepsis. Journal of Global 
Infectious Diseases. 2009;1:57-63

[4] Foxman B, Barlow R, D’Arcy H, Gillespie B, Solbel J. Urinary tract infection: Self-reported 
incidence and associated costs. Annals of Epidemiology. 2000;10:509-515

[5] Foxman B, Brown P. Epidemiology of urinary tract infections: Transmission and risk fac-
tors, incidence, and costs. Infectious Disease Clinics of North America. 2003;17:227-241

[6] Griebling TL. Urologic diseases in America project: Trends in resource use for urinary 
tract infections in men. Journal of Urology. 2005;173:1288-1294

[7] Ikram R, Rebecca Psutka R, Carter A, Priest P. An outbreak of multi-drug resistant 
Escherichia coli urinary tract infection in an elderly population: A case-control study of 
risk factors. BMC Infectious Diseases. 2015;15:224

The Pathogenesis of Escherichia Coli Urinary Tract Infection
http://dx.doi.org/10.5772/intechopen.69030

57



In contrast to traditional antimicrobial resistant E. coli, which mostly derive from low virulence 
phylogenetic groups A and B1, ST131 derives exclusively from phylogenetic group B2, which 
is traditionally known to be enriched for VF genes. This, plus limited experimental evidence of 
virulence and several case reports of unusually severe or fatal extraintestinal infections due to 
ST131, suggests that the emergence of ST131 may be due to a high virulence potential (in addi-
tion to antibiotic resistance) compared with other E. coli types. However, despite this, some 
studies have reported absence of traits commonly associated with B2 phylogeny, particularly 
adhesins (e.g., P, S, and FIC fimbriae) and toxins (e.g., hemolysin and cnf1).

Most ST131 clinical isolates are FQ resistant, and many are also co-resistant to aminoglycosides 
and/or trimethoprim-sulfamethoxazole (TMP-SMZ). A minority produces extended-spectrum  
beta-lactamases (ESBLs) that confer resistance to extended-spectrum cephalosporins. E. coli 
clonal group ST131 may be associated with other beta-lactamases but some isolates are cephalo-
sporin susceptible [148, 149].

Despite limited epidemiological evidence of increased virulence of ST131, a recent study 
revealed that ST131 exhibits a marked prevalence gradient across source groups, from pyelo-
nephritis to cystitis isolates, and finally to fecal isolates [126]. This is consistent with increased 
urovirulence, and provides epidemiological evidence of increased virulence for ST131, which 
has been presumed but without evidence from experimental animal models [8, 150]. The anti-
biotic resistance advantage, in combination with the possible presence of enhanced virulence, 
could explain the recent worldwide emergence of ST131. The increasing prevalence of ESBL-
producing E. coli has been associated with the emergence of CTX-M-ST131 pandemic clonal 
group [151]. Available evidence supports that ST131 is an important contributor to the spread 
of ESBLs among reproductive-age women in some regions, albeit limited research in many 
parts worldwide [141, 152].

Four VF genes (iutA, ompT, usp, and traT) are associated with ST131 isolates, and so could 
represent potential targets for vaccines or other interventions, particularly if a functional role 
in virulence or dissemination can be demonstrated for them. Most of the ST131 isolates (85%) 
are of the O25b variant, and the remainder are type O16 [153, 154].

Resistance of ST131 to extended-spectrum cephalosporins is often due to production of 
ESBLs. The initial descriptions of ST131 emphasized its association with CTX-M-15, but 
subsequent studies have shown that it is more commonly ESBL-negative but FQ-resistant 
[154–156]. Previous studies in Australia and Japan showed that ST131-O25b, ST131-O16, and 
group D-ST405 clonal groups contribute to the spread of ESBL-producing E. coli [151, 152]. 
The dominant ESBL, in E. coli, globally and in Australia [157] is CTX-M-15, which is frequently 
encoded on plasmids carried by the ST131 pandemic clonal group.
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A wide range of UPEC VFs have been established epidemiologically or experimentally 
(in vivo) as being important in UTI pathogenesis. No single VF profile has been proven to 
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UTI pathogenesis is multiply determined. Thus, intervention strategies based on VF genes 
might have to involve multiple targets, which would offer the extra advantage of protection 
against a wide range of UTI syndromes. This observation, which is in agreement with previ-
ous studies, provides evidence that VF repertoire is as, or more, important than phylogenetic 
background for predicting pathogenic behavior in UPEC.

The prevalence of antibiotic resistance among human urine E. coli isolates has risen substan-
tially in recent years, especially to first line agents such as fluoroquinolones and trimethoprim-
sulphamethoxazole. Furthermore, multidrug-resistant E. coli ST131 has shown rapid global 
dissemination among humans and animals, which has coincided with the general increase in 
resistance among E. coli clinical isolates. A better understanding of the microbiological basis 
for the emergence of UPEC antibiotic resistance is necessary for guiding efforts aimed at inter-
rupting this process. Further studies on ST131 are clearly needed to explain its impressive 
emergence so that control measures can be devised and implemented.
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Abstract

Infections of the reproductive tract represent nearly 15% of male infertility cases. The 
most frequently isolated bacterium in the ejaculate of infertile men is Escherichia coli (E. 
coli), which causes between 60 and 85% of cases of chronic bacterial prostatitis leading to 
sperm damage. The aim of this chapter is to discuss the negative effects of E. coli on sperm 
quality and male fertility. The E. coli isolated from semen is uropathogenic (UPEC) and 
can damage sperm in different ways. UPEC induces activation of polymorphonuclear 
leukocytes with the release of cytokines and reactive oxygen species, the latter being 
harmful due to their ability to induce lipid peroxidation and early sperm capacitation. 
Also, UPEC decreases sperm motility, vitality and mitochondrial membrane potential 
through direct contact or mediated by its soluble metabolites. The negative effects are 
higher with strains with specific characteristics such as hemolytic capacity. In vivo studies 
with mice models have shown that UPEC inoculated into the epididymis induces inflam‐
matory damage with testicular mass decrease and low sperm concentration. Future stud‐
ies are needed to clarify the molecular mechanisms by which E. coli damages sperm. This 
knowledge will make it possible to take measures to avoid deleterious consequences on 
the fertilizing potential of men.

Keywords: sperm motility, mitochondrial function, reactive oxygen species, infertility

1. Introduction

Infertility is currently a highly prevalent disease, defined by the failure to achieve a  successful 
pregnancy after 12 months or more of appropriate, unprotected intercourse or therapeutic 
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donor insemination [1]. Approximately 50% of infertility cases are attributed to the male [2, 3] 
due to conditions such as varicocele, cryptorchidism, obstructive problems, hormonal disor‐
ders, ejaculatory dysfunction as well as infectious causes classified under male genital tract 
infection (MGTI).

MGTI accounts for 15% of male infertility cases [4]. MGTIs are an important problem in 
male reproductive health because they cause negative changes in semen parameters [5]. A 
 consequence of MGTI is the inflammatory response evidenced by leukocytospermia, where a 
treatment with antibiotics and anti‐inflammatory drugs may be helpful to try to recover the 
patient’s fertilizing potential [6]. Principal causes of MGTI are bacteria such as Staphylococcus 
epidermidis, Streptococcus viridans, Staphylococcus aureus and Escherichia coli (E. coli), which have 
a negative effect on the fertilizing potential of a man and are strongly associated with MGTI 
[7, 8]. However, E. coli has been shown to exert greater damaging effects on human sperma‐
tozoa [7, 9–11].

E. coli is the causal agent in 65–80% of cases of chronic bacterial prostatis [12], and these bacte‐
ria have been isolated from semen in 69% of the patients with this pathology [13]. Moreover, 
E. coli causes diverse MGTIs such as urethritis, epididymitis and orchitis, and it is the most 
frequently isolated bacterium [4].

With this background, this chapter discusses the negative effect of E. coli on sperm quality 
and male fertility. The chapter will be developed by first addressing the uropathogenic E. coli 
strains associated with male infertility. Then, the evidence of the in vitro effects of E. coli on 
the male gamete will be analyzed. Evidences will be described, obtained after in vitro co‐incu‐
bation of normal human spermatozoa with E. coli and with polymorphonuclear leukocytes, 
emulating infection. Next, the effects of E. coli on human sperm functions observed by direct 
incubation of spermatozoa with bacteria and without leukocytes will be discussed. Also, evi‐
dence of the effects of the metabolic and soluble products of E. coli on human sperm function 
will be analyzed. To complete the picture of the evidence of the effects of this bacterium on 
male fertility, some studies on animal models will be reviewed.

2. Uropathogenic strains of E. coli are associated with male infertility

Among the different pathogenic strains of E. coli, the uropathogenic strains are mainly associ‐
ated with urinary tract infections (UTI). The pathogenic E. coli is classified according to the 
O antigens. Some of these have been associated with uropathogenic E. coli (UPEC) being the 
serotypes O1, O2, O4, O6, O7, O8, O16, O18, O25, and O75 preferentially associated with these 
strains [14]. Similarly, the most frequently O antigens associated among the serotypes isolated 
from patients with prostatitis are O1, O2, O4, O16, O18, O22, O25 and O75 serotypes [15], 
which coincide with E. coli strains isolated in cases of infections to the urinary tract. Regarding 
to the strains isolated from semen of infertile men, the described prevalent antigens are O1, 
O2, O4 and O6 [16]. These data indicate that the E. coli that infects the male reproductive tract 
is uropathogenic strain, which is not surprising considering the proximity of the urinary and 
reproductive tracts.
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3. Effect of E. coli on human spermatozoa is induced through seminal 
leukocytes

One way E. coli induces damage in spermatozoa is by mediating seminal leukocyte activation. 
The increased presence of leukocytes in semen, known as leukocytospermia, is defined by a 
concentration equal to or greater than 1 x 106 leukocytes per ml of semen [17]. Proinflammatory 
cytokines, which are usually released by leukocytes during the inflammatory response, are 
able to decrease sperm motility by themselves [5, 18, 19]. This damaging effect seems to be 
mediated by polymorphonuclear (PMN) leukocytes instead of by other leukocytes such as 
lymphocytes or monocytes [20]. The decrease in sperm quality is also mediated by reactive 
oxygen species (ROS) released by PMN after bacteria‐induced activation, with E. coli being 
able to induce a higher response of increased ROS production than other bacteria [9]. Other 
consequences of ROS released by leukocytes are lipid peroxidation, which affects sperm 
plasma membrane [21, 22], and early induction of sperm capacitation, which should normally 
occur later in the female reproductive tract [23].

4. E. coli directly affects human sperm function

The direct effect of E. coli on sperm was demonstrated through in vitro studies performed by 
directly incubating both cells. It has been demonstrated by several authors that E. coli com‐
ing into contact with spermatozoa causes decreased sperm motility [7, 24–26]. The decrease 
in sperm motility due to E. coli has been attributed for many years to an agglutinating effect 
on sperm [27]. Sperm agglutination can be caused by bacterial type 1 and P fimbriae; specifi‐
cally, the type 1 fimbriae of E. coli cause a pattern of head‐head type agglutination because 
they bind mannose residues in the head region of sperm. Instead, type P fimbriae of E. coli 
cause a head‐tail agglutination pattern because they bind gal‐gal receptors present along the 
sperm [28].

Electron microscopy has revealed that this bacterium causes damage primarily in the head of 
spermatozoa, such as rupture of the plasma membrane, vesicle formation and rupture of the 
inner and outer membranes of the acrosome [29].

Consistent with the plasma membrane damages observed, another report showed that E. coli 
per se causes phosphatidylserine translocation, a cell death indicator [9]. From the point of 
view of sperm cell death, it was observed that E. coli endotoxins such as lipopolysaccha‐
ride (LPS), peptidoglycan and porins produce loss of sperm viability [30]. Moreover, it has 
been shown that LPS and porins cause sperm DNA fragmentation [31]. The effects of these 
endotoxins are mediated by the toll‐like receptor (TLR)‐2 and TLR‐4, both present in sperm. 
After TLR‐2 and TLR‐4 stimulation, sperm damage highlighting DNA fragmentation can be 
observed [32].

Another direct effect of E. coli is at the level of mitochondrial membrane potential (ΔΨm). The 
in vitro observation that contact with E. coli decreases the ΔΨm together with the motility in 
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spermatozoa [33] was followed by another report showing, also in vitro, that E. coli directly 
reduces sperm ΔΨm and alters plasma membrane stability [34]. From the point of view of 
sperm function, it has been observed that ΔΨm is positively correlated with sperm motility in 
vivo [35, 36]. However, after contact with some strains of E. coli, which decrease sperm  motility 
in vitro, they had no effect on ΔΨm [37]. This study also found that some E. coli isolated from 
different patients was unable to decrease sperm motility, remarkably even an O6, which is 
thought to be a highly uropathogenic strain in urinary tract infections [38]. These facts con‐
trast with the notion that E. coli in general alters sperm function. These differences could be 
attributed to the fact that different strains bear specific but different characteristics from other 
E. coli strains. Evidence confirming this was observed in our work, when sperm were incu‐
bated with a hemolytic strain of E. coli. This strain caused a decrease in motility, ΔΨm, vitality 
and an increase in intracellular ROS in normal spermatozoa. These effects were not observed 
with other strains non‐hemolysis producers [39]. These differences among strains highlight 
the importance of knowing what kind of toxins are effectively produced by the E. coli strain 
infecting a patient, because it could indicate the level of sperm damage to be expected. As 
example, hemolytic E. coli strains produce the alpha‐hemolysin (HlyA) toxin [40], a calcium‐
dependent pore‐forming toxin which has intracellular effects, inactivating pathways related 
to cell survival [41]. This toxin can be highly relevant, particularly if we consider that between 
40 and 50% of E. coli strains isolated from patients with epididymitis release this toxin [42].

Evidence of E. coli effects on human spermatozoa shows that this bacterium impairs sperm qual‐
ity, principally causing decreased motility; nevertheless, there are other consequences for sperm 
quality, specifically the incubation of sperm with E. coli decreases the ability of the male gamete 
to penetrate the oocyte, the most important step in the function of the spermatozoon [43].

5. Soluble products of E. coli also affect human sperm function

The effects of E. coli soluble products on sperm have been studied using supernatants of E. coli 
culture as a source of bacterial metabolic product. It has been reported that although the 
direct contact with E. coli was able to alter sperm motility, the metabolic products of E. coli 
had no effect on decreasing motility in human spermatozoa [24]. However, after this report, it 
was shown that incubation with the soluble factors of E. coli reduced sperm motility and ΔΨm 
[33]. Added to this, the ability of E. coli soluble factors to decrease motility, viability, ΔΨm and 
increase ROS in spermatozoa can be prevented by lactobacilli. In an in vitro experiment, after 
adding lactobacilli to simulate the normal condition in the female genital tract, the harmful 
effects of E. coli soluble factors were inhibited [44].

Among the soluble factors of E. coli, a component called spermatozoa immobilization factor (SIF) 
was first described in 1977. The effect of SIF, as the name implies, is to immobilize spermatozoa, 
and this effect could be reversed by washing the spermatozoa [45]. Years later, an apparently 
similar SIF of 56 kDa was isolated and purified from supernatants of a strain of E. coli. SIF‐56 
decreases sperm motility completely and almost instantaneously. It was also observed that SIF‐56 
at very high concentrations can even induce sperm death [46]. Sperm immobilization mediated 
by SIF‐56 has been shown to depend on 115 kDa‐receptor present in sperm [47]. Another E. coli 
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soluble factor described is the sperm agglutinating factor (SAF) of 71 kDa, which produces sperm 
agglutination, decreases ATPase activity and can cause sperm death [48]. A toxin candidate to be 
further investigated is HlyA, because this toxin is produced by E. coli strains most pathogenic to 
sperm both in vitro and in vivo [42].

6. Animal model research

In vitro investigations have the disadvantage of not necessarily representing what would happen 
in vivo. Hence, in vivo studies in animal models allow us to get closer to the reproductive reality 
of a man with accessory glands infected by E. coli. That is how the progressive reduction of testic‐
ular size with a consequent decrease in sperm count caused by the necrotic death of the testicular 
germ cell has been described in rats inoculated with E. coli [49]. After three days of injecting rats 
with HlyA producing E. coli, the epididymis had epithelial damage, leukocyte infiltration and 
edema and the sperm‐fertilizing potential was lost, because despite being motile, the spermato‐
zoa had a premature acrosome reaction [50]. The above‐mentioned greater pathogenicity of the 
HlyA‐producing E. coli strains was reported in the work of Lang [50], where the E. coli strains 
that did not produce HlyA induced only slight damage to the epididymis. As already stated, 
sperm recognize peptidoglycans and LPS through TLR‐2 and TLR‐4, and this recognition event 
induces sperm cell death. This was confirmed by using knockout mice for both TLR‐2 and ‐4 
and by observing that in these animals LPS or peptidoglycans did not induce sperm death [32].

Further evidence of the contribution of some E. coli strains to infertility was observed after 
inoculating the vaginal tract of rats with SAF‐producing strains. Control rats were inoculated 
with E. coli non‐SAF producers. It was observed that the rats inoculated with SAF‐producing 
strains were incapable of pregnancy, demonstrating that these toxin‐producing strains affect 
fertility profoundly [51].

7. Conclusion

It is clear that E. coli has an important role in causing male infertility associated with genital 
tract infections. The main mechanism postulated for male infertility by E. coli is the profound 
damage to different sperm processes and function, either by direct contact and/or through 
secreted toxins.

While today there is a consensus that E. coli is an important causal agent of MGTI that may 
actually cause infertility, from the latest evidence presented above, it is clear that this would 
not be completely true for all UPEC. Due to these differences among the various strains, 
it seems important to develop molecular studies that can clarify what specific features of 
the E. coli strains are associated with the pathogenic effects on sperm or with an aggressive 
inflammatory response this point should be followed.

To date, there have only been a few studies at the molecular level to try to explain how E. coli 
causes infertility.
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sperm function, it has been observed that ΔΨm is positively correlated with sperm motility in 
vivo [35, 36]. However, after contact with some strains of E. coli, which decrease sperm  motility 
in vitro, they had no effect on ΔΨm [37]. This study also found that some E. coli isolated from 
different patients was unable to decrease sperm motility, remarkably even an O6, which is 
thought to be a highly uropathogenic strain in urinary tract infections [38]. These facts con‐
trast with the notion that E. coli in general alters sperm function. These differences could be 
attributed to the fact that different strains bear specific but different characteristics from other 
E. coli strains. Evidence confirming this was observed in our work, when sperm were incu‐
bated with a hemolytic strain of E. coli. This strain caused a decrease in motility, ΔΨm, vitality 
and an increase in intracellular ROS in normal spermatozoa. These effects were not observed 
with other strains non‐hemolysis producers [39]. These differences among strains highlight 
the importance of knowing what kind of toxins are effectively produced by the E. coli strain 
infecting a patient, because it could indicate the level of sperm damage to be expected. As 
example, hemolytic E. coli strains produce the alpha‐hemolysin (HlyA) toxin [40], a calcium‐
dependent pore‐forming toxin which has intracellular effects, inactivating pathways related 
to cell survival [41]. This toxin can be highly relevant, particularly if we consider that between 
40 and 50% of E. coli strains isolated from patients with epididymitis release this toxin [42].

Evidence of E. coli effects on human spermatozoa shows that this bacterium impairs sperm qual‐
ity, principally causing decreased motility; nevertheless, there are other consequences for sperm 
quality, specifically the incubation of sperm with E. coli decreases the ability of the male gamete 
to penetrate the oocyte, the most important step in the function of the spermatozoon [43].

5. Soluble products of E. coli also affect human sperm function

The effects of E. coli soluble products on sperm have been studied using supernatants of E. coli 
culture as a source of bacterial metabolic product. It has been reported that although the 
direct contact with E. coli was able to alter sperm motility, the metabolic products of E. coli 
had no effect on decreasing motility in human spermatozoa [24]. However, after this report, it 
was shown that incubation with the soluble factors of E. coli reduced sperm motility and ΔΨm 
[33]. Added to this, the ability of E. coli soluble factors to decrease motility, viability, ΔΨm and 
increase ROS in spermatozoa can be prevented by lactobacilli. In an in vitro experiment, after 
adding lactobacilli to simulate the normal condition in the female genital tract, the harmful 
effects of E. coli soluble factors were inhibited [44].

Among the soluble factors of E. coli, a component called spermatozoa immobilization factor (SIF) 
was first described in 1977. The effect of SIF, as the name implies, is to immobilize spermatozoa, 
and this effect could be reversed by washing the spermatozoa [45]. Years later, an apparently 
similar SIF of 56 kDa was isolated and purified from supernatants of a strain of E. coli. SIF‐56 
decreases sperm motility completely and almost instantaneously. It was also observed that SIF‐56 
at very high concentrations can even induce sperm death [46]. Sperm immobilization mediated 
by SIF‐56 has been shown to depend on 115 kDa‐receptor present in sperm [47]. Another E. coli 
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soluble factor described is the sperm agglutinating factor (SAF) of 71 kDa, which produces sperm 
agglutination, decreases ATPase activity and can cause sperm death [48]. A toxin candidate to be 
further investigated is HlyA, because this toxin is produced by E. coli strains most pathogenic to 
sperm both in vitro and in vivo [42].

6. Animal model research

In vitro investigations have the disadvantage of not necessarily representing what would happen 
in vivo. Hence, in vivo studies in animal models allow us to get closer to the reproductive reality 
of a man with accessory glands infected by E. coli. That is how the progressive reduction of testic‐
ular size with a consequent decrease in sperm count caused by the necrotic death of the testicular 
germ cell has been described in rats inoculated with E. coli [49]. After three days of injecting rats 
with HlyA producing E. coli, the epididymis had epithelial damage, leukocyte infiltration and 
edema and the sperm‐fertilizing potential was lost, because despite being motile, the spermato‐
zoa had a premature acrosome reaction [50]. The above‐mentioned greater pathogenicity of the 
HlyA‐producing E. coli strains was reported in the work of Lang [50], where the E. coli strains 
that did not produce HlyA induced only slight damage to the epididymis. As already stated, 
sperm recognize peptidoglycans and LPS through TLR‐2 and TLR‐4, and this recognition event 
induces sperm cell death. This was confirmed by using knockout mice for both TLR‐2 and ‐4 
and by observing that in these animals LPS or peptidoglycans did not induce sperm death [32].

Further evidence of the contribution of some E. coli strains to infertility was observed after 
inoculating the vaginal tract of rats with SAF‐producing strains. Control rats were inoculated 
with E. coli non‐SAF producers. It was observed that the rats inoculated with SAF‐producing 
strains were incapable of pregnancy, demonstrating that these toxin‐producing strains affect 
fertility profoundly [51].

7. Conclusion

It is clear that E. coli has an important role in causing male infertility associated with genital 
tract infections. The main mechanism postulated for male infertility by E. coli is the profound 
damage to different sperm processes and function, either by direct contact and/or through 
secreted toxins.

While today there is a consensus that E. coli is an important causal agent of MGTI that may 
actually cause infertility, from the latest evidence presented above, it is clear that this would 
not be completely true for all UPEC. Due to these differences among the various strains, 
it seems important to develop molecular studies that can clarify what specific features of 
the E. coli strains are associated with the pathogenic effects on sperm or with an aggressive 
inflammatory response this point should be followed.

To date, there have only been a few studies at the molecular level to try to explain how E. coli 
causes infertility.
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Knowledge of the molecular mechanisms by which E. coli damages sperm will make it pos‐
sible to take measures to avoid its consequences on the fertilizing potential of men.
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Abstract

Increasing antimicrobial resistance in strains of Escherichia coli is having a major impact on 
the healthcare industry worldwide. The appearance of extended-spectrum β-lactamase 
(ESBL) and carbapenem-resistant Enterobacteriaceae (CRE) strains has caused clinicians 
to worry that these strains might become as deadly as methicillin-resistant Staphylococcus 
aureus (MRSA) strains. It is vital that physicians have resources available to help keep 
them updated on these bacteria and the potential impact on healthcare. This chapter 
reviews the major strains of E. coli (intestinal and urinary), along with a review of the 
virulence factors, main diseases caused, and pertinent pathogenesis. The chapter then 
discusses antimicrobial therapy, what drugs are effective against these E. coli strains, and 
the development of resistance to these specific drug classes. Lastly, the molecular aspects 
of antimicrobial resistance mechanisms in this organism are discussed. This information 
will be especially helpful for physicians in providing them with a concise review of E. 
coli and an understanding of what is involved in antimicrobial resistance. Hopefully this 
information can be used to improve the outcomes for patients with E. coli infections.

Keywords: Escherichia coli, antimicrobial resistance, ESBL, CRE

1. Introduction

Increasing resistance to antimicrobial drugs is of major concern worldwide. For many devel-
oping countries, the possibility of having cheap antibiotics available may now be threatened. 
There are antimicrobial resistance issues with most pathogenic bacteria and in virtually all of 
the opportunistic bacterial-caused infections. This translates into increased healthcare costs. 
These costs include extended length of hospital stay and increased costs for medical sup-
plies including more expensive antimicrobial drugs. In addition, antimicrobial drug-resistant 
infections lead to higher rates of mortality, especially in patients who had recent prior expo-
sure to antibiotics [1].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Antimicrobial drugs are classified into groups according to the type of antimicrobial activity. 
These groups include drugs that inhibit bacterial cell wall synthesis, depolarize the cell mem-
brane, inhibit bacterial protein synthesis, inhibit bacterial nucleic acid synthesis, and inhibit 
bacterial metabolic pathways. The improper use of these drugs has helped to create resistant 
bacterial strains. Factors that contribute to resistance include the increased use of all antimi-
crobial drugs and improper antimicrobial prescribing. Many of the less expensive drugs that 
have fewer side effects have been used too commonly. Improper prescribing may be choosing 
broad spectrum or ineffective drugs [2–4].

Many strains of Escherichia coli are not harmful. In fact, these commensal strains in the gut are 
necessary for the synthesis of vitamin K2, which is an important clotting factor [5]. However, 
there are pathogenic strains, and these strains may become a larger threat if they possess or 
acquire certain antimicrobial mechanisms. The main ones of concern are the extended-spec-
trum β-lactamase (ESBL)-producing strains and the carbapenem-resistant Enterobacteriaceae 
(CRE) strains. The ESBL strains are resistant to most β-lactam drugs, and the CRE strains are 
resistant to most carbapenem drugs. Greatly increased healthcare costs are associated with 
the ESBL and CRE strains. Various studies have shown a hospital stay of up to twice as long 
and increased costs of 1.5–2.5 times as much [6–8]. One study in the United States estimated 
the increased costs to be $16,450 per patient [6].

All of the pathogenic strains of E. coli are armed with the same types of potential virulence fac-
tors. These factors include a capsule (in some strains), flagella, the lipopolysaccharide (LPS) 
cell wall, fimbriae, outer membrane proteins (OMPs), a hemolysin, cytolysins, and sidero-
phores. The specific types of some of these virulence factors plus the possession of other tox-
ins and effectors may vary with each individual pathogenic strain [9].

2. Pathogenic strains of Escherichia coli

Commensal strains of E. coli are the predominant facultative organism in the human gut. 
Even though greatly outnumbered by the anaerobic organisms, the E. coli are vital to human 
health, playing roles in biofilm communities and subsequent digestion of oligosaccharides 
and polysaccharides, among other things [10, 11]. Unfortunately, there are also several patho-
genic strains of E. coli. The classification names of these strains may vary some depending on 
the source, but for the purposes of this chapter, we will use the following names. There are six 
strains of potentially pathogenic intestinal-based diarrhea causing E. coli: diffusely adherent 
E. coli (DAEC), enteroaggregative E. coli (EAEC), enterohemorrhagic E. coli (EHEC), entero-
invasive E. coli (EIEC), enteropathogenic E. coli (EPEC), and enterotoxigenic E. coli (ETEC). In 
addition, there is one extraintestinal pathogenic strain, uropathogenic E. coli (UPEC), which 
causes urinary tract infections. There is some evidence that a second extraintestinal strain 
exists, the meningitis-associated E. coli (MNEC) strain. Findings on MNEC indicate that the 
infection starts as a blood infection and then gains access to the central nervous system. A 
majority of MNEC possess the K1 capsular antigen, and there is a high rate of mortality from 
the meningitis [12]. This chapter will focus on the six intestinal and the UPEC strains.
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2.1. Diffusely adherent Escherichia coli (DAEC)

These strains are sometimes referred to as enteroadherent E. coli (EAEC) (not to be confused 
with the enteroaggregative strains, which are sometimes referred to as EAggEC). While not 
known to cause severe diarrheal disease, the DAEC, which are probably a group of related 
strains, are thought to be responsible for some types of persistent diarrhea in infants. Whether 
they possess true virulence factors is still under debate, but these bacteria are able to bind to 
enterocytes (probably via adhesins such as Afa/Dr) and elicit a response in which the micro-
villi extend and wrap around the bacteria. Diarrhea in association with DAEC has also shown 
an ability to induce the production of inflammatory cytokines, such as IL-8 [13–15].

2.2. Enteroaggregative Escherichia coli (EAEC)

The EAEC strains were so named because of their tendency to adhere to enterocytes in dense 
clusters. The bacteria attach to the microvilli and also to other EAEC bacteria. The EAEC are 
also a heterogeneous group of strains with a similar pathogenesis, resulting in non-bloody 
diarrhea. Infection is established by adhering to the microvilli via fimbriae (the aggregative 
adherence fimbriae—AAF), inducing increased mucus production and biofilm formation, 
inducing an inflammatory response and production of toxins. The main toxins of the EAEC 
strains are the EAEC heat-stable enterotoxin (EAST1), which enters the enterocytes and acti-
vates guanine cyclase, resulting in increased levels of cGMP in the cell and loss of fluid into 
the intestinal lumen; the plasmid-encoded toxin (Pet), which disrupts the enterocyte cytoskel-
eton, resulting in cell detachment; and a Shigella-like enterotoxin (ShET1), a heat-stable toxin 
which may also result in fluid secretion [16–18].

2.3. Enterohemorrhagic Escherichia coli (EHEC)

The most publicized strain of pathogenic E. coli is the EHEC strain. EHEC serotype O157:H7 
is well known as the causative agent of outbreaks of food-associated severe diarrhea. Infection 
with O157:H7 results in sever abdominal cramps and bloody diarrhea and may lead to hemo-
lytic-uremic syndrome (HUS) which can be life-threatening. The most common foods asso-
ciated with transmission of these bacteria are undercooked meat (especially ground beef), 
raw milk, and raw vegetables. The EHEC strains do not directly invade the enterocytes, but 
produce toxins that do enter and severely damage these cells. The responsible cytotoxins are 
verotoxins I and II (designated as Shiga toxins, Stx-1 and Stx-2). The Shiga toxins are capable 
of inactivating ribosomes, blocking protein synthesis, and emerging through the basolateral 
membrane into the subepithelial region. Stx-2 is seen most often in the EHEC strains that 
cause HUS [19–21].

2.4. Enteroinvasive Escherichia coli (EIEC)

In infections with EIEC, the bacteria invade by directly entering M cells. The bacteria 
pass through these cells and then are able to invade the enterocytes via the basolateral 
membrane, causing severe damage to the intestinal mucosa. The bacteria are also able 
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to spread laterally through the cell side walls to adjacent cells (via actin). This damage 
results in dysentery (watery diarrhea with pus, mucus, and blood). The EIEC bacteria 
do not produce toxins, but participate in direct damage and induce production of IL-1 
and IL-8. The pathogenic mechanisms and disease symptoms associated with EIEC are 
so similar to Shigella spp. that differential diagnosis can be difficult. Diagnosis is usually 
based on physiological and biochemical characteristics that can be detected in the clinical 
laboratory [19, 22, 23].

2.5. Enteropathogenic Escherichia coli (EPEC)

The EPEC strains do not directly invade enterocytes. Instead, these bacteria adhere to the 
microvilli and inject effector proteins into the cell via a type III secretion system (T3SS). 
One of these effectors is the translocated intimin receptor (Tir), which initiates recruit-
ment of the host cell actin to form a pedestal under the bacteria. The recruitment of actin 
and formation of the pedestals result in destruction of the rest of the microvilli and also 
inhibit the transport of Na+ and Cl- in the cell, which results in the subsequent exodus 
of water into the intestinal lumen. Another effector, the E. coli secreted proteins (Esps), 
interacts with the host cell cytoskeleton and results in disruption of the cell tight junctions 
[24–26].

2.6. Enterotoxigenic Escherichia coli (ETEC)

The ETEC strains are a common cause of acute travelers’ diarrhea. These strains usually colo-
nize the proximal small intestine, adhering to the microvilli via various colonization factors 
including fimbrial, nonfimbrial, helical, and fibrillar types. The EPEC strains secrete two types 
of toxin: a heat-labile toxin (LT) and heat-stable toxins (STs). The LT is an AB toxin, and the B 
subunits bind to the monosialoganglioside GM1, which induces the cell to take in the toxin. 
The LT toxin activates adenylyl cyclase, which increases the cAMP in the cell, resulting in 
hypersecretion of water and electrolytes into the intestinal lumen. The STs bind to guanylyl 
cyclase receptors on the microvilli, which stimulate guanylate cyclase and activate the cystic 
fibrosis transmembrane receptor (CFTR). This results in an increase in cGMP in the cell and 
impaired absorption of Na+, which causes hypersecretion of water into the intestinal lumen 
[19, 24, 27].

2.7. Uropathogenic Escherichia coli (UPEC)

The UPEC strains are responsible for most uncomplicated urinary tract infections (UTIs). These 
strains possess a capsule and bind to uroepithelial cells via fimbriae. The interaction of the bac-
teria with the host cell induces the internalization of the bacteria where the bacteria multiply 
rapidly and form biofilm-like intercellular bacterial communities (IBCs). The bacteria are shed 
intermittently from the uroendothelial cells into the lumen of the bladder. UPEC strains produce 
several types of toxins including hemolysin A (HlyA) which has pore-forming capability and 
two cytotoxins, cytotoxic necrotizing factor (CNF-1) and secreted auto-transporter toxin (Sat) 
[19, 28, 29].
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3. Antimicrobial therapy

As mentioned above, antimicrobial drugs are often classified in groups based on their mechanism 
of antimicrobial action. Table 1 displays those groups along with examples of the antimicrobial 
drugs included in each group. The β-lactam drugs, which were among the first antimicrobials 
to be discovered, target the bacterial cell wall (via peptidoglycan synthesis) and are most use-
ful against gram-positive bacteria (having little effect on gram-negative bacteria because of the 
lipopolysaccharide cell envelope that protects the thin peptidoglycan cell wall in these bacteria). 
Over the years, because the β-lactam drugs were readily available and inexpensive and caused 
few side effects, physicians commonly treated their patients initially with these drugs.

When bacterial resistance to the β-lactam drugs became an issue (very early on), scientists 
developed synthetic versions of penicillin such as ampicillin, amoxicillin, and methicillin. In 
addition, scientists discovered the natural cephalosporin β-lactam drugs. The initial cepha-
losporins (first generation) were most useful against gram-positive cocci, with some activity 
against a few gram-negative bacilli. Further development of these drugs has produced second 
generation (less effective against gram-positive cocci, more effective against gram-negative 
bacilli); third generation (generally with a broad spectrum of activity against gram-negative 
organisms); fourth generation (extended-spectrum activity against gram-positive cocci and 
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to spread laterally through the cell side walls to adjacent cells (via actin). This damage 
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including fimbrial, nonfimbrial, helical, and fibrillar types. The EPEC strains secrete two types 
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[19, 28, 29].
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3. Antimicrobial therapy
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 multidrug-resistant organisms), with more still in development. Other β-lactam drugs devel-
oped during this time frame were the carbapenems (broad-spectrum activity) and monopen-
ems (aztreonam—activity against gram-negative aerobic bacteria) [30–32].

Differences in structure, metabolism, virulence factors, etc., between gram-negative and 
gram-positive bacteria predict which antimicrobial drug groups may be effective. Fewer of 
the drug groups have good activity against gram-negative bacteria. Those groups include 
some of the β-lactam drugs (especially second-, third-, and fourth-generation cephalospo-
rins): aminoglycosides, fluoroquinolones, trimethoprim/sulfamethoxazole (TMP/SXT), and 
nitrofurans (for UTIs) [33]. Intestinal infections with E. coli are most commonly self-limit-
ing and require supportive therapy (antiemetics, antidiarrhetics, rehydration) only. Severe 
or recurring infections (e.g., traveler’s diarrhea) may be treated with fluoroquinolone drugs. 
Acute dysentery caused by EIEC strains may be treated with fluoroquinolones or appropriate 
cephalosporins. For infections caused by EHEC, antimicrobial therapy is contraindicated as it 
greatly increases the risk for development of HUS. UTIs caused by UPEC strains are usually 
treated with antimicrobial drugs and uncomplicated UTIs with nitrofurantoin or TMP/SXT; 
complicated UTIs may also be treated with fluoroquinolones [34–37]. Infections with ESBL or 
CRE strains severely limit treatment options. For ESBL strains, carbapenems may still be an 
option or newer β-lactam/β-lactamase inhibitor drug combinations; for CRE strains, gentami-
cin, amikacin, colistin, tigecycline, and fosfomycin may be options. Unfortunately, some ESBL 
and CRE strains may be resistant to even some of these drugs [38–40].

At the beginning of antimicrobial drug resistance, physicians did not realize how the various 
drugs affected the bacteria. In addition, in an effort to begin antimicrobial therapy as quickly 
as possible, physicians often ordered a broad-spectrum drug before knowing the causative 
agent of the infection. These issues (among others) have led to a large amount of resistance 
to β-lactam drugs, especially among the gram-negative bacteria. Bacteria that produced 
β-lactamases (enzymes that inactivate β-lactam drugs) were identified as early as the 1940s 
(around the same time as penicillin was discovered), and the number of different β-lactamases 
produced has increased over the years to around 1000 [2–4, 41].

The issue of resistance is not just with the β-lactam drugs. Over the 70 plus years that antimi-
crobial drugs have been in existence, resistance mechanisms have been seen for most of these 
drugs. It does not seem to take the bacteria very long from initial use of a drug to development 
of resistance to that drug. Important resistant milestones include resistance to aminoglyco-
sides and tetracycline in the 1960s, vancomycin in the 1980s, fluoroquinolones in the 1990s, 
and linezolid in the 2000s [42]. In addition, some of the bacteria have become resistant to 
multiple antimicrobial agents from many of the drug classes. These multidrug-resistant bac-
teria, such as methicillin-resistant Staphylococcus aureus (MRSA), are currently a major cause 
of morbidity and mortality [43].

Similar to the threat of MRSA, members of the gram-negative Enterobacteriaceae, in particu-
lar E. coli and Klebsiella pneumoniae, include strains that are ESBLs and CREs. These organisms 
can be resistant to most commonly used antimicrobials, which makes the infections they cause 
extremely difficult to treat, leading to increased morbidity and mortality (and healthcare costs) 
[44, 45].
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4. Antimicrobial resistance mechanisms

There are four general antimicrobial resistance mechanisms that bacteria use. These are lim-
iting uptake of the drug, modifying the target of the drug, inactivating the drug, and active 
efflux of the drug. These mechanisms may be located on the bacterial chromosome and occur 
naturally in all members of a species (intrinsic) or come from other bacteria, usually via a plas-
mid (acquired). Intrinsic resistance genes may be expressed constitutively (usually at a low 
level) or be induced by the presence of antimicrobial drugs. Gram-negative bacteria widely 
use all four of these mechanisms and are very capable of horizontal transfer of resistance ele-
ments. Table 2 shows which resistance mechanisms and genes are associated with resistance 
to various antimicrobial drugs [43, 46, 47].

4.1. Limiting drug uptake

Gram-negative bacteria have an advantage in combating drugs because of the structure and 
functions of the LPS cell wall, which provides a natural barrier to certain molecules. The 
LPS is generally hydrophobic which limits access to small hydrophilic drugs, such as the 
β-lactams. These hydrophilic drugs gain access by traveling through the OMPs. The main 
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crobial drugs have been in existence, resistance mechanisms have been seen for most of these 
drugs. It does not seem to take the bacteria very long from initial use of a drug to development 
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OMPs in E. coli are OmpF and OmpC. In addition to the β-lactams, other drugs that may use 
the porin channels are chloramphenicol, fluoroquinolones, and tetracycline. Hydrophobic 
drugs such as the aminoglycosides and the macrolides gain access by permeating through the 
LPS layer. There are two main mechanisms that are used to limit access to drugs via porins: 
a decrease in the number of porins or a change in charge, within the porin channel, which 
reduces its function or binding properties. In E. coli porin production may be reduced dra-
matically or even stopped, or a different porin may be produced instead [48, 49].

4.2. Modifying drug target

Gram-negative bacteria make use of the modifying of drug targets against several of the 
antimicrobial groups including β-lactams, aminoglycosides, fluoroquinolones, and the com-
bination drug TMP/SXT. Even though not as widely used as in gram-positive bacteria, the 
gram-negative bacteria are able to produce penicillin-binding proteins (PBPs) that are resis-
tant to some β-lactam drugs. PBPs are actually peptidases that are involved in the making of 
the peptidoglycan cell wall. Penicillin drugs that are able to bind to PBPs inhibit the assembly 
process. There are several different native PBPs produced by E. coli, some of which have 
reduced binding affinity for some of the β-lactam drugs. No acquired modified form of PBP 
has been shown to be significant in β-lactam resistance in E. coli [50, 51].

The aminoglycoside drugs inhibit protein synthesis by binding to the bacterial 30S ribosomal 
subunit at the A-site of the 16S rRNA. Bacteria are able to modify the ribosomal subunit via 
acquisition of plasmids carrying 16S rRNA methyltransferases. The methyltransferases are 
able to modify the structure of the 16S rRNA, which decreases the ability of the drug to bind 
to it. Several of these methyltransferases have been identified and characterized. The genes 
involved include armA (for aminoglycoside resistance methylase) and several rmt (for ribo-
somal methyltransferase) genes, with rmtB being the most common. The bacteria quite often 
possess several of these genes simultaneously. These genes most often confer clinically sig-
nificant resistance to amikacin, gentamicin, and tobramycin, among other aminoglycosides 
[52–56].

The fluoroquinolone drugs interfere with nucleic acid synthesis during DNA replication by 
inhibiting either DNA gyrase or topoisomerase IV. Resistance to these drugs occurs commonly 
from mutations in either the chromosomally encoded GyrA subunit of gyrase (gyrA gene) or the 
ParC subunit of topoisomerase IV (parC gene). These mutations decrease the binding ability of 
the drugs, most commonly ciprofloxacin and norfloxacin. There is also some evidence that low-
level resistance may be acquired via plasmids carrying quinolone resistance (qnr) genes [56–58].

The combination drug TMP/SXT is currently a common choice for treatment of UTIs. Both 
of these drugs target enzymes in the bacterial folate biosynthesis pathway via competitive 
inhibition. Trimethoprim is an analog of the natural substrate of the dihydrofolate reductase 
(DHFR) enzyme, and SXT is an analog of p-amino-benzoic acid, the natural substrate of the 
dihydropteroate synthase (DHPS) enzyme. This competitive binding blocks the binding of 
the natural substrate and stops the pathway at that point. Since TMP and SXT affect two dif-
ferent enzymes on the same pathway, the combination drug makes an effective treatment. 
Chromosomal mutations (often single point mutations) in the dhfr or dhps genes are com-
monly the cause of resistance to these drugs [59, 60].
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4.3. Inactivating the drug

Drug inactivation is accomplished in one of two ways: by actual degradation of the drug or 
by transfer of a chemical group to the drug. Gram-negative bacteria use drug inactivation 
against β-lactams and aminoglycosides. The β-lactam drugs are universally inactivated by 
β-lactamase enzymes, which degrade the drugs, and E. coli produces several of these. The 
aminoglycoside drugs are inactivated fairly universally by enzymes that transfer one of three 
small chemical groups to the drug. These enzymes include the acetyltransferases (AACs, aac 
genes), nucleotidyltransferases (ANTs, ant genes), and the phosphotransferases (APHs, aph 
genes) [43, 49, 61].

4.3.1. β-lactamases

The β-lactam drugs all share a specific core structure, which consists of a four-sided β-lactam 
ring. The β-lactamases (also originally called penicillinases and cephalosporinases) are capa-
ble of inactivating β-lactam drugs via hydrolyzation of a specific site in the β-lactam ring struc-
ture causing the ring to open. The drugs are then not able to bind to their target proteins, the 
PBPs. Within the large number of β-lactamases which have been identified, there are enzymes 
which can inactivate any of the current β-lactam drugs. The production of β-lactamases is the 
most common resistance mechanism used by gram-negative bacteria against β-lactam drugs 
[46, 62].

The β-lactamase enzymes can be classified based on their primary structure or functional 
characteristics. Structurally they are placed into four main categories (A, B, C, or D). There are 
three functional groupings: the cephalosporinases, the serine β-lactamases, and the metallo-β-
lactamases. These enzymes are also commonly referred to by their enzyme family, for exam-
ple, the TEM (named after the first patient) family, the sulphydryl variable (SHV) family, and 
the CTX (preferentially hydrolyze cefotaxime) family [56, 63].

The first β-lactamase to be characterized was from E. coli and is chromosomally encoded by 
the ampC gene (so named for ampicillin resistance). This gene is constitutively expressed at a 
low level, but mutations may result in overexpression of the gene. The AmpC β-lactamases 
are most effective against the penicillins and some first-generation cephalosporins. There 
are also many plasmid-borne β-lactamases, which carry a variety of bla genes (β-lactamase 
genes). Because these β-lactamases confer resistance to later generation cephalosporins, they 
were designated as ESBLs and include the TEM, SHV, and CTX-M enzyme families. The most 
commonly seen of these in E. coli are the CTX-Ms. The ESBLs may also be resistant to multiple 
drug classes but are generally sensitive to β-lactamase inhibitors. The β-lactamase inhibitors 
are structurally similar to β-lactamases and have weak antimicrobial ability alone but work 
synergistically in combination with a β-lactam drug [56, 64–67].

Recently, there has been emergence of β-lactamases that are active against the carbapenems 
(carbapenemases), found primarily in the Enterobacteriaceae. Bacterial strains that carry these 
are known as CRE strains. The carbapenemases are all metallo-β-lactamases (MBLs), and the 
most widely distributed are the IMP-1 (for imipenem resistance) and VIM-1 (Verona integron-
encoded MBL) types. A new MBL has recently been identified, mainly in strains of E. coli. It 
has been designated as New Delhi MBL (NDM-1). The CRE strains are usually resistance to 
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lactamases. These enzymes are also commonly referred to by their enzyme family, for exam-
ple, the TEM (named after the first patient) family, the sulphydryl variable (SHV) family, and 
the CTX (preferentially hydrolyze cefotaxime) family [56, 63].
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drug classes but are generally sensitive to β-lactamase inhibitors. The β-lactamase inhibitors 
are structurally similar to β-lactamases and have weak antimicrobial ability alone but work 
synergistically in combination with a β-lactam drug [56, 64–67].

Recently, there has been emergence of β-lactamases that are active against the carbapenems 
(carbapenemases), found primarily in the Enterobacteriaceae. Bacterial strains that carry these 
are known as CRE strains. The carbapenemases are all metallo-β-lactamases (MBLs), and the 
most widely distributed are the IMP-1 (for imipenem resistance) and VIM-1 (Verona integron-
encoded MBL) types. A new MBL has recently been identified, mainly in strains of E. coli. It 
has been designated as New Delhi MBL (NDM-1). The CRE strains are usually resistance to 
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all the β-lactam drugs and are not inactivated by the standard β-lactam/β-lactamase inhibi-
tor combination drugs. There is a newer β-lactamase inhibitor, avibactam, which has been 
approved for use with ceftazidime against gram-negative bacteria. In addition, avibactam is 
being tested for use with aztreonam against CREs [62, 66–68].

4.4. Drug efflux

Bacteria possess methods for disposal of toxic substances to the outside of the cell. The most 
commonly used mechanism is the efflux pump. Most bacteria have chromosomally encoded 
efflux pump genes. Some of these pumps are expressed constitutively, and expression of 
others is induced by various environmental stimuli. Many of these pumps are capable 
of transporting a variety of substances and are also described as multidrug (MDR) efflux 
pumps. There are five efflux pump family groups: the ATP-binding cassette (ABC) family, 
the multidrug and toxic compound extrusion (MATE) family, the major facilitator super-
family (MFS), the small multidrug resistance (SMR) family, and the resistance-nodulation-
cell division (RND) family. The RND pumps are generally found only in gram-negative 
bacteria as these pumps are multicomponent pumps that function in association with an 
OMP [69–72].

There is only one ABC efflux pump in E. coli that is known to contribute to antimicrobial 
resistance. That is the MacAB transporter that confers resistance to some macrolides [73]. 
There is also only one MATE efflux pump found in E. coli, the NorE pump which is able to 
transport fluoroquinolones. It is still in question if the NorE pump has a clinically significant 
impact on antimicrobial resistance [74, 75]. There are five known MFS efflux pumps found 
in E. coli. These are capable of transporting macrolides (MefB and MdfA pumps), fluoro-
quinolones (QepA2, EmrAB-TolC, and MdfA pumps), tetracycline (EmrAB-TolC and MdfA 
pumps), trimethoprim (Fsr pump), and chloramphenicol (MdfA pump). In addition, there 
are several MFS pumps that may be acquired by E. coli (e.g., via plasmids) that are specific 
for tetracyclines, with tetA and tetB being the most common [76, 77]. There are no clinically 
significant SMR efflux pumps found in E. coli [78].

The RND efflux pumps are the most clinically significant pumps found in gram-negative bac-
teria. These pumps consist of three components (tripartite): an inner membrane transporter, 
an outer membrane porin, and a periplasmic accessory protein that functions to connect the 
other two components. In E. coli, the OMP that is associated with all of the antimicrobial 
efflux pumps is TolC. There are five known RND pumps in E. coli: AcrAB-TolC, AcrAD-TolC, 
AcrEF-TolC, MdtABC-TolC, and MdtEF-TolC. AcrAD-TolC has been shown to efflux amino-
glycosides and β-lactams. AcrEF-TolC has been shown to efflux quinolones and tigecycline. 
MdtABE-TolC has been shown to efflux quinolones. MdtEF-TolC has been shown to efflux 
erythromycin. The level of expression of these four pumps is relatively low, and if operating 
alone, the amount of antimicrobials effluxed would probably not be significant. Because E. coli 
has five efflux systems plus multiple other types of antimicrobial resistance mechanisms in 
play, these pumps undoubtedly help out. The other RND efflux pump in E. coli, AcrAB-TolC, 
is the most clinically significant and accounts for major antimicrobial efflux. This pump has 
been shown to efflux β-lactams, fluoroquinolones, tetracyclines, chloramphenicol, and lincos-
amides [72, 79, 80].
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5. Conclusion

For many strains of pathogenic E. coli, the most common course of therapy is supportive and 
does not require the use of antimicrobial drugs, or in the case of EHEC, antimicrobial therapy 
is not recommended. For severe intestinal infections and UTIs, antimicrobial therapy may be 
necessary. Unfortunately with the issue of ever increasing antimicrobial resistance, the anti-
microbial options are becoming fewer. With the emergence of ESBL and CRE E. coli strains, 
the options have gotten extremely limited, and antimicrobial development has not been able 
to keep up with the demand. Hopefully the newer carbapenem/β-lactamase inhibitor com-
bination drugs and other drugs being developed under the tetracycline and aminoglycoside 
drug classes will prove to be equal to the task or at least keep the bacteria under control until 
better options become available.
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Abstract

Bacteria are the microorganisms that most frequently cause infectious diseases in humans. 
The synthesis of silver nanoparticles (AgNPs) has attracted interest due to the new and 
different physical and chemical characteristics with applications in new fields. AgNPs, 
alone or supported on ceramic, are used as antimicrobial fillers in textiles and polymers 
for food-packaging and biomedical applications, for antimicrobial paints, and potentially 
for drug delivery. The evaluation of mesoporous nanostructures or nanocomposites as 
FDU-12/lignin/silver was effective in inhibiting Staphylococcus aureus, E. coli, Enterococcus 
faecalis, and Candida albicans. The best results were achieved against the inhibition of 
E. coli and with the structures FDU-12/silver. In plates with FDU-12/lignin/silver,  FDU-12, 
FDU-12/lignin, and the positive control, it was enumerated at 0, 6, 14, and 27 colonies, 
respectively. While the development of resistance to a new antibiotic is expected, the 
time course and degree of resistance are uncertain and depend on various factors. The 
application of AgNPs as nanocomposites can alter the expression of bacterial proteins 
and could be used for inactivation. This review explores such aspects and a number of 
factors arising like the use of nanostructures against E. coli, from the knowledge acquired.

Keywords: Escherichia coli, nanostructures, nanocomposites, FDU-12/lignin/silver, E. coli 
resistance

1. Introduction

Bacterial survival and persistence in an inappropriate substrate can be defined as the ability 
of bacteria to tolerate exposure to lethal concentrations of bactericidal antibiotics. This view 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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was first noticed in 1944 regarding that treatment of cultures of Staphylococcus aureus with 
high concentrations of penicillin did not kill all the strains, and that a fraction of the order 
of 10−6 of these strains survived. Bacteria can cause frequently infections in humans, and the 
resistance to antibiotics is a primary cause of disease and sometimes death in the intensive-
care units of hospitals worldwide [1] and the cause of numerous clinical problems [2]. The 
development and increase of resistance among pathogens causing nosocomial and commu-
nity-acquired infections are known to be associated with the widespread utilization of anti-
biotics [3–5].

Antimicrobial is a general term for drugs, chemicals, and/or other substances that either kill 
or slow the microbial metabolism. Various antimicrobial agents that are in use today are anti-
biotic, antiviral, antifungal, and antiparisitic drugs. An antibiotic is a type of antimicrobial 
agent produced by a fungi or a bacterium that has a direct influence on other microbes, spe-
cifically bacteria. Many of antibiotic resistance genes are found on transposons, integrons, 
and/or plasmids that can be transferred to another bacteria belonging to the same or different 
species [6] and resistance elements can be transferred to the human commensal or pathogenic 
microbiome [7].

The genes conferring resistance to antibiotics have been widely distributed in the environ-
ment since before the introduction of antibiotic chemotherapies, but human activities are 
probably the major driven force of the resistant bacteria found in air and water, principally 
with S. aureus and E. coli isolates. The antibiotic presence in the environment can exert selec-
tive pressure on the organisms living closely, but the mechanisms of cross resistance to anti-
biotics are unknown [6].

Studies with animals [8] showed that the proximity with humans has the tendency to generate 
more antibiotic-resistant enteric bacteria as saw with African baboons. With birds, a study [9] 
showed that 8% of E. coli isolated from arctic region presented resistance. This can enhance 
the pressure of antibiotic resistance by an anthropogenic activity. In pristine environments, 
the determinants of an antibiotic resistance existed naturally and were probably subjected to 
horizontal gene transfer [10]. This predisposition for the genetic exchange of resistance ele-
ments has facilitated the antibiotic resistance in pathogenic bacteria.

Antibiotics kill or inhibit bacteria that are susceptible to that antibiotic. Bacteria that 
are intrinsically resistant or that can acquire resistance will survive and replace the 
 drug- susceptible bacteria. The production of an antibiotic is associated with the presence of 
genes encoding one or more self-protection processes. Antibiotic biosynthesis gene clusters 
that encode resistance proteins specific to the compound made (modification of the com-
pound or target) or multifunctional (efflux systems) are important systems. The resistance 
genes that are contiguous with the biosynthesis genes could be involved in regulation of 
the biosynthetic pathway.

There are consistent results [11] that showed that antibiotic resistance genes are found in 
natural sources. Another form of resistance in isolates not producing antibiotics is the muta-
tion of the target gene product, which reduces or prevents inhibition by antibiotic binding. 
Spontaneous mutations causing resistance often lead to different bacterial phenotypes.
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The presence of antibiotic resistance strains in environment may be understood as a response 
to the selective pressures. Thus, any antibiotic use will provide a selective pressure that per-
petuates resistant bacteria. The introduction of antibiotics in the treatment of diseases that 
were prior incurable, enabled the effective treatment of these, promoting the increase in lon-
gevity. This kind of medicine is widely used in the treatment of people in the community 
and health services and is also used to treat animals in agricultural environments. Thus, the 
increasing levels of resistance are compromising the effectiveness of them. Therefore, it is 
essential that we assess the use of antibiotics carefully, regardless of setting, and use them 
only when necessary, to avoid promoting the development of resistance among bacteria [12].

Various infections are caused by important pathogens, such as Staphylococcus aureus, and up 
to 50% are resistant to stronger drugs, such as methicillin [13], and with E. coli [12, 14–16] the 
resistant trait is growing.

The food supply can be a source of antimicrobial-resistant and virulent E. coli strains that 
could be lethal to humans or, in a major scale, can cause intestinal as well as extra intesti-
nal infections. Escherichia coli (Figure 1) is a ubiquitous and versatile microorganism, moving 
from commensal to opportunistic and specialized virulent bacteria, with potential to cause 
different diseases. To cause infection, harmless commensal E. coli can acquire a set of combi-
nation of mobile genetic elements to become a highly adapted pathogen capable of causing 
different diseases in different hosts, ranging from gastroenteritis to extra intestinal infections 
of the urinary tract, bloodstream, and central nervous system. Seven diarrheagenic and two 
extra intestinal E. coli pathovars can cause disease in various hosts.

Interestingly, one outbreak happens, caused by one not expected E. coli pathotype [18] in 2011. 
An uncommon high number of haemolytic uremic syndrome (HUS) cases were reported in 

Figure 1. E. coli in scanning electronic microscopy [17].
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Europe, most precisely in Germany. The implicated agent was an enterohemorrhagic E. coli 
(EHEC), which presented virulence traits of both, a verotoxigenic E. coli (VTEC) and enteroag-
gregative E. coli (EAEC).

A relevant study involving enterotoxigenic E. coli STb toxin was conducted in 2014 [19], 
regarding the STb toxigenicity. STb is a heat-resistant toxin responsible for diarrhea in farm 
animals and in humans as well. The toxic effect of STb in host cells is due to allowing the pas-
sage of electrolytes and water through the paracellular space. The authors [19] demonstrated 
that STb could promote the delocalization of transmembrane proteins such as claudin-1.

This event among others can prove how the versatility of this bacterium can reach a world-
wide proportion, with a high concern for public health. These types of outbreaks are not 
solely a consequence of health conditions in developing countries. With the increase in inter-
national travel and trade globalization, diarrheagenic E. coli has become a worldwide public 
health threat [20].

On the other hand, antibiotic resistance rates in E. coli are rapidly rising, especially concerning 
to the use of fluoroquinolones and third- and fourth-generation cephalosporin. These strains are 
acquired predominantly in the community [12]. In these conditions, drug-resistant E. coli are read-
ily acquired via the consumption of contaminated food and beverage. Some authors [14] studied 
287 E. coli samples isolated from meats regarding their virulence factors. They observed that drug-
resistant isolates had similar characteristics to those collected from the same types of meat.

This review shows the immune view of E. coli, and focus on the presence of these bacteria 
highlighting the acquisition of resistance and discussing various aspects of E. coli pathot-
ypes. Because the antibiotic treatment is our primary method of threaten diseases, studies 
on this field are important to a better understanding of bacterial evasion, circumventing, and 
 subverting mechanisms to acquire resistance characteristics.

2. Immune view

A good immune system is essential for the survival of any organism because of the protec-
tion against infectious beings. It is the principal infections evolution blocker that may cause 
elevated decease rate. This is a well-established fact for almost all known infective illness; 
the number of subjects in contact with the infectious agents is greater than those who really 
evolve diseases.

Contaminations occurred by no cell invasive bacteria are the most common. In these cases, the 
immune system of shield is mostly associated to the harborer’s innate barriers, natural protec-
tion mechanisms, and antibody production. The importance of innate barriers (Table 1) in the 
combat against no cell invasive bacterial infections is well-known [21]. The integrity of skin 
and mucosa prevent adherence and penetration of bacteria; mucociliary movement eliminates 
bacteria from the respiratory tract; the stomach’s acidic pH destroys some bacteria penetrating 
by the upper digestive tract; and in the saliva, eyes secretion, and prostatic secretion, lysozyme 
and other substances have antimicrobial activity.
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On the other hand, the main characteristic of intracellular bacteria is the ability to survive within 
the macrophages. In this context, some important pathogens are L. monocytogenes, Mycobacterium 
tuberculosis and, M. leprae. Invasion of the macrophage is also a parasite’s getaway strategy. 
Though paradoxical, the last mechanism is benign to the harborer, while the lack of cell penetra-
tion by bacteria can induce a strong inflammatory effect and excessive injury to the host.

Adaptive immunity, principally by means of antibodies plays an important function versus 
bacteria outside of the cell. Antibodies may exert its inhibition in three steps: (i) opsonization, 
(ii) activation of the complementary system, and (iii) furthering the neutralization of bacteria 
or their metabolites.

Extracellular bacteria are prone to undoing when phagocytozed. So subverting this system, 
they developed substances such as evasive mechanism with an antiphagocytic system.

Antibodies directed against these substances not only avoid their action, also facilitate phago-
cytosis, while neutrophils and macrophages have receivers for the fc part of immunoglobulin 
(opsonization).

The antibodies also coassist in the destruction of complement by bacteria, and activate this 
system by the classical pathway. Through neutralization mechanism, IgA antibodies, in par-
ticular, can bind to bacteria and therefore prevent the latter from settling on the intestinal 
mucosa and the respiratory tract. Antibodies bind frequently to toxins produced from bac-
teria, such as tetanus (Clostridium tetani) and diphtheria toxin (Corynebacterium diphtheriae), 
and neutralize the action of these metabolites. The fine balance between health and disease is 
found in this scenario, in which deficiency is as much as excess may result in tissue damage.

3. E. coli antibiotic resistance

A mature human gut harbors a vast number of bacterial resident microbiota, accounting for 
more than 1014 individual bacteria. Notably, the composition of the microbiota is  individual 
host specific and the type of species living in the gastrointestinal tract varies with the host 
age, diet, habits, health, and idiosyncratic status [22]. The intestinal mucosa is a first  contact 
between the immune system and the external environment and plays a central role in a 

I. Natural barriers against infection II. Innate immunity III. Acquired immunity

1. Integrity of skin and mucosa 1. Extracellular molecules (C reactive 
protein, complement)

1. Antibodies

2. Mucociliar movement 2. Natural killer cells, neutrophils, 
macrophages

2. Cytokines produced by T cells

3. pH variations 3. Chemokines, cytokines –

4. Antimicrobial substances – –

Note: Ref. [21] with modifications.

Table 1. Barriers against infectious microorganisms.
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microbe and host cross talk [23]. The indigenous intestinal microbiota provides important 
protective, metabolic and trophic functions, principally offering resistance to colonization by 
exogenous microorganisms, and preventing invasion by incoming pathogens.

The intestinal epithelium can resist against microbial invasion, but through evolution mecha-
nisms, potential pathogenic enteric microorganisms developed strategies to circumvent and sub-
vert this strong barrier. As an initial step in the infection process, some pathogens target specific 
epithelial cell structures, as glycoprotein and glycolipid [24], which act as receptors for attach-
ment, permitting the microorganisms to exploit the underlying signal transduction pathway.

Other strategies utilized by invasive pathogens such as Salmonella enterica serovar, S. thy-
phimurium, Shigella spp., and invasive E. coli orchestrated their entry into intestinal epithelial 
cells. This strategy uses the expression of a bacterial type III protein secretion system, to deliver 
various effectors proteins into the host cell [25]. This effectors protein subverts normal host cell 
processes by triggering a marked rearrangement of the host cytoskeleton. This procedure facili-
tates the pathogen to cross the epithelial barrier and induces an inflammatory host response [25].

The latter strategy can be done by direct cytotoxic injury, intracellular migration, disruption 
of the epithelial tight junctions, or indirectly by inducing neutrophil infiltration. Pathogenic 
E. coli have been shown to increase chloride ion secretion from intestinal epithelia by upregu-
lating the expression of the receptor for the neuropeptide galanin-1 [26].

Enteric pathogens have the propriety to perturb the intestinal epithelial barrier and impact paracel-
lular permeability, most often with an alteration in the arrangement of tight junctional component 
proteins by mechanisms that are unique for different pathogens. With respect to enteropatho-
genic E. coli, they disrupt the epithelial barrier by the phosphorylation of myosin light chains [27].

E. coli isolated from human and animal gut, and as well as from environmental sources 
 presenting antibiotic resistance is a public health problem, especially in developing countries 
[28]. Work conducted in 2005 [29] showed that extended spectrum lactamase producing E. coli 
(ESBL) strains have spread as a hospital infection. The large plasmid genes coding this resis-
tance also carry genes for resistance to other antibiotics [30]. The frequency of resistance to 
fluoroquinolone antibiotics (ciprofloxacin, levofloxacin, moxifloxacin, norfloxacin, and nali-
dixic acid) in E. coli has increased worldwide [31].

In one review about E. coli producing fimbrial or afimbrial adhesins [32], authors showed 
that some E. coli strains (ETEC STb positive) associated with diarrhea, presented an afimbrial 
adhesin, named AIDA-I (adhesion involved in diffuse adherence). This adhesin originally 
found in human E. coli isolates showed that the establishment of a persistent and chronic 
infection could also help the microorganism to resist antimicrobial agents and prevent effec-
tive treatment of diseased animals.

In 2010, some authors [33] detected high resistance rates among E. coli (up to 30%) to ampicil-
lin, tetracycline, streptomycin, ciprofloxacin, enrofloxacin, and cotrimoxazol. These authors 
[33] also found lower resistance to gentamicin (6.5%) and chloramphenicol (3.2%).

Also in 2010, one study [34] reported that morbidity and mortality attributable to  third 
-generation-cephalosporin-resistant E. coli are significant. They also believe that if  prevailing 
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resistance trends continue, high societal and economic costs can be expected and that better 
management of infections caused by resistant E. coli is becoming essential.

Work with neonates in a single center concluded that the use of minor antibiotic therapy with 
reducing preemptive treatment resulted in a moderate reduction of the antibiotic use and did 
not increase mortality [35].

Another study [36] was conducted to determine the antimicrobial susceptibility pat-
terns among common pathogens in the intensive care unit of a university hospital in Iran 
between 2006 and 2009. Authors worked with 606 isolates from respiratory, urine, blood, and 
wound specimens of 456 patients. E. coli was present in 8.3% of isolates, and presented high 
 antimicrobial resistance.

Scientists worked with 1163 clinical isolates in Taiwan [37]. The frequencies of Gram-positive 
and Gram-negative bacteria isolates were 30.4 and 56.2%, respectively. Staphylococcus aureus 
was the most common isolate among the Gram-positive organisms, while Pseudomonas aerugi-
nosa, E. coli, and Klebsiella pneumoniae were the leading Gram-negative isolates.

The antimicrobial resistance in one intensive care unit in Canada was investigated. In 2008, it 
was found high antibiotic rates to E. coli: cefazolin, 20.1%; cefepime, 0.7%; ceftriaxone, 3.7%; 
gentamicin, 3.0%; fluoroquinolones, 21.1%; piperacillin-tazobactam, 1.9%; and trimethoprim-
sulfamethoxazole, 24.8%. E. coli was the most prevalent Gram-negative bacterium [38].

According to a work conducted in 1975 [39], a hospital acquired urinary tract infection account 
for approximately 45% of nosocomial infection and 2–4% of the cases may develop septice-
mia. In this context, it was observed that 40% of the Gram-negative septicemia acquired in 
hospital originates in the urinary tract. This observation can enhance the E. coli importance 
for acquiring resistance. In 2009 was observed that, Gram-negative bacteria were the most 
frequent isolates, with E. coli being the most common followed by Pseudomonas aeruginosa 
and Klebsiella spp. Candida albicans accounted for almost 11% of the organisms, followed by 
Acinetobacter baumanni (Table 2) [39].

Bacteria and fungi Total Resistance to all Sensibility

N (%) N (%) N (%)

Escherichia coli 27 (49.1) 22 (81.5) 5 (18.5)

Pseudomonas aeruginosa 7 (12.7) 5 (71.4) 2 (28.6)

Klebsiella spp. 7 (12.7) 4 (57.1) 3 (42.9)

Candida albicans 6 (10.9) – –

Acinetobacter baumanni 3 (5.5) 3 (100) 0

Others 5 (9.1) 2 (40) 3 (60)

Total 55 (100) 36 (73.5) 13 (26.5)

Note: Ref. [39] with modifications.

Table 2. Profile resistance of main microorganisms isolated from hospitals.
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microbe and host cross talk [23]. The indigenous intestinal microbiota provides important 
protective, metabolic and trophic functions, principally offering resistance to colonization by 
exogenous microorganisms, and preventing invasion by incoming pathogens.

The intestinal epithelium can resist against microbial invasion, but through evolution mecha-
nisms, potential pathogenic enteric microorganisms developed strategies to circumvent and sub-
vert this strong barrier. As an initial step in the infection process, some pathogens target specific 
epithelial cell structures, as glycoprotein and glycolipid [24], which act as receptors for attach-
ment, permitting the microorganisms to exploit the underlying signal transduction pathway.
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processes by triggering a marked rearrangement of the host cytoskeleton. This procedure facili-
tates the pathogen to cross the epithelial barrier and induces an inflammatory host response [25].

The latter strategy can be done by direct cytotoxic injury, intracellular migration, disruption 
of the epithelial tight junctions, or indirectly by inducing neutrophil infiltration. Pathogenic 
E. coli have been shown to increase chloride ion secretion from intestinal epithelia by upregu-
lating the expression of the receptor for the neuropeptide galanin-1 [26].
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lular permeability, most often with an alteration in the arrangement of tight junctional component 
proteins by mechanisms that are unique for different pathogens. With respect to enteropatho-
genic E. coli, they disrupt the epithelial barrier by the phosphorylation of myosin light chains [27].
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[28]. Work conducted in 2005 [29] showed that extended spectrum lactamase producing E. coli 
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dixic acid) in E. coli has increased worldwide [31].

In one review about E. coli producing fimbrial or afimbrial adhesins [32], authors showed 
that some E. coli strains (ETEC STb positive) associated with diarrhea, presented an afimbrial 
adhesin, named AIDA-I (adhesion involved in diffuse adherence). This adhesin originally 
found in human E. coli isolates showed that the establishment of a persistent and chronic 
infection could also help the microorganism to resist antimicrobial agents and prevent effec-
tive treatment of diseased animals.
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between 2006 and 2009. Authors worked with 606 isolates from respiratory, urine, blood, and 
wound specimens of 456 patients. E. coli was present in 8.3% of isolates, and presented high 
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and Gram-negative bacteria isolates were 30.4 and 56.2%, respectively. Staphylococcus aureus 
was the most common isolate among the Gram-positive organisms, while Pseudomonas aerugi-
nosa, E. coli, and Klebsiella pneumoniae were the leading Gram-negative isolates.

The antimicrobial resistance in one intensive care unit in Canada was investigated. In 2008, it 
was found high antibiotic rates to E. coli: cefazolin, 20.1%; cefepime, 0.7%; ceftriaxone, 3.7%; 
gentamicin, 3.0%; fluoroquinolones, 21.1%; piperacillin-tazobactam, 1.9%; and trimethoprim-
sulfamethoxazole, 24.8%. E. coli was the most prevalent Gram-negative bacterium [38].

According to a work conducted in 1975 [39], a hospital acquired urinary tract infection account 
for approximately 45% of nosocomial infection and 2–4% of the cases may develop septice-
mia. In this context, it was observed that 40% of the Gram-negative septicemia acquired in 
hospital originates in the urinary tract. This observation can enhance the E. coli importance 
for acquiring resistance. In 2009 was observed that, Gram-negative bacteria were the most 
frequent isolates, with E. coli being the most common followed by Pseudomonas aeruginosa 
and Klebsiella spp. Candida albicans accounted for almost 11% of the organisms, followed by 
Acinetobacter baumanni (Table 2) [39].

Bacteria and fungi Total Resistance to all Sensibility

N (%) N (%) N (%)

Escherichia coli 27 (49.1) 22 (81.5) 5 (18.5)

Pseudomonas aeruginosa 7 (12.7) 5 (71.4) 2 (28.6)

Klebsiella spp. 7 (12.7) 4 (57.1) 3 (42.9)

Candida albicans 6 (10.9) – –

Acinetobacter baumanni 3 (5.5) 3 (100) 0

Others 5 (9.1) 2 (40) 3 (60)

Total 55 (100) 36 (73.5) 13 (26.5)

Note: Ref. [39] with modifications.

Table 2. Profile resistance of main microorganisms isolated from hospitals.
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4. Mechanisms of antibiotic resistance in Gram-negative bacteria

Bacterial antimicrobial resistance in both the medical and agricultural fields has become a 
serious problem worldwide. Resistant bacteria isolated from agriculture, farm or hospital 
can transfer the resistance genes to human pathogens [40]. The selection pressure applied 
by the antibiotics that are used in clinical and agricultural settings has promoted the evolu-
tion and spread of genes that confer resistance, regardless of their origins. Several factors 
can be implicated with resistance, sensibility, and antibiotic resistance dissemination such 
as: (i) impermeable barriers [6]; in this case, some bacteria are intrinsically resistant to certain 
antibiotics because they have an impermeable membrane or lack the target of the antibiotic; 
(ii) multidrug resistance efflux pumps; these pumps protect the bacterial cell against toxic 
molecules. It is an active transport mechanism for outside the cell. Some transporters, such as 
those of the resistance-nodulation cell division family, can pump antibiotics directly outside 
the cell, whereas others, such as those of the major facilitator superfamily, secrete them into 
the bacterial periplasm; (iii) resistance mutations; these mutations can cause a modification in 
the target protein, for example, by disabling the antibiotic-binding without changing the pro-
tein functionality. Specific examples include mutations in the gyrase, which cause resistance 
to fluoroquinolones, in RNA polymerase subunit B, which cause resistance to rifampicin, and 
in the 30S ribosomal subunit protein S12 (encoded by rpsL), which cause resistance to strepto-
mycin; and (iv) antibiotic inactivation; inactivation can occur by covalent modification of the 
antibiotic, such as that catalyzed by acetyltransferases acting on aminoglycoside antibiotics, 
or by degradation of the antibiotic, such as the hydrolytic degradation of the β-lactam ring on 
antibiotics by the β-lactamases. The emergence of drug resistance among diarrheagenic E. coli 
is important, and in infant, is a cause of morbidity and mortality principally in developing 
countries. Analyzing stools of infants in India was verified that about 90% of E. coli strains 
presented resistance to the most antibiotics tested [41]. All isolates were resistant to ampicil-
lin, imipenem, cotrimoxazole, and sensitive to amikacin, and presented 29 different antibiotic 
profiles. Most of the isolated E. coli harbored plasmids (64%) and up to 76% could transfer 
their plasmids. The transconjugant strains were carrying plasmids and presented resistance 
to ampicillin, imipenem, and cotrimoxazole. The authors found an increase in the prevalence 
of drug resistance among E. coli isolates, and conjugation transfer of plasmids contributed to 
a rapid spread of an antibiotic resistance.

Cyclomodulins are a growing functional family of toxins, which hijack eukaryotic cell cycle. 
Four cyclomodulin types are actually known in E. coli: cytotoxic necrotizing factors (CNFs), 
cycle inhibiting factor (Cif), cytolethal distending toxins (CDTs), and the pks-encoded toxin.

One interesting work [42] isolated ceftriaxone-resistant E. coli from 1.5% of participants in 
Maryland and Michigan, United States. One E. coli isolate collected from an apparently healthy 
person, presented resistance to eight antibiotics, and the resistance genes were contained on 
an incompatibility plasmid. These plasmid types are common among Enterobacteriaceae and 
can carry multiple resistance genes, generating multidrug resistance [43]. In Krueger’s work 
[42], the source of the extensively resistant E. coli is not known, but the isolated strain may 
have been acquired from food.
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5. Diarrheagenic and extra intestinal E. coli pathotypes

Several distinct pathogenic categories (i.e., pathotypes or virotypes) of diarrheagenic E. coli 
strains are recognized. Each pathotype is defined by a characteristic set of virulence-associ-
ated determinants that act in a concert to determine the clinical, pathological, and epidemio-
logical features of the disease they cause [44].

By definition, the virulence determinants of each E. coli pathotype are distinct. However, they 
can generally be categorized as either colonization factors (adhesins), which enable the bacte-
ria to bind closely to the intestinal mucosa and resist removal by peristalsis, or secreted tox-
ins, which interfere with the normal physiological processes of host cells. The key virulence 
determinants of the primary pathotypes of diarrheagenic E. coli are summarized in Table 3.

Pathotype Common genotype Most common 
presentation

Intestinal pathology Susceptibile groups

EPEC eae +, bfp +, EAF + Non-specific 
gastroenteritis, 
noninflammatory 
diarrhea

Intimate adhesion, 
attaching–effacing 
lesions throughout 
the intestine, loss 
of brush border 
enterocyte

Children under 
2 years of age in 
developing countries

ETEC LT, ST, (STa, STb 
toxins)

Watery, cholera-
like diarrhea, 
noninflammatory 
diarrhea

No notable change, 
adhesion to small 
intestinal mucosa

Children in 
developing countries; 
travelers

EHEC eae +, stx + Bloody diarrhea 
‘Hemorrhagic colitis’;

attaching–effacing 
lesions confined to 
the large intestine; 
necrosis in severe 
cases; HUS, 
hemorrhagic colitis

Children and 
the elderly in 
industrialized 
countries

EIEC Inv Bacillary dysentery Inflammation and 
disruption of the 
mucosa, mostly of 
the large intestine; 
necrosis and blood 
loss

All ages; more 
common in less-
developed countries

EAEC AA +, aaa −/aaa + Persistent diarrhea 
Inflammation;

cytotoxic changes in 
enterocytes

Children in less-
developed countries; 
travelers to those 
countries

A-EPEC eae +, bfp (−/+), EAF − Nonspecific 
gastroenteritis

Some lesions 
throughout the 
intestine; toxin 
production as EAST1

Children and adults; 
reservoir for human 
infection

Note: Ref. [44] with modifications.

Table 3. Key virulence determinants of diarrheagenic E. coli.
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Maryland and Michigan, United States. One E. coli isolate collected from an apparently healthy 
person, presented resistance to eight antibiotics, and the resistance genes were contained on 
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the large intestine; 
necrosis in severe 
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It can be seen in Table 3, that the number of virulence traits varies from each pathotype and 
have implications on intestinal pathology. Besides Enteropathogenic E. coli (EPEC)  causing 
intimate adhesion, attaching-effacing lesions throughout the intestine and loss of brush 
enterocytes, Enterotoxigenic E. coli (ETEC) do not present notable change to intestinal mucosa. 
Enterohaemorragic E. coli (EHEC) provoke a similar intestinal pathology, with necrosis. 
Enteroinvasive E. coli (EIEC) cause inflammation and necrosis, but Enteroaggregative E. coli 
(EAEC) present enterocytes changes. Atypical E. coli (A-EPEC) and Diffusely adherent E. coli 
(DAEC) can cause lesions in the intestine.

Based on genetic variation within E. coli, it was found [45] that pathogenic strains have acceler-
ated the rates of mutation and recombination and virulence is the driving force for more fre-
quent recombination. These characteristics can impulse the bacterial population to acquire more 
resistance. Some studies [45–46] proposed a model where commensal E. coli maintains low fre-
quencies of homologous recombination and acquisition of novel genes that result in virulence 
by horizontal genetic exchange. The pathogenic condition results in exposure to immune system 
barriers and antibiotic selection. These population presents higher mutation and recombina-
tion rates. Epidemic strains are exposed to stronger selection by pressures imposed by immune 
defenses and antibiotic use, resulting in highest levels of mutation, recombination, and infection.

In one study, conducted in Ontario, Canada, the authors [15] showed that the most com-
mon bacteria identified on urine culture over a 5 year period were Escherichia coli (71.6%), 
Enterococcus spp. (5.7%), and Klebsiella spp. (5.0%) and that these bacteria were frequently 
resistant to ampicillin (54.4%) and trimethoprim-sulfamethoxazole (TMP-SMX) (40.4%) [15].

Another study showed that resistance was more commonly seen in typical EPEC than in 
atypical pathotypes. The most prevalent resistances observed were to ampicillin, tetracycline, 
streptomycin, and the sulfonamides [16].

EPEC, an established etiological agent of human infantile diarrhea, is a pathogen that subverts 
intestinal epithelial cell function to produce distinctive “attaching and effacing” (A/E) lesions. 
These types of pathogens are typically found on the surface of the host epithelial cell. They can 
cause severe lesions on intestinal microvilli. Other pathogens can display similar characteris-
tics, which includes Hafnia alvei, Citrobacter rodentium, and enterohemorrhagic E. coli.

The interactions between EPEC and host cells have been divided into three stages. Initial adher-
ence to cultured epithelial cells is mediated by the formation of type IV fimbriae known as bun-
dle forming pili (BFP) [47]. Initial adherence helps bring the bacteria in intimate contact with 
the host cell. BFPs mediate bacterial interactions in a human intestinal organ culture model [48].

The genetic answer for the formation of A/E lesions can be explained by the presence of the locus 
of enterocyte effacement (LEE) [49]. This cluster includes the genes of following bacterial proteins: 
E. coli attaching and effacing that encodes the protein intimin (eae); E. coli secretion (escs); E. coli-
secreted protein (esps); secretion of E. coli proteins (sep), and translocated intimin receptor (Tir).

The second stage of EPEC pathogenesis involves the secretion of bacterial proteins, some 
into the host cell, including EspA, EspB, and EspD at the temperature of the body [50], and 
 particularly the gastrointestinal tract, the expression of these proteins is maximal, which 
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implies that they may be involved in virulence. The translocation of these proteins is essential 
for activating a number of signal transduction pathways.

The third stage of EPEC interaction with the eukaryotic cells is characterized by the intimate 
attachment with the host cell. A 94-kDa outer membrane protein and intimin, encoded by the 
eae gene [51], binds to a 90-kDa tyrosine phosphorylated protein in the host membrane. This 
receptor is of bacterial origin and has been designated as the translocated intimin receptor 
(Tir). Tir is translocated from the bacterial cell into the host membrane, where it becomes phos-
phorylated on one or more tyrosine residues and functions as a receptor for its binding partner, 
intimin. The resultant tight association is accompanied by the formation of actin pedestals. The 
most remarkable change in the cellular structure of the eukaryotic cell is the formation of typi-
cal actin pedestals. Within 3 hours of infection by EPEC, host-cell actin, a-actinin, talin, erzin, 
and villin accumulate directly under the bacteria. EPEC presents a strong and intimate adhe-
sion to the intestinal mucosa leading to dissolution of the brush border by inducing vesicula-
tion of the microvilli. This is the attaching and effacement step, and in the jejunum and ileum 
results in a loss of brush border disaccharidase enzymes and a large area of absorptive surface.

Typical kinds of EPEC are EPECs that have lost the EAF plasmid. ETEC strains are a major 
cause of secretory diarrhea in both humans and animals. They produce heat-labile and/or heat-
stable (STa and STb) toxins that also cause diarrhea. EHEC strains are implicated in foodborne 
diseases principally due to ingestion of uncooked minced meat and raw milk. These strains 
produce shiga-like toxin 1 (stx1), shiga-like toxin 2 (stx2), and variants thereof. These toxins 
can destroy colonic enterocytes and produce hemorrhagic colitis. EIEC can attach to entero-
cytes and penetrate by endocytosis and replicate therein. DAEC strains are diffusely adhering 
E. coli that are also implicated with episodes of diarrhea. EAEC damage and blunt colonic villi 
by hemorrhagic necrosis, although the precise pathogenic mechanisms are unclear. EAEC are 
a major cause of chronic diarrhea in children. ExPEC are the cause of a diverse spectrum of 
invasive human and animal infections, often leading to septicemia and sometimes to death.

Extraintestinal E. coli (ExPEC) strains have amazing behavior and possess virulence mecha-
nisms to invade, colonize, and induce disease in sites outside of the gastrointestinal tract. 
Human diseases caused by the ExPEC include urinary tract infections, neonatal meningitis, 
sepsis, pneumonia, surgical site infections, as well as infections in other extraintestinal loca-
tions. ExPEC strains have been isolated from food products, in particular from raw meats, 
and poultry, indicating that these organisms potentially represent a new class of foodborne 
pathogens [52–53].

Extraintestinal E. coli infections are associated with specialized strains presenting antimicro-
bial resistance. The food supply may disseminate ExPEC and antimicrobial-resistant E. coli. 
Retail foods may be an important vehicle for community-wide dissemination of antimicro-
bial-resistant E. coli and ExPEC, which may represent a newly recognized group of medically 
significant foodborne pathogens.

E. coli contamination exhibited a prevalence gradient from miscellaneous foods (9%), through 
beef or pork (69%), to poultry (92%) [54]. Among E. coli-positive samples, similar prevalence 
gradients were detected for antimicrobial resistance (27, 85, and 94 of samples, respectively) 
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implies that they may be involved in virulence. The translocation of these proteins is essential 
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The third stage of EPEC interaction with the eukaryotic cells is characterized by the intimate 
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cytes and penetrate by endocytosis and replicate therein. DAEC strains are diffusely adhering 
E. coli that are also implicated with episodes of diarrhea. EAEC damage and blunt colonic villi 
by hemorrhagic necrosis, although the precise pathogenic mechanisms are unclear. EAEC are 
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invasive human and animal infections, often leading to septicemia and sometimes to death.
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tions. ExPEC strains have been isolated from food products, in particular from raw meats, 
and poultry, indicating that these organisms potentially represent a new class of foodborne 
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Extraintestinal E. coli infections are associated with specialized strains presenting antimicro-
bial resistance. The food supply may disseminate ExPEC and antimicrobial-resistant E. coli. 
Retail foods may be an important vehicle for community-wide dissemination of antimicro-
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and ExPEC contamination (4, 19, and 46%, respectively). Indirect evidence suggested on-farm 
selection of resistance.

Uropathogenic strains can invade bladder cells and at this local, form reservoirs, which is 
possibly the storage local of the bacterium. E. coli causing infant meningitis is resistant to 
host immune responses and has the ability to cross the blood-brain barrier and cause disease. 
ExPEC from human and avian hosts encounter similar challenges in establishing infection in 
extraintestinal locations.

Extended spectrum beta-lactamases (ESBLs) are the bacterial enzymes that make them resis-
tant to advanced generation cephalosporins and might lead to the failure on therapy.

The importance of this resistance in one children population in India was studied. CTX-M-
15 enzyme is increasingly being reported from this part of the world together with TEM-1 
[55]. TEM-1 is the most commonly encountered beta-lactamase in Gram-negative bacteria. 
Up to 90% of ampicillin, resistance in E. coli is due to the production of TEM-1 and E. coli is 
the most common cause of neonatal sepsis. The authors found that 97 ESBL-producers were 
identified among 266 E. coli strains isolated from 238 neonates. The isolates were screened for 
blaCTX-M, blaTEM, armA, rmtA, and rmtB, the last three genes being responsible for ami-
noglycoside resistance. The authors [55] concluded that male neonates colonized or infected 
by ESBL-producing E. coli have longer stay in NICU compared to their female counterparts. 
This happened because of male neonates getting colonized and/or infected earlier than their 
female counterparts do. Plasmid-mediated-conjugal transfer was found to be the mechanism 
of transfer of blaCTX-M-15 resistance marker in the described setting [55].

Antimicrobial drug resistance is a large and growing problem among organisms that cause 
diarrheal disease. Although most diarrheal diseases are self-resolving and should not be 
treated with antimicrobial agents, invasive or protracted infections require chemotherapy and 
are typically managed empirically [56].

The more recently defined enteroaggregative E. coli are typically multidrug-resistant and are 
one of the most common causes of childhood diarrhea, particularly persistent infections [56]. 
Antimicrobial drug-resistant diarrheagenic E. coli pathotypes, including enteroaggregative E. coli, 
are also emerging as important diarrheal pathogens in AIDS patients [57].

According some data [18, 20] about E. coli outbreaks, new pathotypes can emerge and cause 
disease and death in different populations in both, developed [20] and in developing [53] 
countries. Other authors [58] observed that both EHEC O157 and non-O157 STEC infections 
can occur at the same time. These authors presented some interesting reasons to this, such as: 
(i) they are common and may be increasing in frequency; (ii) could be associated with high 
morbidity and mortality; (iii) utilizing ideal laboratory conditions these pathogens should be 
detected by both, culture procedures and using protocols to detect Shiga toxin; and (iv) these 
strains cannot be readily detected with certainty by selective targeting of patients age, time of 
year or presence of blood in the stool. These observations can be understood in a globalized 
world. Humans are embedded into the microbial world.

In healthy populations, saprophytic microorganisms constitute a rich source of genetic material 
which pathogens can readily acquire resistance. The study conducted by NIS in Nigeria showed 
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that resistance of commensal E. coli to almost all agents studied increased rapidly over time [59]. 
Additionally, urban residents in Nigeria, Ghana, and Zimbabwe were more likely to carry mul-
tidrug-resistant E. coli than were rural or provincial residents [60]. This finding has important 
consequences in light of the rapid rate of urbanization in these countries and other parts of the 
continent. Travel networks have become more efficient and are more extensively used.

Most antibiotic-producing strains carry genes encoding resistance to the antibiotics that they 
produce, and they are located in the same gene cluster as the antibiotic biosynthesis pathway 
genes. The sources by which antibiotic resistance genes can be found are presented in Table 4.

Resistance genes exist naturally in the environment owing to a range of selective pressures 
in nature. Humans have applied additional selective pressure for antibiotic resistance genes 
because of the large quantities produced, consumed, and applied in daily activities. Physical 
and biological forces also cause widespread dissemination of resistance throughout many 
natural environments.

In lifetime, humans are exposed to antibiotic resistance bacteria. The potential routes for 
human exposition with wild animals and its microbiota include [6]: (i) translocation of 
wildlife into suburban areas, habit destruction, pollution ,and changes to water storage, 
irrigation or climate changes; (ii) human contact with nature such as hunting and camping; 
(iii)  consumption of exotic foods, bushmeat and game farms; (iv) acquisition of exotic pets 
and transport of live animals from long distances; (v) incorporation of animal’s habitats in 
human life as zoos; and (vi) trapping of fur-bearing animals.

Some microorganisms and some environments harbor antibiotic resistance genes irrespec-
tive of the human use of antibiotics. The prevalence and diversity of resistance genes in the 
environment inspire hypotheses about the native roles of so-called resistance genes in natural 
microbial communities.

Selection for antibiotic resistance Environment Utilization

Nature Medicine Agriculture

Protection against endogenous 
antibiotics

Industrial antibiotic production Utilization of antibiotics onto fields

Protection against naturally 
occurring antibiotics and heavy 
metals

Antibiotic consumption Antibiotic consumption

Alternative cellular functions of the 
resistance protein

– –

Spread of antibiotic resistance genes – –

Physical forces Biological forces –

Air currents Human activities –

Water Animal presence –

Note: Ref. [6] modified.

Table 4. Sources and movement of antibiotic resistance genes in the environment.
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6. Antibiotic resistance requires a coordinated response

Antibiotic use in animals has led to the emergence of resistant bacteria, and sometimes these 
resistant bacteria can be transferred from animals to humans by direct contact or by handling 
and/or consuming contaminated food.

High levels of resistance were observed for tetracycline as well as intermediate resistance 
against tetracycline, amikacin, and gentamicin. Gentamicin was the most effective out of these 
antibiotics [61]. Some authors [62] have showed high rates of tetracycline resistance in strains 
of enteric E. coli. Preventing resistant infections provides the greatest opportunity to limit resis-
tance. Strategies to prevent and control resistant bacteria vary by the pathogen and the setting 
in which the infection is acquired. Infections were diagnosed in 188 patients from a single 
healthcare institution [63]. The medical costs for antibiotic resistant infections were estimated 
between $13.35 and $18.75 million dollars. In United States, antibiotic resistance is also an eco-
nomic burden on the healthcare system, in other words, resistant infections cost more to treat.

Unfortunately, infections caused by antibiotic resistant bacteria are an everyday occurrence 
in healthcare settings. In United States, an effort of the National Antimicrobial Resistance 
Monitoring System (NARMS) contributes to minimize the impact of resistance. NARMS 
consists in a lab-based system for surveillance. This system is presented in all 50 states and 
detects resistance in pathogens that are commonly transmitted from animals to humans or 
through food, such as Salmonella, Campylobacter, and E. coli. Outbreaks caused by resistant bac-
teria can occur in community settings where people are concentrated, such as athletic teams, 
childcare centers, and prisons, or in healthcare settings, including hospitals, long-term care 
facilities, and ambulatory care facilities. Because the impact of resistance is extensive, activi-
ties may be done. The action plan could focus on: (i) reducing inappropriate antimicrobial 
use; (ii)  reducing the spread of antimicrobial resistant microorganisms in institutions, com-
munities, and agriculture; (iii) encouraging the development of new antiinfective products, 
 vaccines, and adjunct therapies; and (iv) supporting basic research on antimicrobial resistance.

Another interesting goal to the process used to inhibit pathogens is linked to ancient knowl-
edge. Many plant products are known to be able to inhibit the growth of several pathogens 
[64]. These compounds are used by plants in defense mechanisms such as predation by herbi-
vores, insects, and microbial infections.

On the other hand, some studies [65] have shown that microorganisms living in intimate 
interaction with the host plant without causing any apparent disease symptoms produce 
most of these compounds. These microorganisms are defined as endophytes [65].

Some studies [65] recently showed that the phytochemicals produced by endophytes have 
revolutionized the use of these microorganisms as a source of bioactive compounds in recent 
years [65]. Among the great diversity of the different biomes, many plants stand out for its 
medicinal properties.

Streptomyces tubercidicus can produce tubercidin. Scientists working with a strain isolated from 
the Brazilian tropical savannah tree (Solanum lycocarpum St. Hill), named this strain (RND-C) 
[66]. In this study, different fractions with strong antimicrobial activity against E. coli and 
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S. aureus were obtained. The fractions showed a diverse chemical structure and molecular 
weight, suggesting the presence of new bioactive compounds.

In another study [67], Paenibacillus polymyxa was isolated as an endophyte from Prunus spp. in 
the same environment (Brazilian tropical savannah) as S. tubercidicus. This study reported the 
isolation of potent bioactivity of small molecules (<403 Da), against E. coli and. S. aureus. The 
previous author with collaborators [68] conducted studies highlighting conditions for pro-
duction and characterization of these bioactive substances isolated from P. polymyxa RNC-D. 
Recently, a new group [69, 70] showed as well that endophytes isolated from Miconia albicans 
had that potential to inhibit E. coli and other pathogens.

According to these data, the bioprospection of endophytes consists in a promising and unex-
plored reserve for phytochemical agents. Thus, there is a great opportunity to find new anti-
microbial substances [64, 65].

7. Nanotechnology in health sciences

Nanotechnology is the technology that deals with materials and products at the nanoscale. 
It is able to provide more effective solutions to some of the biotechnology issues, such as the 
development of drugs, due to the reduction of the proportion between contact surfaces and 
volume of materials, optimizing their action and consequently reduces the consumption of 
substances and products.

Mesoporous nanostructures, as FDU-12 silica, have high specific surface area, mesoporous 
large volume, diameter, and adjustable pore surface properties that can be directed to the 
desired needs. They also have a great importance in catalysis processes, adsorption separa-
tion of large molecules, sensors, photonics, optical, drug release or drug, acoustic, nanoreac-
tors, nanotechnology with advanced integrated systems, among others [71].

Lignin, besides being the second vegetal macromolecule found naturally in abundance, can 
functionalized mesoporous nanostructures, as it has in its structure phenolic and carboxylic 
groups. These groups are still capable of reducing metal to form nanoparticles and they also 
have the advantage coat of the silver nanoparticles.

8. Nanoparticles linked to silver

Metallic nanoparticles have different functions, like the following: (i) the marking of a par-
ticular stretch of DNA; (ii) the increase in resistance of metals and in the case of nanoparticles 
linked to silver; (iii) the antimicrobial action (both against Gram-negative bacteria, which 
have a thin layer of peptidoglycan and against Gram-positive, whose layer is thicker); and (iv) 
fungicide, which makes these particles a special nanostructured material to be incorporated 
into the control of such pathogens [72, 73].

However, there are no general consensuses about the mechanisms that can explain the action 
of silver nanoparticles in the inhibition of microbial growth. Some researchers claim that  silver 
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reacts with the thiol group of some vital enzymes to microorganisms and inactive them. Others 
claim dimerization of the pyrimidines of DNA, thus preventing the replication and thus their 
growth [74]. Another hypothesis is that the silver nanoparticle causes a change in the cell mem-
brane, causing the output of reducing sugars of the membrane and thus causing cell death [75].

A study conducted by Xu et al. [76] concluded that reactive oxygen species (ROS) played a 
very important role in the mechanism of AgNPs antibacterial activity, because in anaerobic 
conditions the efficiency was significantly lower.

Recently [77], α-Ag2WO4 microcrystals were synthetized and tested for antimicrobial activity 
against E. coli. The successful of the inactivation was directly related to the presence of specific 
defects in crystal surfaces. This interaction crystal-bacteria leads to a production of OH* and 
O2H* radicals that interact with several components of bacteria such as peptidoglycan, DNA, 
cell wall, proteins, and other bacterial structures (Figure 2) [77].

Figure 2. α-Ag2WO4 microcrystals in FE-SEM images (a, c, e, and g) and, respectively crystal shape (b, d, f, and h). The 
crystals were synthetized by MH method. The points highlighted in different colors corresponds each to its respective 
crystallographic planes [17].
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It is known that silver is a toxic metal, for both humans at high concentrations, as for most 
microorganisms, it is the preferred substance for inhibition thereof, when compared to gold 
nanoparticles, zinc, and magnesium titanium [78].

The nanocomposites efficiency, containing silver, for the silver ion is much higher than the 
single metal species, as it has been proved in experiments [78]. It is not completely understood 
yet, but it is believed that connecting silver to other nanoparticles, such as silica and lignin, 
can inhibit the growth of microorganisms and these nanoparticles contribute to the destabiliz-
ing effect of the cell membrane.

9. Bioactivity of propolis nanoparticles against E. coli

Propolis is a natural resinous substance collected from the leaf buds of different tree species 
by honeybees and known for its biological properties (antibacterial, antifungal, and antioxi-
dant) [79].

Some authors [80] evaluated the antimicrobial activity of propolis nanoparticles in compari-
son with ethanol-propolis extract against E. coli. Ethanol-propolis extract was obtained from 
green propolis resin, in absolute ethanol under agitation during 15 days. To obtain the propo-
lis nanoparticles, ethanol-propolis extract at 13.75% (w/v) was mixed with polyvinyl-alcohol 
solution at 0.1% (w/v). The size of the nanoparticles was determined by dynamic light scatter-
ing (DLS), atomic force microscopy (AFM), and it was about 70 nm in average [80].

Antimicrobial activity of propolis nanoparticles and ethanol-propolis extract was tested 
against E. coli. Qualitative minimum inhibitory concentrations (MIC) of both solutions were 
evaluated by agar-well diffusion method, as shown in Figure 3. The result was 3.44% (w/v) 
for ethanol-propolis extract and 1.15% (w/v) for propolis nanoparticles.

Figure 3. Determination of qualitative MIC of propolis nanoparticles against E. coli by agar-well diffusion method in 
plate dish [80].
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The shown antimicrobial activity of propolis nanoparticles is of potential interest for direct 
applications or in film formulations, for example. Therefore, results obtained in this study, set 
the bases for future studies, using films as support for propolis nanoparticles, and for applica-
tion in many products.

10. Conclusions

In the preantibiotic era [81], it was showed that from 30 lyophilized strains before 1950, four 
were multidrug resistant. The study of bacterial resistance can contribute to the discovery 
of the potential sources and novel alleles of antibiotic resistance genes. Considering that 
antibiotic treatment is our primary, and in many cases only, method of treating infectious 
diseases. We conclude that studies of environmental reservoirs of resistance are crucial to 
our future ability to fight infection. It is important to establish measures and politics to 
control the use of antibiotics, but an immediate modification of resistant profile in bacteria 
is not expected. Patients may follow procedures and use the antibiotics according prescrip-
tion. The usual techniques of hand wash and use of barriers to prevent bacterial spread is 
important.

In the experiments, the FDU-12/silver nanoparticles showed the greatest inhibition in 
the growth of E. coli, as was observed fewer colonies or even their absence. Based on 
these results, we can infer that the best nanoparticle, among tested to inhibit the growth of 
E. coli is described above. The second nanocomposites with proven efficiency in inhibiting 
the growth of E. coli were nanoparticles containing only FDU-12, with an intermediate effi-
ciency. The last nanoparticle studied, FDU-12/lignin/silver, showed the lowest efficiency 
in inhibiting the growth of E. coli, allowing a greater number of colonies to grow in the 
culture medium.
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The shown antimicrobial activity of propolis nanoparticles is of potential interest for direct 
applications or in film formulations, for example. Therefore, results obtained in this study, set 
the bases for future studies, using films as support for propolis nanoparticles, and for applica-
tion in many products.

10. Conclusions

In the preantibiotic era [81], it was showed that from 30 lyophilized strains before 1950, four 
were multidrug resistant. The study of bacterial resistance can contribute to the discovery 
of the potential sources and novel alleles of antibiotic resistance genes. Considering that 
antibiotic treatment is our primary, and in many cases only, method of treating infectious 
diseases. We conclude that studies of environmental reservoirs of resistance are crucial to 
our future ability to fight infection. It is important to establish measures and politics to 
control the use of antibiotics, but an immediate modification of resistant profile in bacteria 
is not expected. Patients may follow procedures and use the antibiotics according prescrip-
tion. The usual techniques of hand wash and use of barriers to prevent bacterial spread is 
important.

In the experiments, the FDU-12/silver nanoparticles showed the greatest inhibition in 
the growth of E. coli, as was observed fewer colonies or even their absence. Based on 
these results, we can infer that the best nanoparticle, among tested to inhibit the growth of 
E. coli is described above. The second nanocomposites with proven efficiency in inhibiting 
the growth of E. coli were nanoparticles containing only FDU-12, with an intermediate effi-
ciency. The last nanoparticle studied, FDU-12/lignin/silver, showed the lowest efficiency 
in inhibiting the growth of E. coli, allowing a greater number of colonies to grow in the 
culture medium.
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Abstract

Good public health depends on regular monitoring of water quality as faecal contami-
nation is a serious problem due to the potential for contracting disease. Bacterial con-
tamination in water is measured using indicator organisms, notably Escherichia coli and 
Enterococci which are used as primary indicators of contamination in fresh and marine 
water quality, respectively, rather than the total coliforms present. Although most E. 
coli and Enterococci strains cause only mild infections, their presence is indicative of the 
potential presence of other more pathogenic organisms which are a danger to human 
health. The acceptable levels of indicator organisms are defined in legislation and are 
set for drinking, river, well and marine water. This chapter will consider current gold 
standard culture methods of analysis for E. coli and compare them with molecular DNA 
procedures. Established culture methods use β‐D-glucuronidase to identify E. coli and 
β‐D-galactosidase to detect coliforms. Emphasis will be placed on newer procedures that 
can be used onsite supported by laboratory procedures used for confirmation. Available 
rapid fluorimetric procedures which have been developed for use in the field, based on 
the assay of β‐D-glucuronidase, will be discussed. The rapid advances in procedures 
using a molecular approach will be considered and compared with the more established 
methods for determining E. coli in water. It is essential that all these methods should 
be quantitative in order to comply with legal norms, and in this regard, the potential 
involvement of biosensor technology will be of great value in successfully transferring 
laboratory procedures to the field.

Keywords: water quality monitoring, E. coli, β‐D‐glucuronidase, faecal bacteria, rapid 
detection of contamination, biosensors

1. Introduction

Pathogen contamination of environmental waters is a major health risk and a threat to future 
supplies of water for living and recreational activities. Acceptable bacterial limits have been 
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defined in legislation by among others WHO [1], US EPA [2] and the European Union [3]. 
Health risks can be assessed and monitored using a series of tests for specific indicators which 
are defined in regional legislation. Water‐borne contamination and related diseases are dis-
cussed in detail elsewhere [4, 5]. A recent comprehensive review [6] considered recent reports 
on recreational water and infection comparing epidemiological studies and quantitative 
microbial risk assessment (QMRAs). While potential sources of contamination are considered 
in a review [7] which concentrates on the transport of pathogens in the agricultural setting 
and their health implications. In this chapter, we assess the methodology currently available 
for monitoring the presence of Escherichia coli in environmental waters. Although laboratory 
analyses will remain the reference procedures, the current trend is to develop onsite meth-
odology which will yield more rapid results allowing more immediate action to be taken if 
contamination is found. This development also benefits, for example, developing countries 
where good laboratory procedures may not be easily accessible and accurate and reliable 
onsite technology will be the key to progress and improved public health.

E. coli are present in the intestine of men and animals and are released into the environment in 
faecal material. As faecal matter is the main source for disease‐causing agents in water, faecal 
bacteria are widely used as indicators of contamination which can affect rivers, sea beaches, 
lakes, ground water, surface water, recreational water and the many and diverse activities 
associated with these [5]. Contamination can result from leakage of sewage, sewer overflow 
caused by storm events and accidental or deliberate release into receiving water bodies, as well 
as water draining from agricultural land or directly from livestock and birds [4, 8]. Sewage 
treatment plants can also be a source of pathogenic E. coli and these can spread in the river sys-
tems [9, 10]. Even low levels of contact with contaminated water in rivers [11] or beaches [12] 
are significant and can result in outbreak of gastroenteritis. However, the amount of water 
likely to be ingested is most important when determining the risk of certain activities (e.g. 
swimming, boating) [13]. Although coliforms do not usually cause serious illness they are used 
to indicate the presence of more pathogenic bacteria and viruses. The health risk to humans 
and animals can be assessed using a series of tests which are defined in regional legislation. 
Coliforms and in particular E. coli are the most valuable markers. E. coli is widely accepted 
as the better faecal indicator organism than total coliforms. Contamination of water supplies 
by pathogenic strains like E. coli O157:H7 is more serious but usually localised. A number of 
reports have shown that most E. coli (over 95%) express β‐D‐glucuronidase (GUD) activity [14] 
making this enzyme a sensitive and specific marker for E. coli detection and thus faecal pollu-
tion. The current acceptable upper limit for E. coli content in fresh surface water is 900 cfu/100 
ml and 500 cfu/100 ml in marine water [3]. Although E.coli is the marker of choice a number 
of other markers are used in environmental monitoring. Enterococci for example are used as a 
maker for contamination particularly in marine waters [15]. Further details of other markers 
used in environmental monitoring are detailed in Price and Wildeboer [16].

The widespread use of antibiotics in agriculture and their release from sewage works has 
accelerated the development of antibiotic-resistant strains in environmental water bodies 
increasing the need for accurate and regular monitoring. A recent study [17] demonstrated the 
presence of bacteria resistant to a number of antibiotics, some of which were of faecal origin 
highlighting concerns about release and spread of antibiotic-resistant organisms in receiving 
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waters. Another important aspect of faecal contamination of rivers and lakes is its effect on 
fish. This has both public health and economic impacts and is of critical importance in water 
bodies used for aquaculture [18–20]. The release of microorganisms into a lake or river and the 
use of antibiotics in fish farming can combine to create a perfect storm of an environment that 
is highly selective for the development of multi‐drug resistant strains. Effective monitoring of 
water quality and rapid detection of contamination as well as more sustainable approaches 
and a reduction of drug use in aquaculture will need to go hand-in-hand to improve food 
safety and environmental health.

In this chapter, the different procedures currently available for monitoring E. coli will be criti-
cally assessed and particular emphasis will be on comparing recent and older methods for the 
detection E. coli (Table 1).

Culture-based methods Sensitive, 1–2 days to obtain a result. Detects primary indicator organism and 
others present, relies on biochemical or immunological methods of identification, 
underestimates bacterial load as only viable organisms detected.

Chromogenic agars Detects non‐viable VBNC as well as viable bacteria, based on the assay of β‐D-
glucuronidase and β‐D-glucuronidase.

API®ID Strip Range Based on miniaturised laboratory techniques used as confirmatory tests.

Membrane filtration method Reference method used for ISO standards. Culture on chromogenic media after 
filtration.

Most probable number Depends on growth of target organism in liquid medium, more time 
consuming and labour intensive than MFM, not suitable for marine organisms.

Direct methods Direct measurement of indicator enzyme activity in water, usually using 
fluorescent substrates for β‐glucuronidase and β‐galactosidase. Suitable for 
onsite monitoring.

Semi-automated methods Commercial procedures, e.g. Colilert analysers, use selective media and 
fluorescent substrates, suitable for online monitoring, can give results within 24 h.

Nucleic acid-based procedures Sensitive and rapid but when low numbers of bacteria are present and 
enrichment step is needed. Invaluable technique to identify individual 
pathogens, e.g. E. coli O157:H7.

Quantitative PCR qPCR determines the number of genomes per volume of water for a bacterial 
species, can be coupled to fluorescence in situ hybridisation (FISH) or plate 
counting. FISH is used to identify different mixtures of bacteria in a sample, 
usually requires enrichment step.

qPCR and qPRT-PCR A rapid sensitive method used in study of emerging as well as established 
pathogens. Needs further standardisation.

Biosensor techniques Able to directly detect target bacteria and provide real-time results. Portable 
and easy to use for onsite testing. Avoids cultivation step and can measure 
viable and non-viable cells. Sensitive optical biosensors can detect 7 cfu/ml 
E. coli in water samples. Biosensors based on electrochemical immunosensors 
are also used while biosensors based on physicochemical methods, e.g. Raman 
spectroscopy are currently under development but probably would not be 
suitable for routine analysis.

Table 1. Established and developing methods used to monitor E. coli in environmental water.
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2. Established analytical methods to detect E. coli in environmental 
waters

Methods involving culturing procedures are essentially laboratory based and, although they 
are sensitive, usually involve one or two days before the result is known. They can be used 
to detect the presence of a range of potential contaminating organisms in addition to the 
primary target organism. Culture procedures rely on either biochemical, immunological or 
molecular methods to identify the bacteria present. However, culture methods may underes-
timate the bacterial load or fail to grow relevant organisms as they measure only the viable 
organisms present in the samples that can be cultured. In environmental samples, a signifi-
cant number of cells may not be detected despite being viable. Viable but non-culturable cells 
(VBNC) result from stress encountered in the environment or the condition and content of the 
samples [21]. Therefore, alternative new technologies that do not rely on growing the bacteria 
in culture are required; many of these involve nucleic acid based methods [6]. Chromogenic 
agar can detect non‐growing cells by measuring the presence of an enzyme e.g. β‐D‐galac-
tosidase for coliforms [22] and β‐D‐glucuronidase for E. coli [23]. A wide range of media is 
available for the characterisation of environmental microorganisms [24]. Detailed descrip-
tions of standard laboratory procedures which are used in environmental studies including 
microscopic as well as biochemical characterisation are given in Alexander and Strete [25]. 
The rapid identification of known bacteria can be achieved using the API® ID Strip Range 
(BioMerieux, France) which consists of a series of miniaturised techniques based on established 
laboratory procedures.

The reference methods for detection and isolation of E. coli and coliforms in water are the mem-
brane filtration method (ISO 9308‐1:2014) and the multiple tube fermentation (Most Probable 
Number, MPN, ISO 9308‐2:2012). ISO 9308‐1:2014 is based on membrane filtration and sub-
sequent culture on a chromogenic coliform‐agar medium [26]. Due to the low selectivity of 
the differential agar medium, background growth can interfere with the reliable enumeration 
of E. coli and coliform bacteria, for example, in surface waters or shallow well waters. This 
method is not suitable for these types of water. As the MPN method (ISO 9308‐2:2012) is based 
on the growth of the target organisms in liquid medium it is suitable for most waters but 
should not be used for enumeration of bacteria in marine samples as dilution of the sample 
is required. A recent study compared membrane filtration (MF) and multiple tube fermenta-
tion (MTF) procedures to analyse water obtained from a dockside and a beach in California 
[27]. The MF method gave more reliable and precise data than the MTF method. The later 
method was more time consuming, labour intensive and less precise. The MF procedure also 
has the advantage of being able to examine large volumes of water but it has limitations when 
dealing with turbid water samples. The E. coli and coliform content in water samples from 
five Environmental Protection Agency regions (EPA) in the USA were compared using the 
ColilertTM automated test and MTF procedure [28]. Similar results were obtained with both 
methods; however, the ColilertTM procedure was easier to perform and interpret.

Enumeration and characterisation of bacteria in environmental samples requires a tiered 
approach. The samples collected from, e.g., rivers are diluted or centrifuged to remove 
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particulate matter followed by a filtration step; the bacteria retained on the membrane are 
incubated on a growth medium for up to 18 h. E. coli are selected on colony colour and 
identified using chromogenic agar, confirmation can be via API 20E strips or PCR. Some 
strains of E. coli which are β‐D‐glucuronidase negative, such as E. coli O157:H7, will not be 
detected as E. coli but, as they are β‐D‐galactosidase positive, they will appear as coliform 
bacteria on selected chromogenic agars [29]. A range of chromogenic agars are available 
for the detection of E. coli O157:H7 which have improved specificity when compared to 
cefixime‐tellurite Sorbitol MacConkey (CT‐SMAC) [30] when tested against eight environ-
mental samples inoculated with E. coli [31].

Amirat et al. [32] used the membrane filtration procedure followed by culture on selective 
chromogenic media to monitor bacterial contamination of the river Thames. This procedure 
successfully identified Salmonella, Enterococci, Klebsiella pneumoniae and E. coli. Sixty percent of 
the samples were in excess of the EU standard for bathing water and the study demonstrated 
frequent sewage pollution of the Thames which was most noticeable after heavy rainfall. 
The relationship between sewage contamination of rivers and heavy rainfall has also been 
reported in other studies: Tryland et al. [33] used the Colifast early warning system while 
Kolarevic et al. [34] studied the river Tisa in India using the membrane filtration method. The 
MPN method was also used to demonstrate an increase in indicator organisms including 
E. coli 2 days after rainfall in the river Göta Älv in Sweden [35] and to measure faecal pollu-
tion and antibiotic resistance in the river Cauvery in India [36]. Faecal contamination of the 
river Danube was measured using the indicator organisms: coliforms and Enterococci [37]. 
A rapid onsite method for E. coli, ColiSense, is based on the direct fluorescent analysis of 
β‐D‐glucuronidase activity in recreational water samples [38]. Total time taken to complete 
the analysis was approximately 103 minutes of which 75 minutes were needed to complete 
the assay. The total time taken to obtain a result depends on the time to transport the sample 
from the test site to the laboratory and time for any pre-treatment steps. This method does 
offer greater rapidity and portability but there may be differences in the results obtained with 
this procedure than with standard culture procedures.

Monitoring of environmental water samples is usually carried out using culture-based fae-
cal indicators of microbial contamination. However, these methods are expensive and time‐
consuming and recently efforts have been made to develop methods which give more rapid 
results at lower cost and greater specificity. Indirect detection of E. coli and total coliforms 
in water samples from Canadian fresh water beaches using a portable detection system has 
been described [39]. The detection procedure was based on the fluorescent detection of β‐D-
glucuronidase and β‐D-glucuronidase using novel anthracene-based enzyme substrate. The 
method is able to detect single cells of either E. coli or total coliforms within 18 h and turbidity 
and colour and turbidity of the water samples does not affect the result. False‐positive coli-
form results due to the presence of Aeromonas spp. could be eliminated by the inclusion of 
Cefsulodin in the growth medium.

A number of semi-automated systems are currently available which utilise selective growth media 
and fluorometric substrates. The Colifast Analyser system utilises 4‐methylumbelliferone‐β‐D‐
glucuronide to detect E. coli and 4‐nitrophenyl‐β‐D‐galactoside to detect coliforms using defined 
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(BioMerieux, France) which consists of a series of miniaturised techniques based on established 
laboratory procedures.
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Number, MPN, ISO 9308‐2:2012). ISO 9308‐1:2014 is based on membrane filtration and sub-
sequent culture on a chromogenic coliform‐agar medium [26]. Due to the low selectivity of 
the differential agar medium, background growth can interfere with the reliable enumeration 
of E. coli and coliform bacteria, for example, in surface waters or shallow well waters. This 
method is not suitable for these types of water. As the MPN method (ISO 9308‐2:2012) is based 
on the growth of the target organisms in liquid medium it is suitable for most waters but 
should not be used for enumeration of bacteria in marine samples as dilution of the sample 
is required. A recent study compared membrane filtration (MF) and multiple tube fermenta-
tion (MTF) procedures to analyse water obtained from a dockside and a beach in California 
[27]. The MF method gave more reliable and precise data than the MTF method. The later 
method was more time consuming, labour intensive and less precise. The MF procedure also 
has the advantage of being able to examine large volumes of water but it has limitations when 
dealing with turbid water samples. The E. coli and coliform content in water samples from 
five Environmental Protection Agency regions (EPA) in the USA were compared using the 
ColilertTM automated test and MTF procedure [28]. Similar results were obtained with both 
methods; however, the ColilertTM procedure was easier to perform and interpret.

Enumeration and characterisation of bacteria in environmental samples requires a tiered 
approach. The samples collected from, e.g., rivers are diluted or centrifuged to remove 
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for the detection of E. coli O157:H7 which have improved specificity when compared to 
cefixime‐tellurite Sorbitol MacConkey (CT‐SMAC) [30] when tested against eight environ-
mental samples inoculated with E. coli [31].

Amirat et al. [32] used the membrane filtration procedure followed by culture on selective 
chromogenic media to monitor bacterial contamination of the river Thames. This procedure 
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the samples were in excess of the EU standard for bathing water and the study demonstrated 
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β‐D‐glucuronidase activity in recreational water samples [38]. Total time taken to complete 
the analysis was approximately 103 minutes of which 75 minutes were needed to complete 
the assay. The total time taken to obtain a result depends on the time to transport the sample 
from the test site to the laboratory and time for any pre-treatment steps. This method does 
offer greater rapidity and portability but there may be differences in the results obtained with 
this procedure than with standard culture procedures.

Monitoring of environmental water samples is usually carried out using culture-based fae-
cal indicators of microbial contamination. However, these methods are expensive and time‐
consuming and recently efforts have been made to develop methods which give more rapid 
results at lower cost and greater specificity. Indirect detection of E. coli and total coliforms 
in water samples from Canadian fresh water beaches using a portable detection system has 
been described [39]. The detection procedure was based on the fluorescent detection of β‐D-
glucuronidase and β‐D-glucuronidase using novel anthracene-based enzyme substrate. The 
method is able to detect single cells of either E. coli or total coliforms within 18 h and turbidity 
and colour and turbidity of the water samples does not affect the result. False‐positive coli-
form results due to the presence of Aeromonas spp. could be eliminated by the inclusion of 
Cefsulodin in the growth medium.

A number of semi-automated systems are currently available which utilise selective growth media 
and fluorometric substrates. The Colifast Analyser system utilises 4‐methylumbelliferone‐β‐D‐
glucuronide to detect E. coli and 4‐nitrophenyl‐β‐D‐galactoside to detect coliforms using defined 
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substrate technology which is used for online monitoring. The endpoints are yellow for total 
coliforms and fluorescent for E. coli. There is also a micro hand held version available. Results 
can be obtained using this procedure within 2–12 h. An alternative system, Colilert® 3000 (Seres, 
France) utilises fluorescent or chromogenic substrates and can deliver results within 24 h. These 
methods correlate well with standard laboratory methods although the results were two to 
three orders of magnitude higher than MTF and MPN methods probably due to the presence of 
Aeromonas spp. and Vibrio spp. (natural inhabitants of the surface water) known to interfere with 
the Colilert test [40]. A comprehensive study by Schang [41] compared four methods to analyse 
riverine, estuarine and marine environments near Melbourne, Australia. They compared the 
industry‐standard IDEXX (Colilert®) culture‐based method with three alternative approaches: 
the TECTATM automated system uses fluorometric assays [42] and while still under develop-
ment they found a good correlation between the IDEXX and TECTATM procedures while the 
later had the advantage of a faster turnaround time. Good correlation was found between the 
IDEXX method and the US EPA Method 1611 for qPCR detection of Enterococci. Good correla-
tion was found between next‐generation‐sequencing (NGS) and the culture‐based procedures; 
however, the cost of NGS is too high at present, but future developments might make the use of 
this procedure suitable for routine screening.

The use of indicator organisms is well established and will probably continue as the gold stan-
dard of microbial contamination until reliable alternative procedures are developed. There 
are however several promising areas of development which are considered in the sections 
below which provide valuable supplementary information and have the potential to evolve 
in specific easy to use onsite procedures. Culture procedures take a minimum of 24 h to com-
plete and the availability of more rapid techniques will allow earlier appropriate management 
decisions to be made.

3. Molecular techniques for bacterial identification in environmental 
waters

Molecular techniques for the specific detection and quantification of bacteria are highly sen-
sitive, rapid and specific, they can be readily automated and standardised so have some 
advantages over the standard culture-based techniques. Detection does not rely on the target 
organisms being viable and multiply under culture conditions or on the expression and activity 
of enzymes or other biochemical markers. However, where low numbers of bacteria are pres-
ent, an enrichment step is often required limiting the aforementioned advantages. Quantitative 
PCR methods provide accurate numbers of genomes present and multiplex approaches can 
simultaneously identify the target organism and test for genes associated with pathogenicity 
or antibiotic resistance [43, 44] and host‐specific detection thus linking the contamination to a 
source [45–47]. Both sample clean-up and PCR protocols have recently been developed to be 
fast and simplified and requiring a limited set of laboratory resources thus making molecular 
analysis a more attractive option for routine monitoring and even field testing. The development 
of automated DNA extraction and PCR methods have been utilised to develop an autonomous 
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system for the in situ detection of faecal indicator bacteria [48] showing the future potential for 
bringing molecular analysis out of the laboratory and constructing robotic analysers.

Recent advances in sequencing technology and the decrease in costs for whole genome 
sequencing have made this technology the forefront of investigations into outbreaks of infec-
tious diseases and food or water contamination [49–51]. Rapid identification can be achieved 
and the outbreak quickly be traced to its source allowing for more effective treatment and 
containment. This provides an entirely new and effective tool that allows tracing a faecal 
contamination of water to its source. Measures can then be put in place to contain the current 
release, prevent future events and if the cause is found to be a careless or deliberate release, 
legal proceeding can be initiated. However, for routine monitoring of water quality this tech-
nology is not a viable alternative as it is more expensive, requires specialist equipment and 
trained analysts and does not provide rapid or onsite results.

The coupling of microarray technology with PCR enhances detection and identification of 
bacterial contaminants in water samples. Several commercial kits are now available for the 
assay of shiga toxin producing E. coli O157:H7 in environmental samples. More recently, 
detection techniques using biosensors have shown potential for onsite monitoring. These 
combine a rapid biochemical reaction with a physicochemical signal that is proportional 
to the concentration of the target molecule and thus the number of bacteria present in a 
sample. The biomarkers targeted are most commonly the enzymes established in labo-
ratory‐based assays. We have shown that a direct assay of 1 ml river water sample for  
β‐D-glucuronidase activity analysed with a portable fluorimeter can achieve detection lim-
its of 7 cfu/ml within 30 min [52], the ColiSense system described by Heery [38] combines 
incubation and fluorescent detection in a portable device achieving below 100 cfu/ml in 75 
min and a recent study by Hesari [53] describes a biosensor, sensitive enough for the detec-
tion of E. coli in drinking water with a significant fluorescent signal generated in under 2 
h and no sample processing. Wutor [54] describes a biosensor targeting β‐D-galactosidase 
that can detect 1 cfu/100 ml in 15 min using voltammetry to detect the enzyme activity. 
A system that combines concentration of E. coli with a colorimetric detection of enzyme 
activity and is easy to use, portable and not requiring any instrumentation was recently 
developed and commercialised [55]. Several immunosensors have also been developed, 
mostly in order to detect specific bacterial antigens correlated with virulence. A detection 
limit of 100 cfu/ml is achieved by a specific immunosensor for E. coli O157:H7 [56], and 
with a gold-nanoparticle sensor described more recently, E. coli O157:H7 were detected as 
low as 10 cfu/ml in 1 h [57]. An electrochemical biosensor capable of specifically detect-
ing ESBL E. coli strains was developed and achieved a detection limit of 5000 cfu/ml [58]. 
A third type of biosensors targets nucleic acids and Paniel [59] has shown that both optical 
and electrochemical detection methods can achieve detection limits below 20 cfu/ml E. coli 
in seawater. Capacitors can be utilised to detect whole cells and a recent paper describes 
a biosensor that can specifically detect E. coli to a limit of 70 cfu/ml in river water by com-
bining a capacitive biosensor with microcontact imprinting [60]. A number of different 
biosensor systems for the detection of bacteria in water and studies evaluating these are 
reviewed by Lopez‐Roldan [61].
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plete and the availability of more rapid techniques will allow earlier appropriate management 
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advantages over the standard culture-based techniques. Detection does not rely on the target 
organisms being viable and multiply under culture conditions or on the expression and activity 
of enzymes or other biochemical markers. However, where low numbers of bacteria are pres-
ent, an enrichment step is often required limiting the aforementioned advantages. Quantitative 
PCR methods provide accurate numbers of genomes present and multiplex approaches can 
simultaneously identify the target organism and test for genes associated with pathogenicity 
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source [45–47]. Both sample clean-up and PCR protocols have recently been developed to be 
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sequencing have made this technology the forefront of investigations into outbreaks of infec-
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and the outbreak quickly be traced to its source allowing for more effective treatment and 
containment. This provides an entirely new and effective tool that allows tracing a faecal 
contamination of water to its source. Measures can then be put in place to contain the current 
release, prevent future events and if the cause is found to be a careless or deliberate release, 
legal proceeding can be initiated. However, for routine monitoring of water quality this tech-
nology is not a viable alternative as it is more expensive, requires specialist equipment and 
trained analysts and does not provide rapid or onsite results.

The coupling of microarray technology with PCR enhances detection and identification of 
bacterial contaminants in water samples. Several commercial kits are now available for the 
assay of shiga toxin producing E. coli O157:H7 in environmental samples. More recently, 
detection techniques using biosensors have shown potential for onsite monitoring. These 
combine a rapid biochemical reaction with a physicochemical signal that is proportional 
to the concentration of the target molecule and thus the number of bacteria present in a 
sample. The biomarkers targeted are most commonly the enzymes established in labo-
ratory‐based assays. We have shown that a direct assay of 1 ml river water sample for  
β‐D-glucuronidase activity analysed with a portable fluorimeter can achieve detection lim-
its of 7 cfu/ml within 30 min [52], the ColiSense system described by Heery [38] combines 
incubation and fluorescent detection in a portable device achieving below 100 cfu/ml in 75 
min and a recent study by Hesari [53] describes a biosensor, sensitive enough for the detec-
tion of E. coli in drinking water with a significant fluorescent signal generated in under 2 
h and no sample processing. Wutor [54] describes a biosensor targeting β‐D-galactosidase 
that can detect 1 cfu/100 ml in 15 min using voltammetry to detect the enzyme activity. 
A system that combines concentration of E. coli with a colorimetric detection of enzyme 
activity and is easy to use, portable and not requiring any instrumentation was recently 
developed and commercialised [55]. Several immunosensors have also been developed, 
mostly in order to detect specific bacterial antigens correlated with virulence. A detection 
limit of 100 cfu/ml is achieved by a specific immunosensor for E. coli O157:H7 [56], and 
with a gold-nanoparticle sensor described more recently, E. coli O157:H7 were detected as 
low as 10 cfu/ml in 1 h [57]. An electrochemical biosensor capable of specifically detect-
ing ESBL E. coli strains was developed and achieved a detection limit of 5000 cfu/ml [58]. 
A third type of biosensors targets nucleic acids and Paniel [59] has shown that both optical 
and electrochemical detection methods can achieve detection limits below 20 cfu/ml E. coli 
in seawater. Capacitors can be utilised to detect whole cells and a recent paper describes 
a biosensor that can specifically detect E. coli to a limit of 70 cfu/ml in river water by com-
bining a capacitive biosensor with microcontact imprinting [60]. A number of different 
biosensor systems for the detection of bacteria in water and studies evaluating these are 
reviewed by Lopez‐Roldan [61].

E. coli as an Indicator of Contamination and Health Risk in Environmental Waters
http://dx.doi.org/10.5772/67330

131



Proteomics methods have been developed and extensive databases created allowing the 
identification of microorganisms directly in complex samples. Several studies have shown 
how MALDI‐TOF‐MS (Matrix‐Assisted Laser Desorption Ionisation Time‐of‐flight Mass 
Spectrometry) can be employed to identify organisms at species level, and detect virulence 
and resistance markers in environmental waters [62, 63]. A study by Loff [64] compares pro-
teomics analysis with molecular and biochemical methods for the detection of microorgan-
isms commonly associated with water safety. It can be expected that future developments 
of this technology will widen its application in many diagnostic and analytical applications.

It has to be noted that the identification of organisms and detection of virulence or resistance 
by both molecular and proteomics approaches relies on the comparison of results with existing 
databases. This limits to the identification of known strains and characterised genes and pro-
teins and is thus unlikely to achieve detection of uncultivable microorganisms. However, a 
combination of recent advances in bioinformatics and novel methods like the one described 
by Kaeberlein [65] have increased our knowledge about the microbial world and extended 
our database resources. Molecular and proteomics methods have shown great potential in the 
identification in temporal and special distribution of microorganisms in the aquatic environ-
ment and to combine species identification with detection of virulence and drug resistance. 
Future developments are likely to combine the best of both worlds to achieve robust assess-
ment of water quality by quantifying indicator organisms to detect contamination and iden-
tify virulence and resistance markers to assess public health risks and inform stakeholders on 
the need and nature of required interventions.

4. Disadvantages in relying solely on E. coli to monitor water 
contamination

Although historically total coliforms, faecal coliforms, Enterococci and E. coli have all been 
used as indicator organism for faecal water pollution and currently employed methods 
continue to largely rely on these, it is clear that alternative indicators need to be devel-
oped to address limitations in identifying other water contaminants of considerable public 
health concerns. Water‐borne diseases including diarrhoea and gastrointestinal illness can 
be caused by bacteria, viruses and protozoa [4]. Approximately 3.4 million people, mainly 
children, die from water‐borne diseases [66] and solely relying on E. coli can result in mis-
leading information [67]. Major etiological agents including Giardia, Cryptosporidium, Vibrio 
cholerae and Salmonella would be missed by current testing procedures. Often outbreaks are 
due to local flood or storm events or releases of untreated sewage which result in significant 
contamination of environmental water. Worldwide morbidity and mortality caused by con-
taminated drinking water is of considerable magnitude. The WHO ranks diarrhoeal diseases 
sixths highest in the list of causes of environmental deaths with an estimate of 846,000 deaths 
annually [68]. This highlights the need for a concentrated effort to make both recreational 
and drinking water safe in both developing and developed countries [4]. The development 
of methods detecting a wide range of significant pathogens is most likely to be achieved by 
extraction and antibody based detection, as described for pathogenic protozoa [69] or molecular 
techniques such as PCR, shown for Cryptosporidium parvum and Giardia lamblia [70], and 
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with further developments of NGS and MALDI. However, the advantage of the currently 
used E. coli–based procedures is their simplicity, low cost and functionality for rapid onsite 
detection. Additional more broad ranging tests would need to be rigorously assessed in a 
wide variety of environmental situations before they could be adapted as international stan-
dards. There is, therefore, a clear need to re‐examine the precision and reproducibility of 
both culture and molecular-based methods in the assessment of environmental samples to 
take into account local variations and design new methods to be applicable for a wide range 
of scenarios in order to make a significant contribution to improving water safety globally.

5. Conclusions

Sensitive and frequent monitoring of environmental waters is essential to minimise adverse 
effect on human health. The current approach to monitoring for contamination in environ-
mental waters is shown in Figure 1.

Figure 1. Current approach to monitoring and identifying bacteria in environmental water.
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cholerae and Salmonella would be missed by current testing procedures. Often outbreaks are 
due to local flood or storm events or releases of untreated sewage which result in significant 
contamination of environmental water. Worldwide morbidity and mortality caused by con-
taminated drinking water is of considerable magnitude. The WHO ranks diarrhoeal diseases 
sixths highest in the list of causes of environmental deaths with an estimate of 846,000 deaths 
annually [68]. This highlights the need for a concentrated effort to make both recreational 
and drinking water safe in both developing and developed countries [4]. The development 
of methods detecting a wide range of significant pathogens is most likely to be achieved by 
extraction and antibody based detection, as described for pathogenic protozoa [69] or molecular 
techniques such as PCR, shown for Cryptosporidium parvum and Giardia lamblia [70], and 
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with further developments of NGS and MALDI. However, the advantage of the currently 
used E. coli–based procedures is their simplicity, low cost and functionality for rapid onsite 
detection. Additional more broad ranging tests would need to be rigorously assessed in a 
wide variety of environmental situations before they could be adapted as international stan-
dards. There is, therefore, a clear need to re‐examine the precision and reproducibility of 
both culture and molecular-based methods in the assessment of environmental samples to 
take into account local variations and design new methods to be applicable for a wide range 
of scenarios in order to make a significant contribution to improving water safety globally.

5. Conclusions

Sensitive and frequent monitoring of environmental waters is essential to minimise adverse 
effect on human health. The current approach to monitoring for contamination in environ-
mental waters is shown in Figure 1.

Figure 1. Current approach to monitoring and identifying bacteria in environmental water.
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A wide range of techniques are now available for monitoring but culture-based techniques are 
used to define the legally accepted limits of environmental water contamination. The quantifica-
tion of the indicator organisms E. coli and Enterococci are used to detect faecal pollution. Routine 
analysis is still largely based on the enumeration of these two intestinal organisms by culture 
coupled with the detection of β‐D‐galactosidase and β‐D‐glucuronidase activity. A secondary 
objective of environmental monitoring is the identification and quantification of bacteria pres-
ent in water samples and this is best achieved by molecular methods. Whereas culture methods 
have the limitation of only providing information the day after collection of the sample, all the 
other methods currently available have some limitations as well when used for environmental 
samples. In the case of molecular methods this is the need to concentrate the sample or amplify 
the DNA, further the highly specific target sequences that are used could result in an underesti-
mation of the actual level of indicator organism. The most promising area is the development of a 
wide range of biosensor systems which show promising simplicity for direct and in situ analysis.
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Abstract

Lipopolysaccharide (LPS) is the primary component of the outer membrane of Gram‐negative 
bacteria. LPS aids in protecting bacterial cells, and also defines the unique serogroups 
used to classify bacteria. Additionally, LPS is an endotoxin and the primary stimulator 
of innate immune cells in mammals, making it an ideal candidate for early detection of 
pathogens. However, the majority of methods for detection of LPS focus on detection 
of the endotoxic component of the molecule, lipid A. Since lipid A is largely conserved 
among bacterial species and serogroups, these detection approaches are highly nonspe‐
cific. Thus, the importance of identifying the O‐polysaccharide antigenic portion of LPS, 
which confers serogroup specificity, has received a great deal of attention in recent years. 
However, methods that are highly selective to the O‐antigens are typically less sensitive 
than those that target the endotoxin. Here we present a history and comparison of the 
sensitivity of these methods and their value for detecting bacteria in a variety of different 
sample types.

Keywords: lipopolysaccharide, endotoxin, O‐antigen, Serogroup, biodetection

1. Introduction

The increasing occurrence of infectious disease is a global issue. Emerging pathogens with 
increasing levels of drug resistance are a continuing danger to both public health and agricul‐
ture. Accurate and rapid detection of pathogens is critical to implement preventative measures 
to mitigate this problem. Despite this urgent need, conventional methods for bacterial detection 
require cell culture and serology, which can take several weeks. As new pathogens emerge, it 
is even more important that our detection technologies evolve to keep pace with the need to 
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discriminate pathogen from host flora. This requires an understanding of pathogen biology, the 
types of samples they occur in, and their mechanism of immune interaction within the hosts [1].

The innate immune system is able to discriminate pathogens from nonpathogens, and rap‐
idly sense pathogen biomarkers in the complex milieu of the host. Exploiting this recognition 
via measurement of pathogen signatures, can provide an optimal strategy for discriminatory 
biodetection. A primary category of such biomarkers is virulence signatures termed pathogen‐
associated molecular patterns (PAMPs) [2]. PAMPs are evolutionarily conserved molecules 
that bind pattern‐recognition receptors in the host, and activate the innate immune response 
[2, 3], providing a means for both early and specific pathogen detection. Biochemically, PAMPs 
are a diverse array of proteins, lipopeptides, lipoglycans, peptidoglycans, teichoic acids, and 
nucleic acids [4]. However, many detection methods have largely focused on proteins and 
nucleic acids [1, 5], ignoring other categories of PAMPs [2, 6–8]. Also, their small size, biochem‐
istry, and low concentration in hosts make them difficult to target in detection assays [8, 9].

Classified as a lipogylcan, lipopolysaccharides (LPS) are small amphiphilic molecules that are 
associated with Gram‐negative bacteria [7, 10]. LPS is an indicator of active infection, is sero‐
group‐specific [11–13], more stable than its protein counterparts, and is released early in infec‐
tion, making it an ideal candidate for detection and diagnostics. LPS serves as a biomarker that 
aids in serological discrimination of Gram‐negative bacteria; this allows for identification and 
characterization of pathotypes that are essential for timely mitigation and treatment of infec‐
tions. Since LPS is a pathogen‐specific biomarker, it is an indicator of acute infection, which is 
an advantage over serological assays. In addition to medical diagnostics, LPS detection pro‐
vides a method for detecting Escherichia coli in the food‐industry, which is often associated with 
food‐borne illnesses. Finally, LPS is also a virulence factor whose structure and function deter‐
mines E. coli serogroup, a factor which has ramifications on vaccine design and therapeutic 
interventions. While many methods for LPS detection exist, most of them are not optimized for 
amphiphilic detection in physiological samples. An ideal measurement for LPS should be sen‐
sitive enough to detect low concentrations of the amphiphile in aqueous physiological milieu 
(e.g., blood), and use antibodies or ligands that provide serogroup selectivity [14]. Coupling 
sensitive detection platforms with surfaces designed to maximize the binding of amphiphilic 
PAMPs is a potential solution to achieve such an ideal.

2. Sources of lipopolysaccharides

Bacteria are classified into Gram‐negative and Gram‐positive [15], which release amphiphi‐
lic virulence factors such as LPS, lipoarabinomannan (LAM), and lipoteichoic acid (LTA) in 
the host. Species of pathogenic Gram‐negative bacteria of concern to human health, include 
Acinetobacter [16], Burkholderia [17], Bordetella [18], Campylobacter [19–21], Chlamydia [22, 23], 
E. coli [20, 24], Helicobacter [25, 26], Hemophilius [27], Klebsiella [28], Legionella [20, 29], Moraxella 
[30], Neisseria [31], Pseudomonas [32], Proteus [33], Salmonella [20, 34], Shigella [35], Yersinia [36], 
and others, grouped into the Enterobacteriaceae family. These pathogens are contaminants 
in food, water, and soil, used as agents of bioterrorism, and can cause nosocomial infections 
[5]. Detection of these organisms, particularly E. coli, is an important aspect for epidemiology, 
disease control, and treatment.
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Herein, we present a comprehensive description of the structural and biochemical properties 
of LPS, current methods for its detection, and potential approaches to overcome the current 
limitations for direct detection of the molecule in physiological matrices.

3. Lipopolysaccharide structures and conformations

Lipopolysaccharides have been the subject of intense study for over half a century [37–39]. 
LPS is the prototypical lipoglycan with an overall net negative charge [40–42], and is the 
primary component of the outer membrane of nearly all Gram‐negative bacteria [11]. The 
bacterial membrane of each E. coli cell is composed of approximately 106 lipid A moieties and 
107 glycerophospholipid molecules, comprising approximately three‐quarters of the outer 
membrane [43–45]. Thus, there are approximately 62 pg of LPS per cell (for E. coli in log 
phase growth) [46]. LPS has an amphipathic tripartite structure (Figure 1). Lipid A is the most 
conserved portion of the LPS molecule, and consists of six, sometimes seven, fatty acid tails 
(E. coli and Salmonella, respectively), which gives the molecule its hydrophobic properties [10, 
43, 45]. Lipid A is also called endotoxin [43], and is responsible for the biological effects of LPS 

Figure 1. Representative structure of the molecular components of smooth LPS. The hypervariable O‐polysaccharide 
antigen, core polysaccharide, and the hydrophobic lipid A group. Reprinted with permission from Ref. [74].
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caused by its binding to the mammalian innate immune receptor, toll‐like receptor 4 (TLR4) 
[11, 44, 47, 48]. Structurally, lipid A is covalently bound to the core polysaccharide, which is 
further divided into the inner and outer core polysaccharides, with the outer core being less 
conserved in both sugar moieties and location of glycosidic linkages [45, 49, 50].

There are two main forms of LPS—smooth (S‐form) and rough (R‐form) [42, 45, 46]. The distal 
end of LPS extends to a long chain O‐polysaccharide antigen (O‐ag(s)) in organisms possess‐
ing S‐form, which is an indicator of virulence [51, 52]. R‐form LPS is devoid of the O‐ag [45], 
but can still induce an immunogenic response [53]. The O‐ag is hyper‐variable, and made up 
of repeating subunits, each composed of 1–7 glycosyl residues [45, 54]. As many as 40 size 
variations in subunit repeats of the O‐ag have been reported just for E. coli O111:B4 [55], and 
180 O‐ag have been identified overall for E. coli species [47, 54]. The sugars (colitose, paratose, 
tyvelose, and abequose) that make the O‐ag unique are seldom found elsewhere [54]. Other 
variations to the polysaccharide are implemented through addition of noncarbohydrate enti‐
ties, such as acetyl or methyl groups [54]. These variations make discriminative detection of 
enteric bacteria feasible [56], but complicate antigen characterization. Therefore, LPS serves as 
an ideal target for early detection and identification of Gram‐negative pathogens.

In aqueous solutions, amphiphiles like LPS can present in a micellar conformation [48, 55, 
57–59]. This occurs at a concentration specific to the amphiphile [55], and is known as the criti‐
cal micelle concentration (CMC). At or above the CMC, there is an equilibrium state between 
monomers, micelles or supramolecular aggregates, depending on environmental conditions 
[48, 55–57, 60–63]. This amphiphilic biochemistry and structural variability complicates 
determination of the exact molecular weight of S‐form LPS. As such, LPS concentrations are 
reported in weight per volume, or in endotoxin units (EU), a measure of activity. As degree of 
endotoxicity can vary according to bacterial origin, a rough estimate of 100 pg = 1 EU is used 
in many cases to facilitate unit conversion [64, 65].

The large oligosaccharide region on S‐form LPS makes the molecule amphipathic [54], which 
influences the shape of micelles in solution. Lipid A is largely responsible for shaping the 
LPS micelle [10, 45, 46, 56, 66–68], although other factors can also contribute. Lipid A is con‐
served within species in the number of fatty acid chains and the degree of saturation [44, 66] 
within those chains [22, 47, 69]. Shapes for LPS micelles include cubic, lamellar, and hexago‐
nal inverted structures [56, 67, 70, 71]. Whether aggregate or monomeric forms (or both) of 
LPS is required for innate immune activation is debatable [56, 72, 73]. Since this process occurs 
in aqueous blood, it is unlikely that the molecule is presented as a monomer, unless associated 
with serum binding proteins.

Variation in LPS micelles [55] modifies presentation of O‐ag‐specific epitopes to antibodies, 
making detection challenging [74, 75]. This is specifically true when the heterogeneous pre‐
sentation of linear [76] and conformational epitopes [49, 77] present on LPS molecules are con‐
sidered. The primary structure of LPS varies in the core polysaccharide, within and between 
species [47, 55]. Core polysaccharides are primarily made up of common sugars such as heptose 
and 2‐deoxy‐d‐mannooctulosonic acid (a.k.a. KDO), which can be functionalized with phos‐
phate or ethanolamine groups [45, 50, 78]. This feature contributes to varying charge distribu‐
tions and differential size ratio of the hydrophobic to hydrophilic regions which influences 
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micelle assembly [10, 59, 79, 80]. Other factors that contribute to micelle shape [10, 79] are pH 
[61], ion concentration [81–86], and temperature [62]. These biochemical properties drive host‐
pathogen interactions and should be considered in the design of detection strategies.

4. Detection methods for lipopolysaccharides and similar amphiphiles

There have been many efforts to establish rapid and reliable detection methods for LPS in 
clinical samples [10, 46] and for testing pharmacological products such as infusion fluids, 
sterile injectables, medical device implants, and others [87]. These methods can be broadly 
divided into six overlapping categories: in vivo and in vitro tests, immunoassays and their 
derivatives; biological, chemical, and cell‐based sensors. These methods span a broad range 
of sensitivity, but many lack the ability to differentiate between LPS serogroups.

4.1. Limulus amoebocyte lysate assay and the rabbit pyrogen test

The first method approved by the US Food and Drug Administration for LPS detection was 
called the rabbit pyrogen test [88–90], which simply measures the ability of an endotoxin to 
induce fever in an animal. Any febrile response was attributed to the presence of endotoxin 
[89–91]. The test, clearly, is activity‐based, and nonspecific. In the case of Hepatitis B vaccine 
manufacturing, the rabbit pyrogen test is still the standard method for determining endotoxin 
contamination [91], but the test is cost prohibitive and is minimally utilized today, except in 
some parenteral devices [10].

In 1956, Bang discovered that amoebocytes from Limulus polyphemus (a.k.a. horseshoe crab) 
agglutinate upon addition of endotoxin [46], as a result of a protease cascade [10]. Bang and 
Levin [46, 92] subsequently used this concept to devise a method for endotoxin detection. 
Since the lysates of amoebocytes were required, it was called the limulus amoebocyte lysate 
(LAL) assay, and is the gold standard for the detection of lipid A. The LAL assay is prone to 
variability and can be inhibited through several mechanisms. The United States Pharmacopeia 
and the Code of Federal Regulations have consequently published guidances for the manu‐
facturing and testing of assays for use on human products [93, 94]. Despite some challenges, 
the LAL assay is more rapid, cost effective, and reportedly 300 times more sensitive [46] than 
the rabbit pyrogen test [46].

Variants of the LAL assay use turbidimetric [95], chromogenic [46], or viscosity [10] measure‐
ments to determine results [10, 46]. A turbidimetric gel clot has more coagulen, and measures 
the change in turbidity over time, but does not form a solid clot [46, 95]. The viscosity assay, 
however, measures the degree of clotting via the change in viscosity. The chromogenic assay 
can be endpoint or kinetic, and utilizes a p‐nitroaniline substrate, which is cleaved by an LAL 
proenzyme, providing a colorimetric readout [46]. The sensitivity of LAL assays is depen‐
dent on the sample type, processing method and time, as well as the dilution factor [46]. 
Additionally, the source of the LAL reagent plays a factor, as it is apparent when comparing 
the different limits of detection (LoD) reported for endotoxin standards. A survey of the rela‐
tive sensitivities of the LAL assay is shown in Table 1.
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caused by its binding to the mammalian innate immune receptor, toll‐like receptor 4 (TLR4) 
[11, 44, 47, 48]. Structurally, lipid A is covalently bound to the core polysaccharide, which is 
further divided into the inner and outer core polysaccharides, with the outer core being less 
conserved in both sugar moieties and location of glycosidic linkages [45, 49, 50].

There are two main forms of LPS—smooth (S‐form) and rough (R‐form) [42, 45, 46]. The distal 
end of LPS extends to a long chain O‐polysaccharide antigen (O‐ag(s)) in organisms possess‐
ing S‐form, which is an indicator of virulence [51, 52]. R‐form LPS is devoid of the O‐ag [45], 
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tyvelose, and abequose) that make the O‐ag unique are seldom found elsewhere [54]. Other 
variations to the polysaccharide are implemented through addition of noncarbohydrate enti‐
ties, such as acetyl or methyl groups [54]. These variations make discriminative detection of 
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in many cases to facilitate unit conversion [64, 65].
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LPS micelle [10, 45, 46, 56, 66–68], although other factors can also contribute. Lipid A is con‐
served within species in the number of fatty acid chains and the degree of saturation [44, 66] 
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species [47, 55]. Core polysaccharides are primarily made up of common sugars such as heptose 
and 2‐deoxy‐d‐mannooctulosonic acid (a.k.a. KDO), which can be functionalized with phos‐
phate or ethanolamine groups [45, 50, 78]. This feature contributes to varying charge distribu‐
tions and differential size ratio of the hydrophobic to hydrophilic regions which influences 
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micelle assembly [10, 59, 79, 80]. Other factors that contribute to micelle shape [10, 79] are pH 
[61], ion concentration [81–86], and temperature [62]. These biochemical properties drive host‐
pathogen interactions and should be considered in the design of detection strategies.

4. Detection methods for lipopolysaccharides and similar amphiphiles

There have been many efforts to establish rapid and reliable detection methods for LPS in 
clinical samples [10, 46] and for testing pharmacological products such as infusion fluids, 
sterile injectables, medical device implants, and others [87]. These methods can be broadly 
divided into six overlapping categories: in vivo and in vitro tests, immunoassays and their 
derivatives; biological, chemical, and cell‐based sensors. These methods span a broad range 
of sensitivity, but many lack the ability to differentiate between LPS serogroups.

4.1. Limulus amoebocyte lysate assay and the rabbit pyrogen test

The first method approved by the US Food and Drug Administration for LPS detection was 
called the rabbit pyrogen test [88–90], which simply measures the ability of an endotoxin to 
induce fever in an animal. Any febrile response was attributed to the presence of endotoxin 
[89–91]. The test, clearly, is activity‐based, and nonspecific. In the case of Hepatitis B vaccine 
manufacturing, the rabbit pyrogen test is still the standard method for determining endotoxin 
contamination [91], but the test is cost prohibitive and is minimally utilized today, except in 
some parenteral devices [10].

In 1956, Bang discovered that amoebocytes from Limulus polyphemus (a.k.a. horseshoe crab) 
agglutinate upon addition of endotoxin [46], as a result of a protease cascade [10]. Bang and 
Levin [46, 92] subsequently used this concept to devise a method for endotoxin detection. 
Since the lysates of amoebocytes were required, it was called the limulus amoebocyte lysate 
(LAL) assay, and is the gold standard for the detection of lipid A. The LAL assay is prone to 
variability and can be inhibited through several mechanisms. The United States Pharmacopeia 
and the Code of Federal Regulations have consequently published guidances for the manu‐
facturing and testing of assays for use on human products [93, 94]. Despite some challenges, 
the LAL assay is more rapid, cost effective, and reportedly 300 times more sensitive [46] than 
the rabbit pyrogen test [46].

Variants of the LAL assay use turbidimetric [95], chromogenic [46], or viscosity [10] measure‐
ments to determine results [10, 46]. A turbidimetric gel clot has more coagulen, and measures 
the change in turbidity over time, but does not form a solid clot [46, 95]. The viscosity assay, 
however, measures the degree of clotting via the change in viscosity. The chromogenic assay 
can be endpoint or kinetic, and utilizes a p‐nitroaniline substrate, which is cleaved by an LAL 
proenzyme, providing a colorimetric readout [46]. The sensitivity of LAL assays is depen‐
dent on the sample type, processing method and time, as well as the dilution factor [46]. 
Additionally, the source of the LAL reagent plays a factor, as it is apparent when comparing 
the different limits of detection (LoD) reported for endotoxin standards. A survey of the rela‐
tive sensitivities of the LAL assay is shown in Table 1.
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Description Sample Detection method Species Sensitivity 
(ng/mL)*

Specific Source

Rabbit pyrogen Purified endotoxin Febrile response – – No [89]

LAL Plasma Gelation Multiple 
species

0.5–5.0 No [96]

LAL Blood, plasma Gelation E. coli 0.5–5.0 No [92]

LAL Serum plasma Optical density E. coli 0.025–0.5 No [100]

LAL Urine Gelation E. coli 0.5 No [204]

LAL Urine Optical density Multiple 
species

2.0 No [98]

LAL Spinal fluid/ 
plasma

Optical density E. coli, 
Haemophilus 
influenzae B

0.1 No [101]

LAL Ascites Gelation E. coli 0.5 No [104]

LAL Cerebral/synovial – E. coli 1.0 No [103]

LAL Seawater Optical density E. coli 2.3 No [41]

LAL Purified endotoxin Gelation E. coli 1.0 No [95]

LAL Purified endotoxin Gelation Salmonella 
minnesota

10−11 No [111]

LAL Ground beef Gelation Enterobacter 
aerogenes

– No [205]

LAL Ground beef Gelation Multiple 
species

51.0 ng/g No [108]

LAL Milk Chromogenic Pseudomonas 
putida

0.01 No [107]

LAL Purified endotoxin Gelation E. coli O114 100 No [206]

LAL‐magnetoelastic 
sensor

Purified LPS resonant frequency E. coli O111:B4 0.0105 EU/
mL

No [207]

ENDOLisa® (LAL) Purified endotoxin Fluorescence E. coli spp., 
Salmonella 
spp.

0.05–500 EU/
mL

No [129]

ELISA Milk Abs at 405 nm E. coli 100–200 [165]

LPS pull down‐
sandwich ELISA

Pure cultures Abs at 450 nm E. coli O157 – [125]

LPS pull down‐
sandwich ELISA

Purified LPS Abs at 450 nm Salmonella 
spp. (31 total)

1.0 Yes [126]

Premier EIA E. coli 
O157

Stool extract Spectro‐
photometric

E. coli O157 – Yes [122]

LPS pull down Purified endotoxin RIA E. coli O114 300 No [206]

LPS pull down‐ion 
(NTA‐Cu)

Purified LPS EIS E. coli O55:B5 0.0001–0.1 No [161]

Diaphorase 
functionalized surface

Purified LPS Chemical E. coli O127:B8 50 Maybe [87]
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Description Sample Detection method Species Sensitivity 
(ng/mL)*

Specific Source

LPS pull down‐
SAMs with synthetic 
peptide

Purified LPS Electro‐chemistry E. coli ATCC 
35218

21.8 pg/mL No [189]

LPS pull down‐
SAMs with aptamer

Purified LPS EIS E. coli O55:B5 0.1–1.0 Maybe [159]

LPS pull down‐gold 
electrode w/ aptamer

Purified LPS EIS and cyclic 
voltammetry

E. coli O55:B5 0.001–1.0 No [160]

LPS aptamer 
sandwich

Purified LPS Electro‐chemistry – 10 fg/mL Maybe [188]

LPS pull down‐gold 
electrodes w/ PmB

Purified LPS EIS E. coli O111:B4 0.2 No [162]

Polydiacetylene 
liposomes

Purified LPS (5 
groups)

Change in Abs E. coli spp, 
Salmonella spp

2.22 mg/mL Yes [191]

Impedance 
enthothelial 
biosensor

Purified LPS in 
culture medium+

Resistivity of cell 
monolayer

– 500 No [169]

Macrophage 
microarrays on gold 
electrodes

Purified LPS in 
culture medium

FTIR E. coli O111:B4 0.1 µg/mL No [200]

Primary culture 
HDME cells

Purified LPS Fluorescence E. coli O111:B4 1.0 µg/mL No [171]

Engineered cells 
secrete alkaline 
phosphatase

Purified LPS in 
culture medium+

Electro‐chemistry – 0.1 No [170]

LPS pull down‐PmB Purified LPS Evanescent sensing E. coli 
O128:B12

25 No [75]

LPS pull down‐
TLR4/MD2 on gold 
electrodes

Purified LPS Electro‐chemistry E. coli O55:B5 0.0005 EU/
mL

No [180]

LPS pull down‐
membrane insertion

Purified LPS (3 
groups)

Evanescent sensing E. coli 420 Yes [74]

LPS pull 
down‐antibody

Pure cultures in 
ground beef

Evanescent sensing E. coli O157 – Yes [166]

LPS pull down‐
proanthocyanidin

FITC‐labeled LPS Fluorescence E. coli O55:B5 – No [192]

Copolythiophene 
interacts with LPS

Purified LPS Fluorescence E. coli O55:B5 2.5E−5–2.0 µM No [164]

Polydiacetylene 
liposomes

– Fluorescence – 0.1 µM No [190]

Peptide‐based 
fluorescence

Purified LPS FRET‐increase E. coli O111:B4 0.15–2.0 µM No [194]

Pyrenyl‐derived 
long‐chain 
quaternary 
ammonium probe

Purified LPS Fluorescence E. coli O55:B5 100 nM No [193]
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Description Sample Detection method Species Sensitivity 
(ng/mL)*

Specific Source

Rabbit pyrogen Purified endotoxin Febrile response – – No [89]

LAL Plasma Gelation Multiple 
species

0.5–5.0 No [96]

LAL Blood, plasma Gelation E. coli 0.5–5.0 No [92]

LAL Serum plasma Optical density E. coli 0.025–0.5 No [100]

LAL Urine Gelation E. coli 0.5 No [204]

LAL Urine Optical density Multiple 
species

2.0 No [98]

LAL Spinal fluid/ 
plasma

Optical density E. coli, 
Haemophilus 
influenzae B

0.1 No [101]

LAL Ascites Gelation E. coli 0.5 No [104]

LAL Cerebral/synovial – E. coli 1.0 No [103]

LAL Seawater Optical density E. coli 2.3 No [41]

LAL Purified endotoxin Gelation E. coli 1.0 No [95]

LAL Purified endotoxin Gelation Salmonella 
minnesota

10−11 No [111]

LAL Ground beef Gelation Enterobacter 
aerogenes

– No [205]

LAL Ground beef Gelation Multiple 
species

51.0 ng/g No [108]

LAL Milk Chromogenic Pseudomonas 
putida

0.01 No [107]

LAL Purified endotoxin Gelation E. coli O114 100 No [206]

LAL‐magnetoelastic 
sensor

Purified LPS resonant frequency E. coli O111:B4 0.0105 EU/
mL

No [207]

ENDOLisa® (LAL) Purified endotoxin Fluorescence E. coli spp., 
Salmonella 
spp.

0.05–500 EU/
mL

No [129]

ELISA Milk Abs at 405 nm E. coli 100–200 [165]

LPS pull down‐
sandwich ELISA

Pure cultures Abs at 450 nm E. coli O157 – [125]

LPS pull down‐
sandwich ELISA

Purified LPS Abs at 450 nm Salmonella 
spp. (31 total)

1.0 Yes [126]

Premier EIA E. coli 
O157

Stool extract Spectro‐
photometric

E. coli O157 – Yes [122]

LPS pull down Purified endotoxin RIA E. coli O114 300 No [206]

LPS pull down‐ion 
(NTA‐Cu)

Purified LPS EIS E. coli O55:B5 0.0001–0.1 No [161]

Diaphorase 
functionalized surface

Purified LPS Chemical E. coli O127:B8 50 Maybe [87]
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Description Sample Detection method Species Sensitivity 
(ng/mL)*

Specific Source

LPS pull down‐
SAMs with synthetic 
peptide

Purified LPS Electro‐chemistry E. coli ATCC 
35218

21.8 pg/mL No [189]

LPS pull down‐
SAMs with aptamer

Purified LPS EIS E. coli O55:B5 0.1–1.0 Maybe [159]

LPS pull down‐gold 
electrode w/ aptamer

Purified LPS EIS and cyclic 
voltammetry

E. coli O55:B5 0.001–1.0 No [160]

LPS aptamer 
sandwich

Purified LPS Electro‐chemistry – 10 fg/mL Maybe [188]

LPS pull down‐gold 
electrodes w/ PmB

Purified LPS EIS E. coli O111:B4 0.2 No [162]

Polydiacetylene 
liposomes

Purified LPS (5 
groups)

Change in Abs E. coli spp, 
Salmonella spp

2.22 mg/mL Yes [191]

Impedance 
enthothelial 
biosensor

Purified LPS in 
culture medium+

Resistivity of cell 
monolayer

– 500 No [169]

Macrophage 
microarrays on gold 
electrodes

Purified LPS in 
culture medium

FTIR E. coli O111:B4 0.1 µg/mL No [200]

Primary culture 
HDME cells

Purified LPS Fluorescence E. coli O111:B4 1.0 µg/mL No [171]

Engineered cells 
secrete alkaline 
phosphatase

Purified LPS in 
culture medium+

Electro‐chemistry – 0.1 No [170]

LPS pull down‐PmB Purified LPS Evanescent sensing E. coli 
O128:B12

25 No [75]

LPS pull down‐
TLR4/MD2 on gold 
electrodes

Purified LPS Electro‐chemistry E. coli O55:B5 0.0005 EU/
mL

No [180]

LPS pull down‐
membrane insertion

Purified LPS (3 
groups)

Evanescent sensing E. coli 420 Yes [74]

LPS pull 
down‐antibody

Pure cultures in 
ground beef

Evanescent sensing E. coli O157 – Yes [166]

LPS pull down‐
proanthocyanidin

FITC‐labeled LPS Fluorescence E. coli O55:B5 – No [192]

Copolythiophene 
interacts with LPS

Purified LPS Fluorescence E. coli O55:B5 2.5E−5–2.0 µM No [164]

Polydiacetylene 
liposomes

– Fluorescence – 0.1 µM No [190]

Peptide‐based 
fluorescence

Purified LPS FRET‐increase E. coli O111:B4 0.15–2.0 µM No [194]

Pyrenyl‐derived 
long‐chain 
quaternary 
ammonium probe

Purified LPS Fluorescence E. coli O55:B5 100 nM No [193]
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In 1970, Levin discovered that samples tested in whole blood would not render a positive 
result [92], but if plasma was extracted in chloroform and diluted 1–10%, then endotoxin 
activity could be detected in the 0.5–5 ng/mL range [92, 96]. Levin correctly assumed that 
components of whole blood were bound to endotoxin, thereby inhibiting the reaction with 
the LAL reagent [46, 92, 97], or changing the reaction kinetics [46]. This is evident when the 
amphiphilic nature of LPS and the aqueous nature of blood are considered. In addition to 
blood and plasma [46, 92, 96], the LAL assay has been used in urine [46, 98], cerebral spi‐
nal fluid, synovial fluid, ascites fluid, vaginal and cervical fluids, broncho‐alveolar lavage 
samples, seawater [46], bovine milk [99], and beef tissue [100, 101]. Virtually all of these have 
reported ng/mL LoDs, for endotoxin, but none are serogroup‐specific. Researchers have used 
heat [46, 102], chemical treatment with chloroform [103], acids [104, 105], alkali [106, 107], or 
ether [108] to improve sensitivity with some success when using heat or chemical extraction 
of the endotoxin [46, 109]. However, the results show poor reproducibility between research‐
ers (Table 1). Yin and Galanos [106] reported a sensitivity of 10−11 ng/mL for Salmonella spp., 
while Cooper et al. [89] reported 1.0 ng/mL for E. coli endotoxin. This disparity leaves a lot of 
questions and draws attention to the fact that small changes in preparation, heat or chemical 
treatments, usage of plastics instead of silanized glass, or addition of surfactants can result in 
altered assay sensitivity. This variation can also be explained by the variable biosynthesis of 
lipid A, as shown with Salmonella [47, 110]. Additionally, LAL can yield false positives upon 
reacting with other polysaccharides or β‐(1,3)‐glucans [10, 46] and depends on the source of 

Description Sample Detection method Species Sensitivity 
(ng/mL)*

Specific Source

LPS pull down‐
peptide on Graphene 
Oxide

Purified LPS (4 
groups)

Fluorescence Several 
species

130 pM No [195]

LPS pull down‐PmB 
capture

Purified LPS 
spiked in blood

Acoustic sensing E. coli O55:B5 1.0 No [196]

LPS pull down‐CD14 
capture

Biotin‐LPS Luminescence – 10.0 No [176]

LPS pull down 
Polyaniline + ConA 
lectin

Purified LPS and 
LTA

EIS E. coli,
S. aureus

50.0 No [208]

Aptamer sandwich 
on beads

Purified LPS Fluorescence E. coli O55:B5 0.01 Maybe [163]

LPS pull down 
endotoxin 
neutralizing protein

Purified LPS Capacitance E. coli 10−13 M No [181]

LPS pull down 
CramoLL lectin

Purified LPS (4 
types)

EIS E. coli 
Salmonella 
Klebsiella 
Serratia

25.0 µg/mL No [185]

*Unless otherwise indicated.

Table 1. Overview of sensitivities and specificities for LPS detection methods.
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bacteria, as LPS/endotoxin can vary in toxicity [10, 56, 79, 68], in regards to immune stimulation  
[41, 46, 111].

Thus, the LAL assay and rabbit pyrogen test, both based on the native immune responses 
of the horseshoe crab or rabbit, exhibit significant variability in outcomes. Despite these, the 
LAL is still very useful for quickly detecting contamination. For example, in 1981, Jay [101] 
used the LAL test to determine both microbial counts and endotoxin load in 153 samples of 
store bought ground beef with a mean sensitivity of 7.9 µg/mL (endotoxin/beef sample) in 1 h.  
In 1985, Nachum and Shanbrom [46] used a chromogenic LAL system to detect between 2 and 
175 ng/mL of endotoxin in 324 patient urine samples, with the assay taking between 2 and 4 h. 
Timely detection is valuable to both patient care and product viability. Despite being an ideal 
test for the presence of endotoxin, determining identity of pathogens still requires culture or 
enrichment.

4.2. Immunoassays for LPS detection and antibody selection

Developed in 1971 [112, 113], the enzyme‐linked immunosorbent assays (ELISAs) are based 
on the immune reaction between antigen and antibody, with each assay being tailored for the 
unique antigen being tested. ELISAs were evaluated for Salmonella O‐ags very early in devel‐
opment [114]. However, ELISAs for lipoglycans such as LPS suffer from low sensitivity and 
reproducibility [115–117]. One of the primary reasons for sensitivity issues is the amphipathic 
biochemistry of these molecules, leading to inconsistent binding on ELISA plates [118], and 
variable conformations of epitope binding sites [12, 119].

There exist two primary types of LPS‐ELISAs, which detect either the LPS antigen, or LPS 
antibody titers. With the former, the plate surface is typically coated with a primary capture 
antibody specific to LPS, or with the sample to be tested [118]. After antigen capture, an epitope‐ 
specific antibody is used to detect LPS. The detection antibody can be directly labeled with an 
enzyme [113] or secondary antibody for colorimetric detection [120, 121]. In 1998, Mackenzie 
et al. [122] reported on the effectiveness of a commercial assay to screen stool samples for 
E. coli O157 antigens, and found that re‐testing samples provided inconsistent results. It was 
speculated that this was due to inefficient washing of the microwells, yet the amphiphilic 
antigen preparation and its presentation to antibodies could have contributed to assay incon‐
sistencies. It was also not considered that LPS is notorious for nonspecific and inconsistent 
binding on microplates [10, 116, 118]. In clinical samples, the association of LPS with host 
carrier molecules may affect its ability to adhere to capture surfaces [123, 124], as proteins 
will preferentially bind to the plate. Some groups have also reported cross reactivity or false 
positives with LPS sandwich ELISAs [125, 126]. Choi et al. [126] developed a sensitive cap‐
ture ELISA with 24 species of Salmonella, but cross reactivity was observed. To mitigate cross 
reactivity, attempts have been made to substitute antibodies with other ligands. Grallert et al. 
[127, 128] coated microplates with proteins isolated from bacteriophages, which are specific 
to core polysaccharides in order to capture LPS, followed by detection with Factor C (a com‐
ponent of the LAL assay). This sandwich ENDOLisa®, a microplate assay for direct detection 
of endotoxin, reports sensitivity between 0.05 and 500 EU/mL. This technology is sold as 
the Endotoxin Sample Preparation (ESP™) kit, and is one of the few kits available for direct 
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In 1970, Levin discovered that samples tested in whole blood would not render a positive 
result [92], but if plasma was extracted in chloroform and diluted 1–10%, then endotoxin 
activity could be detected in the 0.5–5 ng/mL range [92, 96]. Levin correctly assumed that 
components of whole blood were bound to endotoxin, thereby inhibiting the reaction with 
the LAL reagent [46, 92, 97], or changing the reaction kinetics [46]. This is evident when the 
amphiphilic nature of LPS and the aqueous nature of blood are considered. In addition to 
blood and plasma [46, 92, 96], the LAL assay has been used in urine [46, 98], cerebral spi‐
nal fluid, synovial fluid, ascites fluid, vaginal and cervical fluids, broncho‐alveolar lavage 
samples, seawater [46], bovine milk [99], and beef tissue [100, 101]. Virtually all of these have 
reported ng/mL LoDs, for endotoxin, but none are serogroup‐specific. Researchers have used 
heat [46, 102], chemical treatment with chloroform [103], acids [104, 105], alkali [106, 107], or 
ether [108] to improve sensitivity with some success when using heat or chemical extraction 
of the endotoxin [46, 109]. However, the results show poor reproducibility between research‐
ers (Table 1). Yin and Galanos [106] reported a sensitivity of 10−11 ng/mL for Salmonella spp., 
while Cooper et al. [89] reported 1.0 ng/mL for E. coli endotoxin. This disparity leaves a lot of 
questions and draws attention to the fact that small changes in preparation, heat or chemical 
treatments, usage of plastics instead of silanized glass, or addition of surfactants can result in 
altered assay sensitivity. This variation can also be explained by the variable biosynthesis of 
lipid A, as shown with Salmonella [47, 110]. Additionally, LAL can yield false positives upon 
reacting with other polysaccharides or β‐(1,3)‐glucans [10, 46] and depends on the source of 

Description Sample Detection method Species Sensitivity 
(ng/mL)*

Specific Source

LPS pull down‐
peptide on Graphene 
Oxide

Purified LPS (4 
groups)

Fluorescence Several 
species

130 pM No [195]

LPS pull down‐PmB 
capture

Purified LPS 
spiked in blood

Acoustic sensing E. coli O55:B5 1.0 No [196]

LPS pull down‐CD14 
capture

Biotin‐LPS Luminescence – 10.0 No [176]

LPS pull down 
Polyaniline + ConA 
lectin

Purified LPS and 
LTA

EIS E. coli,
S. aureus

50.0 No [208]

Aptamer sandwich 
on beads

Purified LPS Fluorescence E. coli O55:B5 0.01 Maybe [163]

LPS pull down 
endotoxin 
neutralizing protein

Purified LPS Capacitance E. coli 10−13 M No [181]

LPS pull down 
CramoLL lectin

Purified LPS (4 
types)

EIS E. coli 
Salmonella 
Klebsiella 
Serratia

25.0 µg/mL No [185]

*Unless otherwise indicated.

Table 1. Overview of sensitivities and specificities for LPS detection methods.
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bacteria, as LPS/endotoxin can vary in toxicity [10, 56, 79, 68], in regards to immune stimulation  
[41, 46, 111].

Thus, the LAL assay and rabbit pyrogen test, both based on the native immune responses 
of the horseshoe crab or rabbit, exhibit significant variability in outcomes. Despite these, the 
LAL is still very useful for quickly detecting contamination. For example, in 1981, Jay [101] 
used the LAL test to determine both microbial counts and endotoxin load in 153 samples of 
store bought ground beef with a mean sensitivity of 7.9 µg/mL (endotoxin/beef sample) in 1 h.  
In 1985, Nachum and Shanbrom [46] used a chromogenic LAL system to detect between 2 and 
175 ng/mL of endotoxin in 324 patient urine samples, with the assay taking between 2 and 4 h. 
Timely detection is valuable to both patient care and product viability. Despite being an ideal 
test for the presence of endotoxin, determining identity of pathogens still requires culture or 
enrichment.

4.2. Immunoassays for LPS detection and antibody selection

Developed in 1971 [112, 113], the enzyme‐linked immunosorbent assays (ELISAs) are based 
on the immune reaction between antigen and antibody, with each assay being tailored for the 
unique antigen being tested. ELISAs were evaluated for Salmonella O‐ags very early in devel‐
opment [114]. However, ELISAs for lipoglycans such as LPS suffer from low sensitivity and 
reproducibility [115–117]. One of the primary reasons for sensitivity issues is the amphipathic 
biochemistry of these molecules, leading to inconsistent binding on ELISA plates [118], and 
variable conformations of epitope binding sites [12, 119].

There exist two primary types of LPS‐ELISAs, which detect either the LPS antigen, or LPS 
antibody titers. With the former, the plate surface is typically coated with a primary capture 
antibody specific to LPS, or with the sample to be tested [118]. After antigen capture, an epitope‐ 
specific antibody is used to detect LPS. The detection antibody can be directly labeled with an 
enzyme [113] or secondary antibody for colorimetric detection [120, 121]. In 1998, Mackenzie 
et al. [122] reported on the effectiveness of a commercial assay to screen stool samples for 
E. coli O157 antigens, and found that re‐testing samples provided inconsistent results. It was 
speculated that this was due to inefficient washing of the microwells, yet the amphiphilic 
antigen preparation and its presentation to antibodies could have contributed to assay incon‐
sistencies. It was also not considered that LPS is notorious for nonspecific and inconsistent 
binding on microplates [10, 116, 118]. In clinical samples, the association of LPS with host 
carrier molecules may affect its ability to adhere to capture surfaces [123, 124], as proteins 
will preferentially bind to the plate. Some groups have also reported cross reactivity or false 
positives with LPS sandwich ELISAs [125, 126]. Choi et al. [126] developed a sensitive cap‐
ture ELISA with 24 species of Salmonella, but cross reactivity was observed. To mitigate cross 
reactivity, attempts have been made to substitute antibodies with other ligands. Grallert et al. 
[127, 128] coated microplates with proteins isolated from bacteriophages, which are specific 
to core polysaccharides in order to capture LPS, followed by detection with Factor C (a com‐
ponent of the LAL assay). This sandwich ENDOLisa®, a microplate assay for direct detection 
of endotoxin, reports sensitivity between 0.05 and 500 EU/mL. This technology is sold as 
the Endotoxin Sample Preparation (ESP™) kit, and is one of the few kits available for direct 
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detection of endotoxin in blood or serum [129]. However, the assay is unable to differentiate 
between serogroups.

The second type of ELISA measures LPS antibody titers to screen for Gram‐negative bacterial 
infections. Here, the surface of the plate is functionalized with the antigen to pull down anti‐
bodies (Immunglobulins A, G, and M (IgG, IgA, IgM)) from serum. Since this method is based 
on adaptive immunity, there is a lag between initial exposure to the pathogen, and increased 
antibody titers [130], making early detection difficult. This assay is not specific for active infec‐
tion, but has been used to monitor population health and track epidemiology of infections. 
Screening has been used to detect exposure of military personnel to Shigella [131], obstetric 
patients with Chlamydia spp. [132], patients with Salmonella [133], and other pathogens [114, 
134–137]. Suthienkul et al. [136] used an indirect ELISA to passively adsorb LPS onto polysty‐
rene plates, and measure associated IgG/IgM titers in cholera patients. The results indicated dis‐
crepancies between the titers of IgG and IgM in young versus older patients, which could either 
be due to the inconsistency of LPS coating or associated with cross reactivity [138]. Suthienkul 
also acknowledged that antibody levels in infants screened could be inherited from the mother 
[136, 139].

Functionalizing ELISA plates with amphiphilic LPS is a technical challenge [12], since the sur‐
faces are optimized for protein binding. In the late 1970s, it was discovered that polymyxin B 
(an antibiotic, PmB) interacted with LPS monomers in a 1:1 ratio [86, 140], and can be used to 
functionalize surfaces for Gram‐negative detection [119]. However, PmB recognizes the con‐
served lipid A group of LPS, and does not allow for discriminative detection. Takahashi et al.  
[118] showed that precoating the plate with high molecular weight poly‐l‐lysine increases sur‐
face adsorption and allows for detection of 1 µg/mL LPS, with no cross reactivity. Others have 
studied the effects of ions such as calcium and magnesium [141], trichloroacetic acid [142], mix‐
ing the antigen in chloroform/ethanol, and drying on the plate surface [135], or complexing LPS 
with a protein such as bovine serum albumin [143] to improve performance and reproducibility. 
Functionalization of ELISA plates with proteins known to bind LPS, such as high‐ or low‐density 
lipoproteins (HDL, LDL), chylomicrons, and LPS‐binding protein (LBP) have also been evalu‐
ated [123, 124] and offers promise for the reliable detection of LPS antigen in complex samples.

Other limitations for LPS detection include the fact that many LPS antigens have not been iso‐
lated [144] and thus are not available for the development of screening assays, limiting acces‐
sibility of specific antibodies as well [145–150]. However, there is also a need to refine methods 
for selection of tailored antibodies. While there are variations [10], ELISA plates are typically 
functionalized with whole dead bacteria to screen monoclonal antibody cultures [145, 146, 
148], giving rise to potentially cross reactive clones [10, 144] that are then screened against a 
multitude of bacterial strains [146, 149, 150]. It is noted that it is impossible to screen clones 
against all epitopes of LPS, even amongst the many E. coli serotypes. In 2000, Jauho et al. [12]  
addressed this issue by covalently linking purified LPS O‐ags to polystyrene ELISA plates 
using anthraquinone and UV irradiation. This technique could prove useful in developing sero‐
group‐specific antibodies against LPS, as conserved antigens like lipid A and core polysaccha‐
ride are absent. Alternative methods for antibody screening have utilized immunoblotting [144, 
149, 151–153] and flow cytometry [154–156]. In addition, ELISAs can suffer from high back‐
ground due to nonspecific interactions limiting their sensitivity [10, 122, 135, 157]. Particularly, 
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endogenous endotoxin present in reagents, on glassware, or plastics [158], may contribute to 
false positive results. Factors identified above have to be carefully considered in the develop‐
ment of ELISAs targeting LPS.

4.3. Biological and chemical‐based LPS sensing

Many advanced methods such as electrochemical impedance spectroscopy (EIS) [159–161], anti‐
microbials [75, 162], aptamers [163], synthetic polymers [164], optical immunoassays [122, 125, 
165], waveguide technology [75, 166, 167], lipid bilayers [9, 74, 168], and in vitro [169–171] assays 
have been applied for LPS detection. These technologies involve functionalizing biosensors 
with proteins or molecules to pull down LPS from a sample.

LBP [10], a relatively small protein (~60 kDa) that transports LPS in blood, shuttles the antigen 
to the cluster of differentiation 14 (CD14) protein in the extracellular matrix, or to the membrane 
of immune cells, such as macrophages [10]. After LPS binds CD14, it is passed to the hydropho‐
bic binding pocket of myeloid differentiation factor 2 (MD‐2) [7, 10], a necessary cofactor for 
the activation of TLR4. Also, the serum carrier lipoproteins (HDL and LDL), are carriers for LPS 
in blood. In addition to these, LPS has been demonstrated to bind aptamers [159, 160], various 
peptides [87, 109, 162, 172], and metal/cation complexes [84, 86, 161, 173–175]. Such carrier moi‐
eties are exploited in the development of novel detection methods for LPS, as outlined below.

For electrochemical (EC) sensing of LPS, a recognition ligand (similar to ELISA) and a trans‐
ducer are required to measure the variation in signal [161]. For fluorescence‐based sensing, 
a receptor captures LPS, while another molecule emits a fluorescent signal when bound to 
the antigen. Burkhardt et al. [176] used solubilized LBP to transfer LPS to a CD14 functional‐
ized surface, with a LoD of 10 ng/mL using an electro‐chemiluminescent assay. This method 
enforces the role of LBP as a lipid transfer protein, as demonstrated by Wurfel et al. [177, 178] 
and shows that CD14 can bind monomeric LPS in the absence of TLR4 [179]. Highly sensitive 
(LoD = 0.0005 EU) EC sensors have also been developed using a recombinant TLR4 + MD‐2 
complex for recognition of LPS [180]. Yet, these assays are unable to discriminate between LPS 
serogroups. Priano et al. [10] developed a competitive EC assay using recombinant endotoxin‐
neutralizing protein (ENP) on a dextran matrix, with a detection range of 1–100 ng/mL. ENP 
has also been used in a capacitive biosensor with an extremely low LoD (1.0 × 10−13 M) [181]. 
The sensitivity differences may be due to variations in surface functionalization. Priano et al. 
[10] used the dextran matrix, and Limbut et al. [181] used self‐assembled monolayers, which 
provide low background interference [182–184]. Inoue and Takano [10] used a recombinant 
factor C in an EC hybrid LAL biosensor, with a sensitivity range of 5 × 10−4–1.0 EU/mL [10]. 
Kato [87] and Iijima [10] labeled PmB with ferrocene‐bound LPS in solution, and captured it 
on a nanocarbon‐film electrode with a detection range of 2–50 ng/mL in 5 minutes [10]. Ding 
et al. [162] functionalized an electrode with PmB and performed EIS with a detection range of 
0.2–0.8 ng/mL which is more sensitive, but has a smaller range. A broader detection range was 
demonstrated by Rahman et al. [172] who functionalized interdigitated electrodes with PmB 
and tested 0.1–1000 µg/mL of LPS O111:B4 in food samples, using impedance spectroscopy. 
Sugar binding proteins, such as lectins and polyaniline coated electrodes, have been used 
for detecting LPS [10], as with an EIS sensor functionalized with the lectin, cramoLL, with a 
detection range of 25–200 µg/mL [185].
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detection of endotoxin in blood or serum [129]. However, the assay is unable to differentiate 
between serogroups.

The second type of ELISA measures LPS antibody titers to screen for Gram‐negative bacterial 
infections. Here, the surface of the plate is functionalized with the antigen to pull down anti‐
bodies (Immunglobulins A, G, and M (IgG, IgA, IgM)) from serum. Since this method is based 
on adaptive immunity, there is a lag between initial exposure to the pathogen, and increased 
antibody titers [130], making early detection difficult. This assay is not specific for active infec‐
tion, but has been used to monitor population health and track epidemiology of infections. 
Screening has been used to detect exposure of military personnel to Shigella [131], obstetric 
patients with Chlamydia spp. [132], patients with Salmonella [133], and other pathogens [114, 
134–137]. Suthienkul et al. [136] used an indirect ELISA to passively adsorb LPS onto polysty‐
rene plates, and measure associated IgG/IgM titers in cholera patients. The results indicated dis‐
crepancies between the titers of IgG and IgM in young versus older patients, which could either 
be due to the inconsistency of LPS coating or associated with cross reactivity [138]. Suthienkul 
also acknowledged that antibody levels in infants screened could be inherited from the mother 
[136, 139].

Functionalizing ELISA plates with amphiphilic LPS is a technical challenge [12], since the sur‐
faces are optimized for protein binding. In the late 1970s, it was discovered that polymyxin B 
(an antibiotic, PmB) interacted with LPS monomers in a 1:1 ratio [86, 140], and can be used to 
functionalize surfaces for Gram‐negative detection [119]. However, PmB recognizes the con‐
served lipid A group of LPS, and does not allow for discriminative detection. Takahashi et al.  
[118] showed that precoating the plate with high molecular weight poly‐l‐lysine increases sur‐
face adsorption and allows for detection of 1 µg/mL LPS, with no cross reactivity. Others have 
studied the effects of ions such as calcium and magnesium [141], trichloroacetic acid [142], mix‐
ing the antigen in chloroform/ethanol, and drying on the plate surface [135], or complexing LPS 
with a protein such as bovine serum albumin [143] to improve performance and reproducibility. 
Functionalization of ELISA plates with proteins known to bind LPS, such as high‐ or low‐density 
lipoproteins (HDL, LDL), chylomicrons, and LPS‐binding protein (LBP) have also been evalu‐
ated [123, 124] and offers promise for the reliable detection of LPS antigen in complex samples.

Other limitations for LPS detection include the fact that many LPS antigens have not been iso‐
lated [144] and thus are not available for the development of screening assays, limiting acces‐
sibility of specific antibodies as well [145–150]. However, there is also a need to refine methods 
for selection of tailored antibodies. While there are variations [10], ELISA plates are typically 
functionalized with whole dead bacteria to screen monoclonal antibody cultures [145, 146, 
148], giving rise to potentially cross reactive clones [10, 144] that are then screened against a 
multitude of bacterial strains [146, 149, 150]. It is noted that it is impossible to screen clones 
against all epitopes of LPS, even amongst the many E. coli serotypes. In 2000, Jauho et al. [12]  
addressed this issue by covalently linking purified LPS O‐ags to polystyrene ELISA plates 
using anthraquinone and UV irradiation. This technique could prove useful in developing sero‐
group‐specific antibodies against LPS, as conserved antigens like lipid A and core polysaccha‐
ride are absent. Alternative methods for antibody screening have utilized immunoblotting [144, 
149, 151–153] and flow cytometry [154–156]. In addition, ELISAs can suffer from high back‐
ground due to nonspecific interactions limiting their sensitivity [10, 122, 135, 157]. Particularly, 
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endogenous endotoxin present in reagents, on glassware, or plastics [158], may contribute to 
false positive results. Factors identified above have to be carefully considered in the develop‐
ment of ELISAs targeting LPS.

4.3. Biological and chemical‐based LPS sensing

Many advanced methods such as electrochemical impedance spectroscopy (EIS) [159–161], anti‐
microbials [75, 162], aptamers [163], synthetic polymers [164], optical immunoassays [122, 125, 
165], waveguide technology [75, 166, 167], lipid bilayers [9, 74, 168], and in vitro [169–171] assays 
have been applied for LPS detection. These technologies involve functionalizing biosensors 
with proteins or molecules to pull down LPS from a sample.

LBP [10], a relatively small protein (~60 kDa) that transports LPS in blood, shuttles the antigen 
to the cluster of differentiation 14 (CD14) protein in the extracellular matrix, or to the membrane 
of immune cells, such as macrophages [10]. After LPS binds CD14, it is passed to the hydropho‐
bic binding pocket of myeloid differentiation factor 2 (MD‐2) [7, 10], a necessary cofactor for 
the activation of TLR4. Also, the serum carrier lipoproteins (HDL and LDL), are carriers for LPS 
in blood. In addition to these, LPS has been demonstrated to bind aptamers [159, 160], various 
peptides [87, 109, 162, 172], and metal/cation complexes [84, 86, 161, 173–175]. Such carrier moi‐
eties are exploited in the development of novel detection methods for LPS, as outlined below.

For electrochemical (EC) sensing of LPS, a recognition ligand (similar to ELISA) and a trans‐
ducer are required to measure the variation in signal [161]. For fluorescence‐based sensing, 
a receptor captures LPS, while another molecule emits a fluorescent signal when bound to 
the antigen. Burkhardt et al. [176] used solubilized LBP to transfer LPS to a CD14 functional‐
ized surface, with a LoD of 10 ng/mL using an electro‐chemiluminescent assay. This method 
enforces the role of LBP as a lipid transfer protein, as demonstrated by Wurfel et al. [177, 178] 
and shows that CD14 can bind monomeric LPS in the absence of TLR4 [179]. Highly sensitive 
(LoD = 0.0005 EU) EC sensors have also been developed using a recombinant TLR4 + MD‐2 
complex for recognition of LPS [180]. Yet, these assays are unable to discriminate between LPS 
serogroups. Priano et al. [10] developed a competitive EC assay using recombinant endotoxin‐
neutralizing protein (ENP) on a dextran matrix, with a detection range of 1–100 ng/mL. ENP 
has also been used in a capacitive biosensor with an extremely low LoD (1.0 × 10−13 M) [181]. 
The sensitivity differences may be due to variations in surface functionalization. Priano et al. 
[10] used the dextran matrix, and Limbut et al. [181] used self‐assembled monolayers, which 
provide low background interference [182–184]. Inoue and Takano [10] used a recombinant 
factor C in an EC hybrid LAL biosensor, with a sensitivity range of 5 × 10−4–1.0 EU/mL [10]. 
Kato [87] and Iijima [10] labeled PmB with ferrocene‐bound LPS in solution, and captured it 
on a nanocarbon‐film electrode with a detection range of 2–50 ng/mL in 5 minutes [10]. Ding 
et al. [162] functionalized an electrode with PmB and performed EIS with a detection range of 
0.2–0.8 ng/mL which is more sensitive, but has a smaller range. A broader detection range was 
demonstrated by Rahman et al. [172] who functionalized interdigitated electrodes with PmB 
and tested 0.1–1000 µg/mL of LPS O111:B4 in food samples, using impedance spectroscopy. 
Sugar binding proteins, such as lectins and polyaniline coated electrodes, have been used 
for detecting LPS [10], as with an EIS sensor functionalized with the lectin, cramoLL, with a 
detection range of 25–200 µg/mL [185].
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Several assays have been developed using aptamers as the detection ligand. Su et al. [160, 186, 
187] used aptamers attached to gold nanoparticles to detect LPS using EIS, with an impressive 
detection limit of 0.1 pg/mL [10]. Aptamers have also been used in a magnetic aptasensor to 
detect LPS in medias containing BSA, sucrose, glucose, or RNA [163], and provide a detection 
range of 0.01–1.0 × 106 ng/mL (LPS O55:B5) by flow cytometry within 1 minute. Bai et al. [188] 
developed an EC sensor where aptamers that bind LPS were hybridized with capture probes, 
which were hybridized to complementary DNA sequences on gold nanoparticles with a very 
sensitive range (10 fg/mL up to 50 ng/mL). However, multiple aptamer libraries against O‐ag 
would be essential before this method could be implemented for serogroup discrimination. 
Modifications to improve sensitivity include use of SAMs to functionalize sensors with peptides 
[189], PmB [162], antibodies [10], and aptamers [159]. Despite optimal surface capture methods, 
some of these assays suffer from poor detection limits or range of performance [10, 159].

Investigators have utilized the interaction of LPS with synthetic systems such as copoly‐
thiophene copolymers [164] and polydiacetylene liposomes [190, 191]. Johnson et al. [192] 
demonstrated an endotoxin capture technique by functionalizing a bead matrix with proan‐
thocyanidins and binding with fluorescein isothiocyanate‐labeled LPS [192]. Pyrenyl‐derived 
quaternary ammonium probes, developed by Zeng et al. [193] exhibited fluorescence when 
bound to LPS and detected nanomolar concentrations, while fluorescently labeled CD14 syn‐
thetic peptides demonstrated an increase in Förster resonance energy transfer when bound to 
LPS, but were only able to detect µM concentrations [194]. Lim et al. [195] used a functionalized 
graphene oxide to develop a fluorescence quench‐recovery method for LPS, targeting the lipid 
A component. Thompson et al. [196] designed a tandem system to both detect (LoD = 1.0 ng/mL) 
and filter LPS from blood using piezoelectric quartz discs functionalized with PmB.

Other methods have taken advantage of the amphipathic nature of LPS. Harmon et al. [197] 
demonstrated that disrupting the hydrophobic association of LPS with liposomes increases 
the sensitivity of the LAL assay. Stromberg et al. [74, 198] were able to detect 4.20 µg/mL of 
amphiphilic LPS O157 in beef lysates on a waveguide biosensor using a technique called 
membrane insertion, which has previously been applied to other amphiphiles such as LAM 
and phenolic glycolipids [8, 9, 199]. Membrane insertion uses the natural association of 
amphiphiles with a lipid bilayer to facilitate detection and fluorescent detection of a labeled 
antibody is performed within an evanescent field [168, 199]. Many biosensors report exquisite 
sensitivity, even down to the picogram [164] and femtomolar [9, 168, 199] range, but very few 
are capable of physiological presentation of amphiphiles to facilitate discriminative detection 
of O‐ag groups [74, 167, 198].

4.4. Cell‐based LPS detection systems

Cell systems are ideal for recognizing endotoxin, although interpreting the signal response 
can be challenging. Bouafsoun et al. [169] functionalized the surface of an impedance biosen‐
sor with endothelial cells, and measured the decrease in impedance with LPS binding, with a 
sensitivity of 500 ng/mL. Veiseh et al. [200] patterned macrophage cells onto gold electrodes 
to detect LPS concentrations of 0.1–10 µg/mL. However, cells were concurrently stained with 
necrosis and apoptosis markers in parallel studies, and no staining effect could be seen in cells 
using concentrations less than 10 µg/mL. This is an interesting effect, as in many in vitro studies, 
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cytokine response is induced at much lower concentrations of endotoxin [97, 201, 202]. It can be 
deduced that Veiseh used serum supplemented media in the experiments, and the lipoproteins 
and LBP in serum could have a protective effect on cells [46, 202, 203], and attenuated assay 
sensitivity. The most sensitive cell‐based assay was developed by Inoue et al. [170] with a LoD 
of 0.1–1.0 ng/mL. Here, cells were engineered to secrete alkaline phosphatase in the presence 
of LPS, and patterned on the surface of an amperometric biosensor to measure voltage change 
upon LPS binding. Cell‐based in vitro assays are prone to errors and contamination, so develop‐
ing a robust and fieldable assay based on this technology is not plausible. However, by study‐
ing LPS in cell‐based systems, knowledge about interactions with receptors and cell membranes 
can be gained, which can facilitate better detection methods.

5. Conclusions

Many novel approaches have been used for the detection of amphiphilic LPS, not all of which 
are functional in physiological matrices or have the required sensitivity or ease of use. One 
major reason for this is the failure to incorporate the amphiphilic properties of the antigen 
into assay design. The presentation, conformation, and host‐interactions of the antigens 
should be considered for the development of effective assays. While both LAL and EC assays 
are the most sensitive for testing endotoxicity, identifying O‐ag with a high degree of selec‐
tivity remains elusive, and limited to methods that use specific recognition ligands, such as 
membrane insertion and ELISAs. By far, the greatest limitation has been the lack of sensitive 
and selective ligands for the serogroup‐specific detection of the antigen. Thus, as repositories 
of these necessary recognition molecules expand to include more serogroups, so too will our 
ability to selectively detect LPS.
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Several assays have been developed using aptamers as the detection ligand. Su et al. [160, 186, 
187] used aptamers attached to gold nanoparticles to detect LPS using EIS, with an impressive 
detection limit of 0.1 pg/mL [10]. Aptamers have also been used in a magnetic aptasensor to 
detect LPS in medias containing BSA, sucrose, glucose, or RNA [163], and provide a detection 
range of 0.01–1.0 × 106 ng/mL (LPS O55:B5) by flow cytometry within 1 minute. Bai et al. [188] 
developed an EC sensor where aptamers that bind LPS were hybridized with capture probes, 
which were hybridized to complementary DNA sequences on gold nanoparticles with a very 
sensitive range (10 fg/mL up to 50 ng/mL). However, multiple aptamer libraries against O‐ag 
would be essential before this method could be implemented for serogroup discrimination. 
Modifications to improve sensitivity include use of SAMs to functionalize sensors with peptides 
[189], PmB [162], antibodies [10], and aptamers [159]. Despite optimal surface capture methods, 
some of these assays suffer from poor detection limits or range of performance [10, 159].

Investigators have utilized the interaction of LPS with synthetic systems such as copoly‐
thiophene copolymers [164] and polydiacetylene liposomes [190, 191]. Johnson et al. [192] 
demonstrated an endotoxin capture technique by functionalizing a bead matrix with proan‐
thocyanidins and binding with fluorescein isothiocyanate‐labeled LPS [192]. Pyrenyl‐derived 
quaternary ammonium probes, developed by Zeng et al. [193] exhibited fluorescence when 
bound to LPS and detected nanomolar concentrations, while fluorescently labeled CD14 syn‐
thetic peptides demonstrated an increase in Förster resonance energy transfer when bound to 
LPS, but were only able to detect µM concentrations [194]. Lim et al. [195] used a functionalized 
graphene oxide to develop a fluorescence quench‐recovery method for LPS, targeting the lipid 
A component. Thompson et al. [196] designed a tandem system to both detect (LoD = 1.0 ng/mL) 
and filter LPS from blood using piezoelectric quartz discs functionalized with PmB.

Other methods have taken advantage of the amphipathic nature of LPS. Harmon et al. [197] 
demonstrated that disrupting the hydrophobic association of LPS with liposomes increases 
the sensitivity of the LAL assay. Stromberg et al. [74, 198] were able to detect 4.20 µg/mL of 
amphiphilic LPS O157 in beef lysates on a waveguide biosensor using a technique called 
membrane insertion, which has previously been applied to other amphiphiles such as LAM 
and phenolic glycolipids [8, 9, 199]. Membrane insertion uses the natural association of 
amphiphiles with a lipid bilayer to facilitate detection and fluorescent detection of a labeled 
antibody is performed within an evanescent field [168, 199]. Many biosensors report exquisite 
sensitivity, even down to the picogram [164] and femtomolar [9, 168, 199] range, but very few 
are capable of physiological presentation of amphiphiles to facilitate discriminative detection 
of O‐ag groups [74, 167, 198].

4.4. Cell‐based LPS detection systems

Cell systems are ideal for recognizing endotoxin, although interpreting the signal response 
can be challenging. Bouafsoun et al. [169] functionalized the surface of an impedance biosen‐
sor with endothelial cells, and measured the decrease in impedance with LPS binding, with a 
sensitivity of 500 ng/mL. Veiseh et al. [200] patterned macrophage cells onto gold electrodes 
to detect LPS concentrations of 0.1–10 µg/mL. However, cells were concurrently stained with 
necrosis and apoptosis markers in parallel studies, and no staining effect could be seen in cells 
using concentrations less than 10 µg/mL. This is an interesting effect, as in many in vitro studies, 
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cytokine response is induced at much lower concentrations of endotoxin [97, 201, 202]. It can be 
deduced that Veiseh used serum supplemented media in the experiments, and the lipoproteins 
and LBP in serum could have a protective effect on cells [46, 202, 203], and attenuated assay 
sensitivity. The most sensitive cell‐based assay was developed by Inoue et al. [170] with a LoD 
of 0.1–1.0 ng/mL. Here, cells were engineered to secrete alkaline phosphatase in the presence 
of LPS, and patterned on the surface of an amperometric biosensor to measure voltage change 
upon LPS binding. Cell‐based in vitro assays are prone to errors and contamination, so develop‐
ing a robust and fieldable assay based on this technology is not plausible. However, by study‐
ing LPS in cell‐based systems, knowledge about interactions with receptors and cell membranes 
can be gained, which can facilitate better detection methods.

5. Conclusions

Many novel approaches have been used for the detection of amphiphilic LPS, not all of which 
are functional in physiological matrices or have the required sensitivity or ease of use. One 
major reason for this is the failure to incorporate the amphiphilic properties of the antigen 
into assay design. The presentation, conformation, and host‐interactions of the antigens 
should be considered for the development of effective assays. While both LAL and EC assays 
are the most sensitive for testing endotoxicity, identifying O‐ag with a high degree of selec‐
tivity remains elusive, and limited to methods that use specific recognition ligands, such as 
membrane insertion and ELISAs. By far, the greatest limitation has been the lack of sensitive 
and selective ligands for the serogroup‐specific detection of the antigen. Thus, as repositories 
of these necessary recognition molecules expand to include more serogroups, so too will our 
ability to selectively detect LPS.
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Abstract

We investigated separate and simultaneous effect of temperature, salinity and solar  radiation, 
as well as bacterial strain and origin on Escherichia coli (E. coli) survival in  seawater in experi-
mental conditions. The experiments were carried out by placing the bottles filled with sea-
water of different salinity (15.0, 30.0 and 36.5 psu) and contaminated by bacterial cultures in 
three light‐protected air incubators set to different temperatures (6, 12, 18 and 24°C), or by 
placing the bottles in plastic containers filled with water of  controlled temperature and expos-
ing them to direct solar light. In experiments in the dark, two typed and two wild E. coli strains 
were tested. The mean T90 values were 33.55 h for E. coli ATCC 8739, 42.50 h for E. coli ATCC 
35218, 72.8 h for E. coli originating from seagull feces and 278.6 h for E. coli originating from 
sewage,  indicating differences between survival abilities among strains. The effect of tempera-
ture on T90 was significant only in seagull E. coli at 36.5 psu and sewage E. coli at 30.0 psu and 
was positive. The effect of salinity was significant only in seagull strain and also was  positive. 
No interactive effect of temperature and salinity was recorded. Experiments in the presence of 
solar radiation, carried out with two ATCC E. coli strains, demonstrated its dominate harmful 
effect on bacterial cells, reducing T90 of both strains to 0.30–0.82 h for E. coli ATCC 35218 and 
0.31–5.93 h for E. coli ATCC 8739. Within the ultraviolet A (UVA) and photosynthetically active 
radiation (PAR) spectrum of solar radiation, the wavelengths of 320–360 nm were found as 
most bactericidal. By comparing survival of cultivated E. coli cells to those in natural seawater 
samples, significantly higher survival E. coli cells in natural seawater samples was found.

Keywords: Escherichia coli, bacterial strain, survival, temperature, salinity, solar radiation

1. Introduction

Fecal pollution of seawater can present a serious problem due to potentially introducing of 
intestinal pathogens—bacterial, viral, and parasitic. Because of a wide variety of pathogenic 
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microorganisms that can enter the sea, time‐consuming and complex procedures of their 
determination, the assessment of microbiological quality of seawater has traditionally been 
based on the determination of indicator microorganisms, bacteria that suggest the presence of 
pathogens [1]. In the last decade, European Union member states have accepted Escherichia coli 
as the indicator for assessment of microbiological quality of bathing and shellfish waters [2, 3]. 
Apart from its human and warm‐blooded animal feces origin, selection of E. coli as  indicator 
organisms is based on scientific understanding and reliable research of one of the most 
 important criteria which good indicator have to meet: resistance to environmental conditions.

When released into the sea, E. coli cells are exposed to the impact of a very hostile  environment. 
That impact is reflected in the negative effect of the complex array of biotic and abiotic 
 factors of the marine environment. Among abiotic factors, the effect of temperature, salinity, 
and  particularly solar radiation is most pronounced [4–7]. The distribution and abundance 
of indicator bacteria in seawater depend mostly on their input, but also on the intensity of 
 aforementioned environmental factors [8] and bacterial cell adaptation capacity. Due to their 
minor adaptation capacity to marine conditions, E. coli cells suffer a sublethal injury and enter 
a dormant, viable but nonculturable state, in which they can still maintain some metabolic 
activity [9–11], infective capacity and potential for pathogenicity [12, 13]. The “viable but non-
culturable” state concept was introduced to describe cells that remain metabolically active 
but are unable to divide in or on nutritional media that normally support their growth. The 
capacity to form colonies on a solid medium is the first ability that enteric bacteria lose in 
seawater [14]. That means that they cannot be detected during standard routine monitoring 
by culturing method unless resuscitation methods on liquid media were used. With the pro-
longed exposure, particularly in the presence of solar radiation, E. coli cells are irreversibly 
inactivated and they die [15]. For how long they will maintain culturability on standard media 
depends on many factors, such as the intensity of environmental factors and the characteristics 
of the  bacterial cell, where besides the origin and previous growth history, the bacterial strain 
plays an  important role [7, 16, 17]. Although there are many studies in which the effects of 
the aforementioned factors have been addressed, their simultaneous effects have been poorly 
investigated. In this chapter, the separate and combined effect of temperature, salinity and 
solar radiation, as well as the growth history, strain and origin of E. coli cells on their survival 
in seawater were presented. Since microbial pollution of bathing waters is routinely moni-
tored by culturing methods on standard solid media, and viable but nonculturable cells usu-
ally cannot be detected, for the purposes of this chapter, the term “survive” means to maintain 
culturability.

2. Materials and methods

2.1. Experiments with pure bacterial cultures

Bacterial cultures used in experiments were always freshly prepared by incubation of pure 
culture on mineral‐modified glutamate broth (MMGB). Bacterial suspensions were taken 
in the exponential phase of growth and serially diluted in phosphate buffer solution. After 
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determination of the concentration of E. coli cells by epifluorescence microscopy method, 
appropriate dilution, cca 103 CFU/mL, was kept at 4°C until the beginning of the experiments 
(cca 20 h).

Experiments in the dark were performed in two sets. In the first set, experiments were carried 
out at six different experimental conditions corresponding to Adriatic sea natural range of 
temperatures (12°C—mean winter temperature, 18°C—mean spring and autumn  temperature 
and 24°C—mean summer temperature) and salinities (30.0 psu—lower salinity corresponding 
to areas near the mouth of rivers or sewage outfalls and 36.5 psu—typical salinity in coastal 
seawater). Two different E. coli strains were used: E. coli ATCC 35218 originating from canine 
feces and E. coli ATCC 8739, originating from human feces. Bacterial suspension was added 
to 500 mL borosilicate glass bottles containing autoclaved seawater of appropriate salinity 
(30.0 and 36.5 psu). Bacterial concentration in bottles was targeted to 103 CFU E. coli/100 mL. 
The bottles were then stirred and placed in a temperature controlled air incubators at three 
 different temperatures (12, 18 and 24°C).

In the second set, additional experiments were performed at lower temperature (6°C) and 
lower salinity (15 psu). Two new bacterial strains were also introduced—wild E. coli strain 
isolated from sewage and wild E. coli strain isolated from seagull feces.

Experiments in the presence of solar radiation were performed with two ATCC E. coli strains, 
also combining the same temperatures (12, 18 and 24°C) and salinities (30.0 and 36.5 psu). 
Bacterial suspension was added to 500 mL ultraviolet B (UVB)—blocking borosilicate glass 
bottles containing autoclaved seawater of appropriate salinity. Bacterial concentration in 
 bottles was also targeted to 103 CFU E. coli/100 mL. The bottles were then stirred and left 
in dark for 15 min to homogenize. Bacterial cells in bottles were then exposed to different 
intensities of the natural range and spectrum of solar radiation. The exposure to solar light 
was carried out in two ways: by placing the bottles in 50 L (60 × 30 × 30 cm) transparent plastic 
containers, filled with water of appropriate and controlled temperature, and placed on the 
open space in front of the laboratory;—by hanging the bottles from research vessel,  vertically 
on rope to  different depths (0.2, 5, 15 and 30 m) of the water column, to expose them to 
 different intensities of solar light (for E. coli ATCC 8739 only). In both cases, the irradiance, 
Ed (μWcm−2nm−1), of ultraviolet A (UVA) and photosynthetically active radiation (PAR) was 
measured by optical radiometer PRR800 (Biospherical Inc.).

All experiments were performed in triplicates. The initial concentrations of culturable E. coli 
cells in all experiments were determined by taking 10 mL subsamples 15 min after adding 
bacterial suspension. After exposing the bottles to desired conditions, the concentrations of 
E. coli were monitored by taking 10 mL subsamples every 24 h in experiments performed in 
the dark and every 10 or 20 min in experiments performed in solar light.

2.2. Experiments with natural samples

Natural samples of moderately polluted seawater were collected near sewage outfalls and 
were stored at 4°C. Sampling was performed in the morning (9 o’clock AM) and at noon. 
The number of culturable E. coli was determined after sampling and every 24 h until their 
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 reduction to zero. After isolation and counting on selective agar plates, one colony of E. coli 
cells that survived T90 (the time required to reduce culturability by 90%) or longest was ran-
domly selected from each plate of samples collected in the morning. Cultures were incubated 
on MMGB and processed in the same way as pure cultures of ATCC strains. A bacterial sus-
pension was added to 500 mL borosilicate bottles, containing autoclaved, 36.5 psu seawater, 
and stored in dark at 4°C. The number of culturable E. coli was determined every 24 h until 
their reduction to zero.

2.3. E. coli determination

The concentration of E. coli in suspensions was determined by the direct method of  epifluo‐ 
rescence microscopy [18]. The number of culturable E. coli cells in suspension and  seawater 
was determined by the modified ISO/TS 16649‐1 method [19] using membrane  filtration tech-
nique and expressed as CFU E. coli/100 mL.

2.4. Statistical analysis

Data were processed using statistical package Statistica 8.0 (StatSoft Inc., 2007). High and sig-
nificant (R2 > 0.9, p < 0.01) fittings of raw die‐off data of E. coli to exponential function, which 
can be expressed by Eq. (1), were found in the dark as well as in the presence of solar radia-
tion. Consequently, T90 was derived from Eq. (1) and was calculated by Eq. (2),

   N  t   =  N  0    e   kt   (1)

   T  90   =   
− ln(0.1)

 ______ k    (2)

where N0 and Nt are the number of culturable E. coli at the beginning of the experiment and 
at the time of subsampling (t).

The inactivation energy S90 (the insolation required to reduce culturability by 90%) was cal-
culated by Eq. (3),

   S  90  ( Whm   −2  ) =  ∑ 
n=0

  
 T  90  

     E  n    T  n    (3)

where En (Wm−2) = the intensity of solar radiation.

3. Results and discussion

3.1. Experiments in the absence of solar radiation

In the natural range of temperature and salinity, the T90 values in this study were 31.9–51.7 h 
(mean 42.5 h) for E. coli ATCC 35218 and 29.4–37.9 h (mean 33.55 h) for E. coli ATCC 8739 
(Figure 1). The results were mostly consistent with the results of previous studies. The T90 
values of E. coli reported in earlier studies were from 26 h, which was found in estuarine water 
at 20°C [20], to 115 h, which was found for fecal coliforms in seawater at 8–10°C [5].
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The results of two‐way ANOVA revealed that there were no statistically significant (p > 0.05) 
separate and/or interactive effects of the variations in temperature and salinity in their natural 
range, on changes in T90 values of ATCC E. coli strains. Unlike the T90 values, these results were 
not consistent with those of previous studies. In general, most studies showed enhanced stabil-
ity of indicator bacteria at lower temperatures [4, 5], although Anderson et al. [21] found a lower 
stability and negative effect. The increased inactivation of indicator microorganisms at higher 
temperatures was mostly attributed to increased metabolic activities in terms of reduced nutrient 
concentration [22], increasing predation, grazing and the deleterious effect of solar radiation [23]. 
One of the possible explanations for the absence of clear effect of temperature in our experiments 
might be the absence of grazing and predation, since seawater was sterilized by autoclaving. 
Anderson et al. [21] attributed a positive effect of temperature in their study mostly to sublethal 
stress that was induced by laboratory manipulation and related to the pre‐exposure history of the 
used isolates. In our additional experiments with E. coli ATCC 8739 at 6°C, significantly higher 
T90 values were recorded (Figure 1), indicating more significant negative effect of temperature in 
its natural range than at lower values. A positive effect of temperature in whole measured range 
was observed in seagull E. coli at 36.5 psu and sewage E. coli at 30.0 psu (Figure 2).
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 reduction to zero. After isolation and counting on selective agar plates, one colony of E. coli 
cells that survived T90 (the time required to reduce culturability by 90%) or longest was ran-
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 ______ k    (2)

where N0 and Nt are the number of culturable E. coli at the beginning of the experiment and 
at the time of subsampling (t).

The inactivation energy S90 (the insolation required to reduce culturability by 90%) was cal-
culated by Eq. (3),

   S  90  ( Whm   −2  ) =  ∑ 
n=0

  
 T  90  
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where En (Wm−2) = the intensity of solar radiation.

3. Results and discussion

3.1. Experiments in the absence of solar radiation

In the natural range of temperature and salinity, the T90 values in this study were 31.9–51.7 h 
(mean 42.5 h) for E. coli ATCC 35218 and 29.4–37.9 h (mean 33.55 h) for E. coli ATCC 8739 
(Figure 1). The results were mostly consistent with the results of previous studies. The T90 
values of E. coli reported in earlier studies were from 26 h, which was found in estuarine water 
at 20°C [20], to 115 h, which was found for fecal coliforms in seawater at 8–10°C [5].
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Most studies showed a negative correlation between survival time of indicator bacteria, 
including E. coli, and salinity [3, 7, 24, 25]. Troussellier et al. [26] found negative effect of 
salinity only in the presence of solar light. An unclear correlation between T90 and salinity 
in our study was partly attributed to a narrow salinity range. In order to extend the range 
of salinity and to clarify its effect on T90, we performed additional experiments with E. coli 
ATCC 8739 at 15 psu. At higher temperatures (18 and 24°C), negative effect of lower  salinity 
was less pronounced than the effect of salinity in its natural range, while at 6°C, lower salin-
ity  significantly lowered T90, making the effect of salinity additionally unclear (Figure 3). 
A negative effect of salinity is attributed to specific characteristics of sea water, such as 
osmotic pressure [27] and the toxicity of inorganic salts [6]. Survival largely depends on the 
 osmoregulatory  ability of each strain or group of bacteria [28]. In order to equalize osmotic 
pressure and avoid drastic loss of water from the cytoplasm, bacterial cells can accumulate or 
synthesize specific  osmoprotectant  molecules [29] which increase cell resistance to seawater. 
This depends, among other things, on preadaptation media. Since E. coli in experiments was 
incubated on MMGB media, accumulation of glutamate, which is recognized as osmoprotec-
tant [30], probably caused an unclear effect of salinity on E. coli survival.

Figure 2. Effect of temperature and salinity on the survival of E. coli strains originating from seagull feces and sewage in 
the absence of solar radiation (mean values ± SD).
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Although not statistically significant, E. coli ATCC 35218 survived longer than E. coli ATCC 
8739 in almost all tested conditions. A significantly higher T90 was found in pure culture of 
E. coli isolated from seagull feces, 28.5–173 h (mean 72.8 h) and particularly in E. coli isolated 
from sewage outfall, 150–390 h (mean 278.6) (Figure 3). This suggested the  importance of 
cell strain and origin to their survival in sea water and partially contributed to better under-
standing of the variations in results of previous studies. Since all tested E. coli strains were 
exposed to the same environmental conditions, the obtained results probably illustrated 
the extensive genetic and phenotypic diversity exhibited within E. coli strains, which could 
explain the different survival abilities in this study and aquatic environments generally [31]. 
On the basis of genomic information, E. coli species have been divided into eight phyloge-
netic groups, A, B1, B2, C, D, E, F, and clade I [32]. Strains  belonging to phylogroups A and 
B1 are highly adapted to humans and vertebrate animals, the A phylogroup strains being 
predominant in humans and the B1 strains in animals [33, 34]. Significant differences in sur-
vival in water environment were found among strains  belonging to different phylogroups. 
Recent studies showed that E. coli B1 strains can persist  longer in water than strains of 
the other phylogroups [31] and supported the hypothesis that persistent genotypes have 
an adaptive advantage in the secondary habitat outside the host [35]. Consequently, once 
released into water, E. coli strains could be selected on the basis of their survival ability, 
and the resulting population differed from the original one in terms of phenotypic traits. 
E. coli strain isolated from sewage outfall and used in this study was in the seawater for 
an unknown period and probably passed selection that explains its superiority in survival 
over other tested strains.

Figure 3. Effect of temperature and salinity in its wider range (15.0, 30.0 and 36.5 psu) on the survival of ATCC 8739 E. 
coli strain in the absence of solar radiation (mean values ± SD).
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Anderson et al. [7] found significant differences in the survival of indicator bacteria, E. coli 
and enterococci, depending on their origin. Among three investigated sources of bacteria; 
soil, sewage and dog feces, bacteria that originated from soil showed the highest resistance 
to environmental factors. These results are very important, particularly because apart human 
feces, there are many potential sources of enteric bacteria that enter the sea, such as untreated 
piggery effluents [36], and the feces of wild birds [37] and other warm‐blooded animals.

In seagull E. coli, a positive effect of salinity was recorded in whole range of temperature, and 
at 36.5 psu higher temperature enhanced bacteria survival (Figure 2). Some E. coli cells may 
adapt to a range of concentrations of sodium chloride, possibly by means of  osmoregulatory 
mechanism induced by salts or some structural modification in the outer membrane of 
 bacteria [27]. Seagulls are marine birds and sea environment is their natural habitat. They feed 
mainly marine animals that contain high content of sodium chloride and drink both, fresh and 
 seawater. Before being processed and excreted through salt gland in order to  maintain osmotic 
balance, sodium chloride is present in intestinal tract content in a relative high concentration 
[38]. Consequently, seagull intestinal microflora, including E. coli, is highly adapted to saline 
environment. Such cells probably survive longer in seawater than other cells. Seagulls present 
a big problem to shellfish farms because they usually gather on buoys and other farm con-
structions, and huge quantities of feces enter the sea and contaminate it. Since up to 107 CFU 
E. coli g−1 was found in seagull feces in this study, and the results suggested better survival of 
E. coli originating from seagull feces, there is higher probability of their accumulation in filter 
feeding bivalves than E. coli that survive shorter.

3.2. Experiments in the presence of solar radiation

The intensity of solar radiation in this study was in the range 258–693 Wm−2, with a mean 
 contribution of the UVA spectrum of 9.3–11.1%. In the experiments carried out in the 
 laboratory, a strong (R2 > 0.82) and statistically significant (p < 0.01) negative correlation 
between the T90 of E. coli and the intensity of the UVA spectrum of solar radiation was 
found (Figure 4). The T90 of E. coli ATCC 35218 was in the range 0.30–0.82 h, whereas the 
T90 of  E. coli ATCC 8739 ranged from 0.31 to 5.93 h. A significant, 15‐ to 70‐fold reduction in 
T90, compared with that recorded in the absence of solar radiation indicated the dominant 
effect of solar radiation on the survival of E. coli in seawater. Multiple linear regressions 
were used to investigate the combined effect of temperature, salinity, and the intensity of 
solar radiation on changes in the T90 of E. coli (Table 1). High and statistically significant 
(p < 0.01) coefficients of multiple determination (R2) were found, which revealed that most 
of the variance in T90 can be explained by independent variables. However, only variations 
in solar radiation had a significant effect on T90.

Because of inadequate weather conditions (a relative cloudy sky), in situ experiments were 
carried out at lower intensities of solar radiation. We also found a strong vertical decline in 
the intensity of solar radiation (UVA and PAR) and a significant decrease in the contribution 
of the UVA spectrum in the water column (Figures 5 and 6). Therefore, only a few data from 
surface layer could be used in our calculations. Unlike the experiments carried out in the labo-
ratory, T90 of E. coli fitted exponential function (Figure 7) which can be expressed by Eq. (4).
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   T  90  (h ) = 31.305  e   −0.17 E  UVA     (4)

According to the function, when EUVA = 0 Wm−2, T90 value of E. coli ATCC 8739 amounted to 
31.305, which corresponds to its value in the previous experiments in the absence of sunlight 
(Figure 1), which confirms the validity of function.

Figure 4. Effect of the UVA part of the solar radiation spectrum on the survival of ATCC 8739 and ATCC 35218 E. coli 
strains.

Variable rp Beta a b R2

E. coli ATCC 35218

T −0.116 −0.208 1.183 −0.011 0.8797*

S 0.380 0.143 0.011

UVA −0.830* −0.955 −0.024

PAR 0.211 0.323 0.001

E. coli ATCC 8739

T −0.463 −1.043 7.882 −0.488 0.911*

S 0.319 0.107 0.711

UVA −0.8465* −0.816 −0.131

PAR 0.438 0.924 0.017

*p < 0.01.

Table 1. Simultaneous effect of temperature (T), salinity (S), and solar radiation (UVA and PAR) on the T90 of E. coli (rp—
coefficient of partial correlation; beta‐regression coefficients; a—intercept; b—coefficient of multiple linear regression; 
R2—coefficient of multiple determination).
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The negative effect of sunlight exposure was also confirmed in the study with wild cultures 
of E. coli kept at 4°C. A significantly lower survival (T90 = 98 ± 22 h, n = 18) was found in E. coli 
sampled at noon than in those sampled in the morning (T90 = 153 ± 35 h, n = 18). This might be 
attributed to prolonged exposure to solar radiation and its higher intensity.

Figure 5. Attenuation of irradiance (% of surface value) as a function of sea depth.

Figure 6. The reduction in the contribution of the UVA component of solar radiation as a function of sea depth.
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Solar light is considered to be the most important factor to bacterial reduction in the sea, 
although its effects are restricted to shallow depths [5], also observed in this study. The 
 negative effects of solar radiation to bacterial cells operate via two different mechanisms: 
firstly, direct photobiological mechanisms break DNA bonds in bacterial cells [39, 40], while 
secondly, indirect photochemical mechanisms damage bacterial cells by photosensitized 
reactions initiated by some of endogenous and/or exogenous sensitizers [41]. Photochemical 
mechanisms become more important at higher wavelengths, and it is more injurious in the 
presence of oxygen [5]. Both effects cause a rapid decrease in colony forming ability [25, 26]. 
Dominant toxic effect of sunlight was also observed in previous studies. Šolić and Krstulović 
[4] found that within the investigated range of intensity of solar radiation (510–830 Wm−2), 
the T90 of fecal coliforms exponentially decreased by about 40% when the intensity of solar 
radiation increased by 100 Wm−2. Large differences (30‐ to 40‐fold) in survival with or without 
exposure to sunlight were observed by Fujioka et al. [25], who noted a T90 of fecal coliforms 
exposed to solar radiation in the range of 0.5–1.5 h. The reduction in survival time in the pres-
ence of solar radiation was also recorded by Chandran and Hatha [20], where the T90 of E. coli 
was reduced from 26 h in the dark to 4 h in the presence of solar radiation.

According to Davies‐Colley et al. [42], T90 is a better indicator for expressing inactivation in the 
absence of solar radiation and also inactivation caused by solar radiation of an equable and 
higher irradiance, whereas the S90 better expresses the inactivation caused by solar radiation 
of variable intensity, as exists in nature. The energy of solar radiation absorbed by bacterial 
cells and which is responsible for cell injury is a product of the intensity of solar radiation and 
exposure time.

Figure 7. Effect of the lower intensity of UVA part of the solar radiation spectrum on the survival of ATCC 8739 E. coli 
strain.
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The mean values of S90 recorded in this study were 250 Whm−2 for E. coli ATCC 35218, 
and 610 Whm−2 for E. coli ATCC 8739. We found a medium‐strong (R2 = 0.457) and strong 
(R2 = 0.8282) statistically significant (p < 0.01) negative linear correlation between the intensity 
of the UVA spectrum of solar radiation and S90 values for both E. coli strains (Figure 8).

A high and significant correlation between the intensity of the UVA spectrum of solar  radiation 
with T90 and S90 in this study suggests that within the studied spectrum of solar radiation, this 
part of the measured spectrum was most responsible for the inactivation of microorganisms. 
The linear regression‐slope coefficients suggested the wavelengths 320–360 nm to be the most 
bactericidal within the UVA spectrum (Table 2).

Acra et al. [43] found that up to 70% of the solar inactivation of bacteria can be attributed to 
the effect of the UVA part of the solar radiation spectrum, whereas Sinton et al. [5] found that 
50% of the inactivation of indicator microorganisms could be attributed to solar  radiation 
 wavelengths up to 360 nm, with a wavelength of about 330 nm being most bactericidal. 
Calkins and Barcelo [44] find the UVB (280–330 nm) portion of the solar spectrum the most 
bactericidal, causing direct photobiological DNA damage. Although bactericidal effect of 
solar radiation is mainly associated with shorten wavelengths, the synergistic effect of UVB, 
UVA, and PAR explained most variations found in culturability of E. coli [45].

The values of S90 observed in this study were significantly lower than those in similar  studies. 
S90 of fecal coliforms found by Gameson [22] was 1.290 Whm−2, whereas Sinton et al. [5] 
found a significantly higher value, 1.660 Whm−2 (6.0 MJm−2). Significant differences could be 

Figure 8. The S90 of ATCC 8739 and ATCC 35218 E. coli strains as a function of the intensity of the UVA part of the solar 
radiation spectrum.
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 attributed to the different intensity of solar radiation and to variations in intensity, but also to 
different groups of microorganisms tested.

Lower T90 and S90 values in this study might partly be explained by the previous growth his-
tory of cell cultures until exposure to the environment, different origin and strain of  bacterial 
cells, as well as by the different intensity of solar radiation and other environmental fac-
tors. There are many ways in which bacterial cells can enter the sea. In some cases, they are 
 discharged directly from boats or bathers, and in others, they remain for different periods 
in wastewater reservoirs and/or are carried out in the sea through natural rivers or  artificial 
conduits [14]. The change from a nutrient‐rich environment to nutrient‐poor one, places 
E. coli cells under starvation stress, which is less pronounced in bacteria from the stationary‐
phase because they have already experienced a starvation adaptation period. As a response 
to starvation stress, bacterial cells can induce protective mechanisms against UVA stress [46]. 
Furthermore, starved cultures taken in the stationary‐phase of growth also showed higher 
osmotic [47] and temperature [48] resistance than those taken in a logarithmic‐phase. This is 
due to specific protein synthesis during stationary‐phase starvation [43]. In this study, E. coli 
cells were taken during the logarithmic‐phase and were directly transferred to phosphate 
buffer without washing of nutrients. Since these cells did not experience starvation during the 
growth phase or during culture transfer, this probably made them less resistant to the nega-
tive effects of seawater and oxidative processes of solar radiation than cells that had expe-
rienced starvation [47, 49, 50]. Consequently, wild bacterial cells that have not experienced 
growth in a rich medium and are taken from the stationary phase of growth should show a 
higher resistance than cultivated cells, as was confirmed in this study. We found a statistically 
significant, at least threefold lower T90 (50.6 ± 6 h, n = 18) in cultivated wild E. coli cells than in 
their mother cells that were isolated from seawater (153.3 ± 35 h, n = 18), although the latter 
were pre‐exposed to solar light and hostile environment for unknown period before seawater 
samples collected.

Wavelength (nm)

320–340 340–360 360–380 380–400 400–700 (PAR)

E. coli ATCC 35218

b −0.147 −0.124 −0.072 −0.052 −0.001

R2 0.442 0.663 0.848 0.848 0.192

p <0.01 <0.01 <0.01 <0.01 >0.05

E. coli ATCC 8739

b −1.095 −0.812 −0.488 −0.364 −0.014

R2 0.741 0.834 0.851 0.864 0.635

p <0.01 <0.01 <0.01 <0.01 <0.01

Table 2. Contribution of different wavelengths of measured solar radiation to T90 of E. coli expressed through slopes 
of linear regression (b—coefficient of multiple linear regression; R2—coefficient of multiple determination; p—level of 
significance).
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The mean values of S90 recorded in this study were 250 Whm−2 for E. coli ATCC 35218, 
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 attributed to the different intensity of solar radiation and to variations in intensity, but also to 
different groups of microorganisms tested.
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tors. There are many ways in which bacterial cells can enter the sea. In some cases, they are 
 discharged directly from boats or bathers, and in others, they remain for different periods 
in wastewater reservoirs and/or are carried out in the sea through natural rivers or  artificial 
conduits [14]. The change from a nutrient‐rich environment to nutrient‐poor one, places 
E. coli cells under starvation stress, which is less pronounced in bacteria from the stationary‐
phase because they have already experienced a starvation adaptation period. As a response 
to starvation stress, bacterial cells can induce protective mechanisms against UVA stress [46]. 
Furthermore, starved cultures taken in the stationary‐phase of growth also showed higher 
osmotic [47] and temperature [48] resistance than those taken in a logarithmic‐phase. This is 
due to specific protein synthesis during stationary‐phase starvation [43]. In this study, E. coli 
cells were taken during the logarithmic‐phase and were directly transferred to phosphate 
buffer without washing of nutrients. Since these cells did not experience starvation during the 
growth phase or during culture transfer, this probably made them less resistant to the nega-
tive effects of seawater and oxidative processes of solar radiation than cells that had expe-
rienced starvation [47, 49, 50]. Consequently, wild bacterial cells that have not experienced 
growth in a rich medium and are taken from the stationary phase of growth should show a 
higher resistance than cultivated cells, as was confirmed in this study. We found a statistically 
significant, at least threefold lower T90 (50.6 ± 6 h, n = 18) in cultivated wild E. coli cells than in 
their mother cells that were isolated from seawater (153.3 ± 35 h, n = 18), although the latter 
were pre‐exposed to solar light and hostile environment for unknown period before seawater 
samples collected.
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R2 0.741 0.834 0.851 0.864 0.635
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of linear regression (b—coefficient of multiple linear regression; R2—coefficient of multiple determination; p—level of 
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As mentioned previously, E. coli ATCC 35218 survived longer than E. coli ATCC 8739 in almost 
all experimental conditions in the dark, but if exposed to solar radiation, E. coli ATCC 35218 
survived significantly shorter than E. coli ATCC 8739. This suggests that these  microorganisms 
probably do not have equally developed mechanisms of protection against various abiotic 
environmental factors and that the protection rate also depends on which mechanism is more 
effective under the same conditions.

4. Conclusions

This study showed that in the absence of solar radiation, there were no statistically 
 significant effects of temperature and salinity in their natural range (12, 18 and 24°C; 30.0 
and 36.5 psu) on the survival of two ATCC strains. The survival of E. coli ATCC 8739 was 
enhanced only at 6°C, suggesting a negative effect of temperature at temperatures lower 
than  natural range. At 15.0 psu, significantly lower T90 values of E. coli ATCC 8739 were 
observed at lower  temperatures (6 and 12°C) than at higher ones (18 and 24°C). In the 
natural range of  temperature and  salinity, mean T90 values varied significantly, but only 
as a function of bacterial strain and origin. The importance of bacterial strain and ori-
gin for the survival of E. coli was demonstrated by significantly longer survival of E. coli 
cells isolated from seagull feces and sewage outfall. In the same conditions, their survival 
 surpassed the survival of ATCC strains up to 10‐fold. A dominate effect of solar light on 
E. coli  survival was confirmed by recording a more rapid E. coli died‐off in cells exposed 
to a natural range of solar radiation. The T90 was 15‐ to 70‐fold shorter than in the absence 
of solar  radiation. Within the  investigated range of solar radiation (320–700 nm), only the 
effect of UVA  spectrum was found to be  statistically significant. The wavelengths 320–360 
were the most bactericidal. The bacterial strain that had a shorter T90 in the absence of solar 
radiation showed a significantly higher T90 and S90 when exposed to solar light, suggesting 
different mechanisms of adaptation to studied abiotic environmental factors and a different 
efficiency of mechanisms under the same conditions. Cultivated bacteria showed threefold 
shorter T90 than their mother cells isolated from seawater. This suggested the importance 
of previous growth history of bacterial cells prior to exposure to the  environment, for their 
adaptation capacity. The observed superiority of wild bacterial cultures over cultivated 
ones was probably a result of starvation experience during the stationary‐phase, and/or 
due to a lack of nutrients.
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Abstract

Working on a diverse species of bacteria that have hundreds of pathotypes representing 
hundreds of strains and many closely related family members is a challenge. Appropriate 
research design is required not only to achieve valid desired outcome but also to minimize 
the use of resources, including time to outcome and intervention. This chapter outlines 
basics of Escherichia coli isolation and characterization strategies that can assist in research 
designing that matches the set objectives. Types of samples to be collected, collection 
and storage strategies, and processing of samples are described. Different approaches to 
isolation, confirmation and concentration of various E. coli strains are summarized in this 
chapter. Characterization and typing of E. coli isolates by biochemical, serological, and 
molecular methods have been explained so that an appropriate choice is made to suite a 
specific E. coli strain/pathotype. Some clues on sample and isolate preservation for future 
use are outlined, and general precautions regarding E. coli handling are also presented 
to the researcher to avoid improper planning and execution of E. coli-related research. 
Given different options, the best E. coli research design, however, should try as much as 
possible to shorten the length of time to outcomes.

Keywords: E. coli, β-glucuronidase, Enterobacteriaceae, cryoprotectant, IMViC

1. Introduction

Escherichia coli is Gram-negative, facultative anaerobic, and rod-shaped bacterium of the genus 
Escherichia. This is a large diverse group of bacteria commonly found in the lower intestine of warm-
blooded organisms. Most of them are commensals inhabiting the lower gastrointestinal tract 
(GIT) of mammals. The other strains that are pathogenic are categorized into two groups, accord-
ing to the site of infection. E. coli that infect and cause disease syndromes in the gastrointestinal  
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tract are intestinal pathogenic E. coli (IPEC). Those that cause disease syndromes in systems 
other than gastrointestinal tract are called extra-intestinal E. coli (EXPEC). The commensal 
group form part of gut microbiota and is used as indicator bacteria for fecal contamination.

Pathogenic E. coli group consist of many strains, which for simplicity, can be grouped accord-
ing to the virulence factors they possess or pathological effects they cause. The intestinal 
pathogenic E. coli include enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), 
enteropathogenic E. coli (EPEC), enteroinvasive E. coli (EIEC), diffusely adherent E. coli 
(DAEC), and verocytotoxigenic E. coli (VTEC) according to O’Sullivan et al. [24]. Extra-
intestinal pathogenic E. coli includes uropathogenic E. coli (UPEC), neonatal meningitis-asso-
ciated E. coli (NMEC), and sepsis-causing E. coli (SEPEC) [1].

Most pathogenic E. coli are transmitted by fecal-oral route from food materials, water, 
animals, and environment. Depending on the pathotype and the system, E. coli infection 
may cause a range of syndromes including watery, mucoid, or bloody diarrhea; abdominal 
cramps; urinary tract infection syndromes; and meningitis. Complications to pathogenic 
E. coli infection may lead to hemorrhagic uremic syndrome (HUS). These syndromes have 
been reported as food poisoning outbreak, travel-related illness, or animal or contaminated 
environment contact-related diseases. Global E. coli-related morbidities and mortalities are 
high. The estimates for the year 2010 show that there were 321,969,086 cases of E. coli food-
borne illness which is 16.1% of global food-borne diseases. Also there were 196,617 deaths 
attributable to E. coli-related food-borne poisoning which is 0.02% of global mortalities due 
to food poisoning [2]. This situation calls for regular and continuous investigations to diag-
nose, treat, and prevent E. coli-related diseases.

Inappropriate planning of research due to lack of knowledge may lead to undesired out-
comes. For instance, if one aims at assessing the magnitude of shading of diarrheagenic E. coli 
in cattle feces, he or she may end up with underestimated results if he or she chooses to use 
sorbitol MacConkey agar as a screening media because not all diarrheagenic E. coli are sor-
bitol fermenters. Likewise, if one is looking for E. coli O157:H7 in a sample, the use of media 
that discriminate bacteria according to the presence of β-glucuronidase activities may lead to 
missing the desired outcome since E. coli O157:H7 do not possess such an enzyme. This chap-
ter, therefore, outlines approaches to isolate and characterize E. coli from animals, humans, 
and the environment so that planning and implementation of E. coli-related research can 
match the set objectives and desired outcome.

2. Collection and storage of sample for E. coli isolation

2.1. Sample collection

E. coli predominantly inhabit the gastrointestinal tract of mammals and are shed to the envi-
ronment through feces. The feces from mammals can be collected for the purpose of E. coli 
isolation. In this case, fresh fecal material from individual humans or animals can be used. 
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Dry or sunburnt fecal samples may lead to false negative results. Shading of E. coli in feces 
makes this microorganism abundantly available in the environment. As a result, E. coli can be 
recovered from water, soil, contaminated food material, and surfaces.

Sampling of the soil for isolation of E. coli requires taking the sample 2–5 cm beneath the sur-
face. Top soils may contain dead bacteria. Water samples can be collected for E. coli detection. 
E. coli can also be isolated from contaminated surfaces of both animate and inanimate materials. 
Animate surfaces include human or animal body surface. Food surfaces or working structures 
such as table, knives, and clothes can be a good source of E. coli. Food surfaces such as meat, 
eggs, or fish can be used to isolate E. coli, depending on the objective of the study. Animal fecal 
sample can be taken from the rectum (large animals) or fresh droppings can be collected by 
fingers of a gloved hand. Human stool can be put in a container with a stopper. Water samples 
can be collected by different methods according to nature of the water body. Still surface can 
be collected by hand deep method, whereas flowing water sample collection requires depth-
and-width-integrating methods. In this type of water body, for example, a stream, 5–10, or 
more samples are collected across the vertical depth and width [3]. Samples from surfaces such 
as hide, table, knife, and the likes can be obtained by sweeping a buffered peptone water with 
premoistened swabs or sponge on the sampling surface in a Z-pattern [4]. The sponge or swabs 
that covers approximately 400–1000 cm2 are then put in 100 ml of tryptic soya broth for further 
processing.

2.2. Sample storage

Samples for E. coli isolation are best processed right after collection, normally within 24 h. 
This includes inoculation into enrichment or inoculation onto solid culture media. When situ-
ation does not allow, a sample can be stored at low temperatures that restrict further cell divi-
sion, but at the same time, allows survival of the bacteria. Surface water samples for E. coli 
isolation stored at below 10°C, but not freezing, can give comparably good results for up to 
48 h after collection [5].

Sometimes analysis of fecal samples immediately after collection is impractical due to tem-
poral and spatial challenges or assessment of old samples can be a requirement. In this case, 
fecal/stool samples should be stored for later laboratory isolation or old samples that were 
appropriately stored are recalled. Fecal samples will maintain E. coli population density, 
clonal characteristics, and diversity as fresh samples when stored in glycerol broth at lower 
temperatures than −70°C for 30 days up to 1 year. The fecal sample may form 10% of final 
concentration in 10% glycerol broth. However, storage of this sample at −20°C for the same 
time period will lead to a decrease in bacteria population density but increased diversity 
[6, 7]. Moreover, samples stored in glycerol broth will have more similar E. coli isolates to 
isolates from the fresh original sample than those from samples stored without mixing with 
glycerol, and if samples are repeatedly thawed, then addition of glycerol broth is recom-
mended. Pure samples stored for a long time without glycerol lead to decrease in E. coli 
number [6]. Therefore, longer storage of fecal samples without appropriate processing may 
lead to inaccurate results.
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3. Isolation of E. coli and quality control

3.1. Isolation of E. coli

Different options are available for the isolation of E. coli. The choice depends on target strain 
and objective of isolation. The ability to ferment lactose gives an option to use MacConkey 
agar to discriminate E. coli from other nonlactose fermenting coliforms from fecal, stool, food, 
water, and soil samples. Sample suspension (for solid samples) is made at any concentra-
tion, for example, 5% in normal saline or phosphate buffer solution and inoculated onto 
MacConkey agar followed by 18–24 h incubation at 37°C. Pink, round medium-sized colonies 
are picked as E. coli suspect colonies. All E. coli strains can be captured on MacConkey agar, 
and this approach gives a wide spectrum of strains to work on. Incubation of inoculated cul-
ture media at 45°C selects for thermophilic E. coli strains.

The concentration of sample suspension may be set at different levels such as 1 g of solid 
sample in 19 ml of normal saline or phosphate buffer solution (5%), 1 g in 9 ml (10%) or 1 g 
in 4 ml of diluent (20%). However, the concentration of sample suspension will affect the 
number of colonies on the culture plate. This is well evidenced in bacteria count procedures 
whereby higher dilution, like 105, will give lower number of bacteria than low dilutions, for 
example, 101. This is because the bacteria growth rate depends on initial cell density in the 
sample [8].

Sample suspension can be enriched by 24 h incubation at 37°C in nondifferential broth such as 
Muller-Hinton or nutrient broth. This procedure will allow multiplication of E. coli and hence 
increase the chance of E. coli isolation especially when infrequent strains, such as pathogens, 
are the target. The generation (doubling) time for E. coli at 37°C incubation is 17–18 min [8], 
therefore, in 18–24 h incubation there will be 60–80 E. coli cell generations. However, clonal 
variability will decrease when samples are enriched because same bacteria increase in num-
ber. Therefore, this procedure is suitable when the research aims at a mere presence of a single 
specific strain and not its variants.

The weight of the sample and the volume of diluent used in making the sample suspension may 
affect the probability of bacteria recovery. Large sample weight normally increases the sensitiv-
ity of the isolation procedure. For example, in E. coli studies to isolate nonsorbitol-fermenting 
Shiga toxin-producing E. coli (NSF STEC) whereby E. coli broth was used to enrich fecal samples, 
different prevalence measure was obtained. When 10 g of sample was suspended in 90 ml of 
 E. coli broth, the prevalence of Shiga toxin-producing E. coli (STEC) obtained was 1.3% [9], while 
the suspension of 20 g in 180 ml of same diluent resulted into a prevalence 11.1% NSF STEC [10].

Purification of E. coli colonies can be done in nondifferential media such as blood or nutrient 
agars. Depending on the degree of colony density, a series of inoculations can be desired until 
pure, single, or solitary colonies are obtained.

3.2. Quality control

These are procedures undertaken to validate the accuracy of the bacteria isolates. Among the 
measures of quality control in isolation of E. coli include incubation of uninoculated media 
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plates at 37°C overnight. The media plates should have no microbial growth after incubation. 
This will ensure that the isolates obtained after inoculation come from the samples and not 
due to contamination. Moreover, uninoculated media plate should be incubated simultane-
ously with inoculated media plates. Use of reference positive controls strains, e.g. E. coli ATCC 
25922, will also help to ensure the isolates are the targeted bacteria.

For water samples, quality control measures may involve the use of blank and sample repli-
cates. The true samples and the blanks are simultaneously incubated. The blank sample will 
tell that the sampling equipment has not been contaminated. The replicate results will assess 
the presence of variation for which explanations should be sorted out.

4. Confirmation of E. coli isolates

Confirmation of E. coli isolates can be done by biochemical, enzymatic, or molecular methods. 
The choice of the method depends on many factors including availability of resources. The 
confirmation methods include biochemical methods, such as IMViC and Analytical Profile 
Index 20E (API 20E) systems, enzymatic methods, for example, use of brilliance E. coli agar or 
Petrifilm Select E. coli count plate, and molecular techniques such as MALD-TOF.

4.1. IMViC tests

E. coli isolates can be confirmed biochemically by the use of a traditional method called 
IMViC tests. This is a set of four tests that are used to differentiate members of the family 
Enterobacteriaceae. IMViC is an abbreviation that stands for the Indole, Methyl red, Voges-
Proskauer, and Citrate utilization tests. In Indole test, the bacteria are tested for their ability to 
produce indole from tryptophan (amino acid) using the enzyme tryptophanase.

The indole reacts with the aldehyde in the Kovac’s reagent to give a red or a pink ring at 
the top of the tube. Peptone water in a tube, which contains tryptophan, is inoculated with 
bacteria isolate to be tested. The mixture is incubated overnight at 37°C. Then, a few drops of 
Kovac’s reagent are added to the mixture and formation of a red or a pink colored ring at the 
top is a positive reaction. E. coli are indole-positive bacteria.

Methyl red test detects the ability of a bacterium to produce acid from glucose fermentation. 
Methyl red, a pH indicator, remains red in color at a pH less or equal to 4.4. The bacterium 
to be tested is inoculated into glucose phosphate (MRVP) broth, which contains glucose and 
a phosphate buffer and incubated at 37°C for 48 h. Three to five drops of MR reagent are 
added to the tube. Red color development is a positive reaction that occurs when the bacteria 
have produced enough acid to neutralize the phosphate buffer. Yellow discoloration occurs to 
MR-negative bacteria. E. coli are MR-positive bacteria.

Voges-Proskauer test is used to detect the presence of acetoin in the bacteria-containing 
media. Acetoin is oxidized to diacetyl in the presence of air and sodium hydroxide. Diacetyl, 
in the presence of alpha-naphthol, reacts with guanidine to produce red color. In order to 
perform VP test, the test bacterium is inoculated into glucose phosphate (MRVP) broth in a 
tube and incubated for 72 h.
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3. Isolation of E. coli and quality control

3.1. Isolation of E. coli

Different options are available for the isolation of E. coli. The choice depends on target strain 
and objective of isolation. The ability to ferment lactose gives an option to use MacConkey 
agar to discriminate E. coli from other nonlactose fermenting coliforms from fecal, stool, food, 
water, and soil samples. Sample suspension (for solid samples) is made at any concentra-
tion, for example, 5% in normal saline or phosphate buffer solution and inoculated onto 
MacConkey agar followed by 18–24 h incubation at 37°C. Pink, round medium-sized colonies 
are picked as E. coli suspect colonies. All E. coli strains can be captured on MacConkey agar, 
and this approach gives a wide spectrum of strains to work on. Incubation of inoculated cul-
ture media at 45°C selects for thermophilic E. coli strains.

The concentration of sample suspension may be set at different levels such as 1 g of solid 
sample in 19 ml of normal saline or phosphate buffer solution (5%), 1 g in 9 ml (10%) or 1 g 
in 4 ml of diluent (20%). However, the concentration of sample suspension will affect the 
number of colonies on the culture plate. This is well evidenced in bacteria count procedures 
whereby higher dilution, like 105, will give lower number of bacteria than low dilutions, for 
example, 101. This is because the bacteria growth rate depends on initial cell density in the 
sample [8].

Sample suspension can be enriched by 24 h incubation at 37°C in nondifferential broth such as 
Muller-Hinton or nutrient broth. This procedure will allow multiplication of E. coli and hence 
increase the chance of E. coli isolation especially when infrequent strains, such as pathogens, 
are the target. The generation (doubling) time for E. coli at 37°C incubation is 17–18 min [8], 
therefore, in 18–24 h incubation there will be 60–80 E. coli cell generations. However, clonal 
variability will decrease when samples are enriched because same bacteria increase in num-
ber. Therefore, this procedure is suitable when the research aims at a mere presence of a single 
specific strain and not its variants.

The weight of the sample and the volume of diluent used in making the sample suspension may 
affect the probability of bacteria recovery. Large sample weight normally increases the sensitiv-
ity of the isolation procedure. For example, in E. coli studies to isolate nonsorbitol-fermenting 
Shiga toxin-producing E. coli (NSF STEC) whereby E. coli broth was used to enrich fecal samples, 
different prevalence measure was obtained. When 10 g of sample was suspended in 90 ml of 
 E. coli broth, the prevalence of Shiga toxin-producing E. coli (STEC) obtained was 1.3% [9], while 
the suspension of 20 g in 180 ml of same diluent resulted into a prevalence 11.1% NSF STEC [10].

Purification of E. coli colonies can be done in nondifferential media such as blood or nutrient 
agars. Depending on the degree of colony density, a series of inoculations can be desired until 
pure, single, or solitary colonies are obtained.

3.2. Quality control

These are procedures undertaken to validate the accuracy of the bacteria isolates. Among the 
measures of quality control in isolation of E. coli include incubation of uninoculated media 
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plates at 37°C overnight. The media plates should have no microbial growth after incubation. 
This will ensure that the isolates obtained after inoculation come from the samples and not 
due to contamination. Moreover, uninoculated media plate should be incubated simultane-
ously with inoculated media plates. Use of reference positive controls strains, e.g. E. coli ATCC 
25922, will also help to ensure the isolates are the targeted bacteria.

For water samples, quality control measures may involve the use of blank and sample repli-
cates. The true samples and the blanks are simultaneously incubated. The blank sample will 
tell that the sampling equipment has not been contaminated. The replicate results will assess 
the presence of variation for which explanations should be sorted out.

4. Confirmation of E. coli isolates

Confirmation of E. coli isolates can be done by biochemical, enzymatic, or molecular methods. 
The choice of the method depends on many factors including availability of resources. The 
confirmation methods include biochemical methods, such as IMViC and Analytical Profile 
Index 20E (API 20E) systems, enzymatic methods, for example, use of brilliance E. coli agar or 
Petrifilm Select E. coli count plate, and molecular techniques such as MALD-TOF.

4.1. IMViC tests

E. coli isolates can be confirmed biochemically by the use of a traditional method called 
IMViC tests. This is a set of four tests that are used to differentiate members of the family 
Enterobacteriaceae. IMViC is an abbreviation that stands for the Indole, Methyl red, Voges-
Proskauer, and Citrate utilization tests. In Indole test, the bacteria are tested for their ability to 
produce indole from tryptophan (amino acid) using the enzyme tryptophanase.

The indole reacts with the aldehyde in the Kovac’s reagent to give a red or a pink ring at 
the top of the tube. Peptone water in a tube, which contains tryptophan, is inoculated with 
bacteria isolate to be tested. The mixture is incubated overnight at 37°C. Then, a few drops of 
Kovac’s reagent are added to the mixture and formation of a red or a pink colored ring at the 
top is a positive reaction. E. coli are indole-positive bacteria.

Methyl red test detects the ability of a bacterium to produce acid from glucose fermentation. 
Methyl red, a pH indicator, remains red in color at a pH less or equal to 4.4. The bacterium 
to be tested is inoculated into glucose phosphate (MRVP) broth, which contains glucose and 
a phosphate buffer and incubated at 37°C for 48 h. Three to five drops of MR reagent are 
added to the tube. Red color development is a positive reaction that occurs when the bacteria 
have produced enough acid to neutralize the phosphate buffer. Yellow discoloration occurs to 
MR-negative bacteria. E. coli are MR-positive bacteria.

Voges-Proskauer test is used to detect the presence of acetoin in the bacteria-containing 
media. Acetoin is oxidized to diacetyl in the presence of air and sodium hydroxide. Diacetyl, 
in the presence of alpha-naphthol, reacts with guanidine to produce red color. In order to 
perform VP test, the test bacterium is inoculated into glucose phosphate (MRVP) broth in a 
tube and incubated for 72 h.
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Addition of 15 drops of alpha-naphthol to the test broth is followed by shaking. Then add 
five drops of 40% potassium hydroxide (KOH) to the broth and shake well. Allow the tube to 
stand for 15 min to see a positive red discoloration, after 1 h of no color change the isolate is 
categorized as VP negative. E. coli is VP negative.

Citrate utilization test detects the ability of the bacteria to use citrate as its sole source of 
carbon and energy. Citrate agar media contains a pH indicator called bromthymol blue. The 
agar media changes from green to blue at an alkaline pH. Streak a loopful of bacteria onto 
a citrate agar slant without stabbing the butt and incubate at 37°C for 24 h with a loose cap. 
Citrate in the media breaks down to oxaloacetate and acetate due to action of an enzyme 
citritase. Oxaloacetate is further broken down to pyruvate and CO2. Production of Na2CO3 
from sodium citrate changes the media into alkaline pH, and hence color change from green 
to blue. Blue color formation is a positive reaction, whereas the slant remaining green colored 
is a feature for negative test. E. coli is citrate negative.

This conventional IMViC test method gives results (Table 1) that are similar to an agar plate 
IMViC method [11]. E. coli and Proteus vulgaris show the same IMViC pattern, but Proteus spp. 
are lactose-negative, motile, and show swarming behavior.

4.2. The API 20E system

Analytical Profile Index 20E is a set of biochemical tests specific for differentiating between 
members of the Gram-negative bacterial family Enterobacteriaceae. It is used for rapid identi-
fication of already known bacteria. API 20E system is made up of 20 small reaction tubes that 
contain dehydrated substrates for detection of the enzymatic fermentation of sugars by the test 
isolates. This fermentation occurs during incubation, and the resulting pH change is detected 
by an indicator. It is important to confirm that the test culture is of an Enterobacteriaceae first, 
by doing a quick oxidase test. Enterobacteriaceae are oxidase negative.

Inoculate the suspension of a pure culture into each of the 20 reaction tubes and Incubate 
the tray at 37°C for 18–24 h. You can read the color change in some compartments right after 

Bacterium Indole MR VP Citrate

Escherichia coli + + − −

Klebsiella pneumoniae − − + +

Enterobacter aerogenes − − + +

Salmonella species − + − +

Shigella species − + − −

Proteus vulgaris + + − −

Proteus mirabilis − + − +

Citrobacter freundii − + − +

Table 1. MViC test results of some members of family Enterobacteriaceae (Adapted from Powers and Latt [11]).
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incubation, but some may require additional reagents. Mark each test as positive or negative 
on the lid of the tray and score them. Add up the scores, the maximum score being seven, to 
get a 7-digit code that is used to identify the bacteria by using the online database.

4.3. Enzymatic activities

Strict selective media that check for specific enzymatic activities in E. coli can be used to con-
firm E. coli isolates. For instance, brilliance E. coli agar or Petrifilm Select E. coli count plate can 
be used to check for presence and activity of β-glucuronidase enzyme. Beta-glucuronidase 
enzyme, which is specific to E. coli, cleaves glucuronide substrate resulting in purple and blue-
green colonies in Brilliance E. coli agar and Petrifilm E. coli Select count plates, respectively. 
Non-E. coli coliforms have ß-galactosidase only, which enable them to break down lactose, 
whereas most of E. coli have both β-galactosidase and β-glucuronidase. However, E. coli O157 
are glucuronidase negative; therefore, these media are not appropriate for initial screening of 
E. coli population but can be used to differentiate E. coli O157 from confirmed E. coli population.

4.4. MALD-TOF mass spectrometry

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALD-TOF) mass spectrom-
etry is a rapid and accurate method for microorganism identification. Principally, the biomol-
ecules are allowed to gain or lose electrons (ionization) and then sorted based on their mass to 
charge ratio, when subjected to electric or magnetic field. The spectrum generated is analyzed 
and compared to stored profiles using software. These spectra, which are species-specific, can 
be used to confirm microorganism, for example, E. coli or discriminating closely related spe-
cies such as E. coli and Shigella.

5. Convergence of E. coli isolates

E. coli form a large diverse species of bacteria that is difficult to handle when targeting a spe-
cific strain. Working on any E. coli-suspect colony from less discriminatory procedures pro-
long the time interval to isolate confirmation and utilizes more resources. The use of selective 
media helps to achieve this goal, but only when target E. coli strain is well defined. Otherwise, 
other approaches should be employed. Selection of E. coli isolates with some common features 
may be used to narrow down the population size. Converging similar E. coli isolates can be 
done by employing different procedures that utilize antimicrobial resistance, enzymatic, and 
immunogenic reactions and genetic characteristics of specific E. coli to mention a few. The 
choice of the method of converging E. coli isolates depends on different factors including 
study objectives, bacteria characteristics, skill, and resource availability.

Resistance to a single antimicrobial agent or combined resistance to more than one antimi-
crobial agent can be used to get E. coli isolates with common features. Resistance to com-
mon antimicrobial agents used in an area can be used to screen E. coli isolates before further 
analyses. For example, in a study to assess genetic similarities between E. coli isolates from 
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Addition of 15 drops of alpha-naphthol to the test broth is followed by shaking. Then add 
five drops of 40% potassium hydroxide (KOH) to the broth and shake well. Allow the tube to 
stand for 15 min to see a positive red discoloration, after 1 h of no color change the isolate is 
categorized as VP negative. E. coli is VP negative.

Citrate utilization test detects the ability of the bacteria to use citrate as its sole source of 
carbon and energy. Citrate agar media contains a pH indicator called bromthymol blue. The 
agar media changes from green to blue at an alkaline pH. Streak a loopful of bacteria onto 
a citrate agar slant without stabbing the butt and incubate at 37°C for 24 h with a loose cap. 
Citrate in the media breaks down to oxaloacetate and acetate due to action of an enzyme 
citritase. Oxaloacetate is further broken down to pyruvate and CO2. Production of Na2CO3 
from sodium citrate changes the media into alkaline pH, and hence color change from green 
to blue. Blue color formation is a positive reaction, whereas the slant remaining green colored 
is a feature for negative test. E. coli is citrate negative.

This conventional IMViC test method gives results (Table 1) that are similar to an agar plate 
IMViC method [11]. E. coli and Proteus vulgaris show the same IMViC pattern, but Proteus spp. 
are lactose-negative, motile, and show swarming behavior.

4.2. The API 20E system

Analytical Profile Index 20E is a set of biochemical tests specific for differentiating between 
members of the Gram-negative bacterial family Enterobacteriaceae. It is used for rapid identi-
fication of already known bacteria. API 20E system is made up of 20 small reaction tubes that 
contain dehydrated substrates for detection of the enzymatic fermentation of sugars by the test 
isolates. This fermentation occurs during incubation, and the resulting pH change is detected 
by an indicator. It is important to confirm that the test culture is of an Enterobacteriaceae first, 
by doing a quick oxidase test. Enterobacteriaceae are oxidase negative.

Inoculate the suspension of a pure culture into each of the 20 reaction tubes and Incubate 
the tray at 37°C for 18–24 h. You can read the color change in some compartments right after 

Bacterium Indole MR VP Citrate

Escherichia coli + + − −

Klebsiella pneumoniae − − + +

Enterobacter aerogenes − − + +

Salmonella species − + − +

Shigella species − + − −

Proteus vulgaris + + − −

Proteus mirabilis − + − +

Citrobacter freundii − + − +

Table 1. MViC test results of some members of family Enterobacteriaceae (Adapted from Powers and Latt [11]).
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incubation, but some may require additional reagents. Mark each test as positive or negative 
on the lid of the tray and score them. Add up the scores, the maximum score being seven, to 
get a 7-digit code that is used to identify the bacteria by using the online database.

4.3. Enzymatic activities

Strict selective media that check for specific enzymatic activities in E. coli can be used to con-
firm E. coli isolates. For instance, brilliance E. coli agar or Petrifilm Select E. coli count plate can 
be used to check for presence and activity of β-glucuronidase enzyme. Beta-glucuronidase 
enzyme, which is specific to E. coli, cleaves glucuronide substrate resulting in purple and blue-
green colonies in Brilliance E. coli agar and Petrifilm E. coli Select count plates, respectively. 
Non-E. coli coliforms have ß-galactosidase only, which enable them to break down lactose, 
whereas most of E. coli have both β-galactosidase and β-glucuronidase. However, E. coli O157 
are glucuronidase negative; therefore, these media are not appropriate for initial screening of 
E. coli population but can be used to differentiate E. coli O157 from confirmed E. coli population.

4.4. MALD-TOF mass spectrometry

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALD-TOF) mass spectrom-
etry is a rapid and accurate method for microorganism identification. Principally, the biomol-
ecules are allowed to gain or lose electrons (ionization) and then sorted based on their mass to 
charge ratio, when subjected to electric or magnetic field. The spectrum generated is analyzed 
and compared to stored profiles using software. These spectra, which are species-specific, can 
be used to confirm microorganism, for example, E. coli or discriminating closely related spe-
cies such as E. coli and Shigella.

5. Convergence of E. coli isolates

E. coli form a large diverse species of bacteria that is difficult to handle when targeting a spe-
cific strain. Working on any E. coli-suspect colony from less discriminatory procedures pro-
long the time interval to isolate confirmation and utilizes more resources. The use of selective 
media helps to achieve this goal, but only when target E. coli strain is well defined. Otherwise, 
other approaches should be employed. Selection of E. coli isolates with some common features 
may be used to narrow down the population size. Converging similar E. coli isolates can be 
done by employing different procedures that utilize antimicrobial resistance, enzymatic, and 
immunogenic reactions and genetic characteristics of specific E. coli to mention a few. The 
choice of the method of converging E. coli isolates depends on different factors including 
study objectives, bacteria characteristics, skill, and resource availability.

Resistance to a single antimicrobial agent or combined resistance to more than one antimi-
crobial agent can be used to get E. coli isolates with common features. Resistance to com-
mon antimicrobial agents used in an area can be used to screen E. coli isolates before further 
analyses. For example, in a study to assess genetic similarities between E. coli isolates from 
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humans, cattle, and the environment, Lupindu and his colleagues [12] chose to isolate E. coli 
with resistance to tetracycline and ampicillin to concentrate E. coli from the general popula-
tion. E. coli isolated from MacConkey agar was subjected to ampicillin-tetracycline solution 
using Petrifilm Select E. coli count (SEC) plate. Out of 1046 E. coli isolated from  MacConkey 
agar, 118 isolates were resistant to ampicillin-tetracycline drug combination. Antimicrobial 
stock solution and bacteria inoculation were executed as previously described in Ref. [13]. 
One milliliter of antimicrobial stock solution containing 0.32 mg ampicillin and 0.64 mg was 
placed on the bottom lid. After 2 h of absorption of the antimicrobial solution, 2 μl of stan-
dardized sample suspension was spot-inoculated onto the antimicrobial embedded lower lid 
of Petrifilm SEC plate. The upper lid was closed after 10 min, and the plate incubated at 
42°C for 24 h. Round, medium-sized E. coli colonies appear dark-green due to the presence 
of β-glucuronidase activity on glucuronide substrate in indicator embedded medium. This 
procedure was also used to confirm the E. coli isolates that were further analyzed by PFGE for 
their genetic relatedness.

Ability of some E. coli strains to ferment different sugars can be used to concentrate strains of 
interest. All E. coli are lactose fermenters, but only some can ferment sorbitol. Sorbitol (instead 
of lactose) is mixed with MacConkey agar to form sorbitol MacConkey agar. This media can 
be used to discriminate sorbitol fermenting E. coli from nonsorbitol fermenters (NSF) and 
hence narrow down the E. coli population to a group of interest. The most common pathogenic 
E. coli that can be targeted by this procedure is E. coli O157:H7. Majority of E. coli O157:H7 and 
a few other diarrheagenic E. coli strains do not ferment sorbitol. Many studies to isolate E. coli 
O157:H7 have used sorbitol MacConkey agar. For example, Lupindu and friends [14], instead 
of focusing on every brown-colored, medium-sized round colony grown on MacConkey agar, 
they went for nonsorbitol fermenters in search for O157:H7. Sorbitol MacConkey agar was 
supplemented with antimicrobials cefexime and tellurite to inhibit growth of other bacteria 
such as Aeromonas and Proteus species and thus improving the recognition of nonsorbitol 
fermenting E. coli. The plates were inoculated with sample suspension and incubated at 37°C 
for 24 h. Nonsorbitol fermenting bacteria appeared colorless. NSF E. coli were confirmed by 
biochemical method. In this procedure, where one isolate was selected from each sample, the 
authors managed to recover 143 NSF E. coli isolates from the total of 1046 samples analyzed. 
The NSF E. coli isolates were further analyzed by molecular techniques, for example, PCR and 
DNA hybridization and serology to determine their virulence genes and pathotypes. Of 95 
NSF E. coli isolates from cattle, 4 (4.2%) were E. coli O157:H7, carrying vtx2c genes.

Concentration of E. coli isolates can be achieved by molecular techniques where a specific part 
of the DNA is compared for different isolates. PFGE is one of the commonly used methods to 
bring together E. coli isolates with similar attribute prior to further analyses. Specific base pair 
sites of the DNA are cut by special enzymes, amplified, and electrophoresed by applying elec-
tric voltage in three directions periodically. It is suitable even for comparison of large DNA 
fragments up to 20 kb. PFGE can be reliably used as final analyses in the outbreak investiga-
tion in Ref. [12], but sequencing is becoming an adjunct to PFGE whereby isolates with identi-
cal PFGE bands are further subtyped by sequencing to give a more detailed discrimination in 
Ref. [15]. In outbreak situations, isolates are fingerprinted by PFGE, but detailed discrimina-
tion among isolates especially from different outbreak in different locations is obtained by 
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sequencing. For example, Turabelidze and colleagues [16] sequenced pathogenic E. coli that 
was congregated by PFGE. It was reported that these isolates had identical PFGE band, but 
their differences were revealed by sequencing. Likewise, Trees et al. [17] sequenced 240 isolates  
related to outbreaks from different sources by PFGE fingerprinting. As a result, whole genome 
sequencing of 228 isolates showed that they were Shiga toxin-producing E. coli, whereas other 
12 isolates were non-Shiga toxin-producing diarrheagenic E. coli.

Moreover, E. coli isolates can be brought together by making use of common antigenic fea-
tures they possess. Antibodies specific to the bacteria antigen are used to trap the bacteria 
in enrichment broth. Magnetic beads are coated with specific antibodies for specific bacteria 
antigen. When beads are applied to the culture broth, antigen will attract antibody resulting 
in bacteria-bead complex. The complexes are brought together by a magnetic field and con-
centrate at the bottom of the tube. After decantation, concentrated bacteria-bead complexes 
are inoculated on a solid media and incubated at 37°C for 24 h. The culture is then analyzed 
by other methods such as PCR or sequencing. Immunomagnetic separation (IMS) can be used 
to isolate different bacterial and fungal species. Different strains of Shiga toxin-producing 
E. coli can be isolated by this procedure. These include all Shiga toxin-producing E. coli with 
somatic antigen O157, O26, O45, O103, O111, O113, O121, and O145 [18].

Chromogenic media can also be used to concentrate bacteria possessing some enzymes 
whose action on sugars brings changes that are detected and depicted by indicating color 
change. E. coli are distinguished from other coliforms by the presence of β-glucuronidase 
activity on glucuronide. Examples of chromogenic media for coliform discrimination are 
Brilliance E. coli agar and Petrifilm Select E. coli count plate. Apart from differentiating the 
coliforms, these media can be used to sort out between β-glucuronidase positive and negative 
E. coli since there are a few E. coli strains that are β-glucuronidase negative, for example, E. coli 
O157:H7 [19]. Beta-glucuronidase positive isolates will appear purple on Brilliance E. coli agar 
or dark-green on Petrifilm Select E. coli count plate. The use of chromogenic media is usually 
followed by analyses by other techniques, for example, PCR, PFGE, or sequencing [20].

6. Storage of E. coli isolates

Preservation of bacteria aims at slowing the rate of harmful reactions in bacteria cultures so 
as to maintain viability and genetic attributes for future use. When imminent analyses require 
intact live cell, the storage method becomes very important. Different methods can be used to 
store pure E. coli and other bacteria isolates for future analyses [21]. Removal of water from the 
bacteria culture (drying) can be one option in preserving bacteria cells, while low temperature 
storage can also reduce the rate of chemical reaction in the cell culture and hence prolong 
bacteria viability. Drying of the bacteria cells may involve freeze and vacuum drying. In freeze 
drying, also called lyophilization or cryodesiccation, bacteria are suspended in a medium 
which maintain their viability through freezing, water removal, and storage. Principally, the 
bacteria in 15% glycerol suspension are frozen on dry ice or liquid nitrogen and subjected to 
high vacuum line that allows bacteria to dry through water sublimation. In vacuum drying, 
the bacteria are dried over calcium chloride in vacuum. Both freeze and vacuum-dried bacteria 
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humans, cattle, and the environment, Lupindu and his colleagues [12] chose to isolate E. coli 
with resistance to tetracycline and ampicillin to concentrate E. coli from the general popula-
tion. E. coli isolated from MacConkey agar was subjected to ampicillin-tetracycline solution 
using Petrifilm Select E. coli count (SEC) plate. Out of 1046 E. coli isolated from  MacConkey 
agar, 118 isolates were resistant to ampicillin-tetracycline drug combination. Antimicrobial 
stock solution and bacteria inoculation were executed as previously described in Ref. [13]. 
One milliliter of antimicrobial stock solution containing 0.32 mg ampicillin and 0.64 mg was 
placed on the bottom lid. After 2 h of absorption of the antimicrobial solution, 2 μl of stan-
dardized sample suspension was spot-inoculated onto the antimicrobial embedded lower lid 
of Petrifilm SEC plate. The upper lid was closed after 10 min, and the plate incubated at 
42°C for 24 h. Round, medium-sized E. coli colonies appear dark-green due to the presence 
of β-glucuronidase activity on glucuronide substrate in indicator embedded medium. This 
procedure was also used to confirm the E. coli isolates that were further analyzed by PFGE for 
their genetic relatedness.

Ability of some E. coli strains to ferment different sugars can be used to concentrate strains of 
interest. All E. coli are lactose fermenters, but only some can ferment sorbitol. Sorbitol (instead 
of lactose) is mixed with MacConkey agar to form sorbitol MacConkey agar. This media can 
be used to discriminate sorbitol fermenting E. coli from nonsorbitol fermenters (NSF) and 
hence narrow down the E. coli population to a group of interest. The most common pathogenic 
E. coli that can be targeted by this procedure is E. coli O157:H7. Majority of E. coli O157:H7 and 
a few other diarrheagenic E. coli strains do not ferment sorbitol. Many studies to isolate E. coli 
O157:H7 have used sorbitol MacConkey agar. For example, Lupindu and friends [14], instead 
of focusing on every brown-colored, medium-sized round colony grown on MacConkey agar, 
they went for nonsorbitol fermenters in search for O157:H7. Sorbitol MacConkey agar was 
supplemented with antimicrobials cefexime and tellurite to inhibit growth of other bacteria 
such as Aeromonas and Proteus species and thus improving the recognition of nonsorbitol 
fermenting E. coli. The plates were inoculated with sample suspension and incubated at 37°C 
for 24 h. Nonsorbitol fermenting bacteria appeared colorless. NSF E. coli were confirmed by 
biochemical method. In this procedure, where one isolate was selected from each sample, the 
authors managed to recover 143 NSF E. coli isolates from the total of 1046 samples analyzed. 
The NSF E. coli isolates were further analyzed by molecular techniques, for example, PCR and 
DNA hybridization and serology to determine their virulence genes and pathotypes. Of 95 
NSF E. coli isolates from cattle, 4 (4.2%) were E. coli O157:H7, carrying vtx2c genes.

Concentration of E. coli isolates can be achieved by molecular techniques where a specific part 
of the DNA is compared for different isolates. PFGE is one of the commonly used methods to 
bring together E. coli isolates with similar attribute prior to further analyses. Specific base pair 
sites of the DNA are cut by special enzymes, amplified, and electrophoresed by applying elec-
tric voltage in three directions periodically. It is suitable even for comparison of large DNA 
fragments up to 20 kb. PFGE can be reliably used as final analyses in the outbreak investiga-
tion in Ref. [12], but sequencing is becoming an adjunct to PFGE whereby isolates with identi-
cal PFGE bands are further subtyped by sequencing to give a more detailed discrimination in 
Ref. [15]. In outbreak situations, isolates are fingerprinted by PFGE, but detailed discrimina-
tion among isolates especially from different outbreak in different locations is obtained by 
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sequencing. For example, Turabelidze and colleagues [16] sequenced pathogenic E. coli that 
was congregated by PFGE. It was reported that these isolates had identical PFGE band, but 
their differences were revealed by sequencing. Likewise, Trees et al. [17] sequenced 240 isolates  
related to outbreaks from different sources by PFGE fingerprinting. As a result, whole genome 
sequencing of 228 isolates showed that they were Shiga toxin-producing E. coli, whereas other 
12 isolates were non-Shiga toxin-producing diarrheagenic E. coli.

Moreover, E. coli isolates can be brought together by making use of common antigenic fea-
tures they possess. Antibodies specific to the bacteria antigen are used to trap the bacteria 
in enrichment broth. Magnetic beads are coated with specific antibodies for specific bacteria 
antigen. When beads are applied to the culture broth, antigen will attract antibody resulting 
in bacteria-bead complex. The complexes are brought together by a magnetic field and con-
centrate at the bottom of the tube. After decantation, concentrated bacteria-bead complexes 
are inoculated on a solid media and incubated at 37°C for 24 h. The culture is then analyzed 
by other methods such as PCR or sequencing. Immunomagnetic separation (IMS) can be used 
to isolate different bacterial and fungal species. Different strains of Shiga toxin-producing 
E. coli can be isolated by this procedure. These include all Shiga toxin-producing E. coli with 
somatic antigen O157, O26, O45, O103, O111, O113, O121, and O145 [18].

Chromogenic media can also be used to concentrate bacteria possessing some enzymes 
whose action on sugars brings changes that are detected and depicted by indicating color 
change. E. coli are distinguished from other coliforms by the presence of β-glucuronidase 
activity on glucuronide. Examples of chromogenic media for coliform discrimination are 
Brilliance E. coli agar and Petrifilm Select E. coli count plate. Apart from differentiating the 
coliforms, these media can be used to sort out between β-glucuronidase positive and negative 
E. coli since there are a few E. coli strains that are β-glucuronidase negative, for example, E. coli 
O157:H7 [19]. Beta-glucuronidase positive isolates will appear purple on Brilliance E. coli agar 
or dark-green on Petrifilm Select E. coli count plate. The use of chromogenic media is usually 
followed by analyses by other techniques, for example, PCR, PFGE, or sequencing [20].

6. Storage of E. coli isolates

Preservation of bacteria aims at slowing the rate of harmful reactions in bacteria cultures so 
as to maintain viability and genetic attributes for future use. When imminent analyses require 
intact live cell, the storage method becomes very important. Different methods can be used to 
store pure E. coli and other bacteria isolates for future analyses [21]. Removal of water from the 
bacteria culture (drying) can be one option in preserving bacteria cells, while low temperature 
storage can also reduce the rate of chemical reaction in the cell culture and hence prolong 
bacteria viability. Drying of the bacteria cells may involve freeze and vacuum drying. In freeze 
drying, also called lyophilization or cryodesiccation, bacteria are suspended in a medium 
which maintain their viability through freezing, water removal, and storage. Principally, the 
bacteria in 15% glycerol suspension are frozen on dry ice or liquid nitrogen and subjected to 
high vacuum line that allows bacteria to dry through water sublimation. In vacuum drying, 
the bacteria are dried over calcium chloride in vacuum. Both freeze and vacuum-dried bacteria 
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cultures are stored at 4°C for long time. Low temperature storage of bacteria involves keep-
ing bacteria at low temperatures, ranging from 4 to −80°C. Freezing usually requires addi-
tion of glycerol or sugars as cryoprotectants. Deep freezing is the most common preservation 
method, which maintains both survival and similarity of bacteria population compared with 
other methods. The choice of the method of preservation depends on several factors, including 
the nature of bacteria, desired length of time of storage, analysis strategy, and study objectives.

Short period preservation, for example, for days or a week, bacteria can be stored under 
refrigeration temperatures. Pure bacteria culture is grown on agar slants or plates of nondif-
ferential media and stored at 4°C. Screw-capped tubes are recommended when agar slants are 
used in bacteria preservation. Cultures on Petri dishes should be protected from contamina-
tion and rapid drying by sealing the plates with parafilm and stored inverted. Screw-capped 
tubes with hot sterile media are inclined at an angle to allow the media to solidify into a slant. 
A loopful of pure bacteria culture is inoculated onto the slant surface and incubated at 37°C 
for 24 h. The slant is then refrigerated for future use of bacteria.

Freezing is another method used to store bacteria whereby, the degree of coldness corre-
sponds to length of storage period. The colder the storage temperature, the longer the culture 
will retain viable cells. Freezing temperatures of −20 to −40°C, which is achieved by most labo-
ratory freezers, can be used to preserve bacteria for up to 1 year. Low temperature of −80°C 
can preserve bacteria for longer than 3 years, whereas cryofreezing at temperatures below 
−130°C, usually in liquid nitrogen, can preserve bacteria for more than 10 years.

Freezing may damage or kill bacteria cells due to resultant physical and chemical processes 
taking place. During freezing, water in the bacteria cell is converted to ice and solutes accu-
mulate in the residual free water. Ice crystals formed can damage the cell membrane and 
the negative solute concentration can denature cell biomolecules. Cryoprotectants such as 
glycerol lower the freezing point of the bacteria suspension and thus prevent extracellular 
ice crystal formation and build-up of negative salt concentration. Besides, the lethal intracel-
lular freezing is usually avoided by slow cooling or progressive freezing that allows sufficient 
water to leave the cell during freezing of extracellular fluid. A slow progressive freezing at a 
cooling rate of 1°C/min can be achieved by using a rate controlled freezer. Alternatively, simi-
lar results can be obtained by “snap freezing.” Bacteria cells are snap-frozen by immersing the 
well-labeled 15% glycerol cell suspension containing cryotubes in dry ice or liquid nitrogen 
before storing them in freezer (−20 to −80°C) or in liquid nitrogen tank (−196°C) [22].

Bacteria cultures for freeze preservation can be prepared by inoculating a loopful of bacteria 
culture into nondifferential sterile broth such as nutrient broth followed by 37°C incubation for 
24 h. This broth with pure bacteria culture is mixed with glycerol to make it 15–20% glycerol. 
Pure glycerol is a thick viscous liquid that needs dilution for practical handling. One-to-one 
dilution of pure glycerol with sterile normal saline is usually required, for example, 100 ml  
of glycerol is mixed with 100 ml of normal saline. As a result, for any required amount of pure 
glycerol, the diluted volume should be doubled. For example, if you want to store bacteria in 
20% glycerol broth in a cryovial of 2 ml capacity, you need to put 600 μl of culture broth into 
a cryovial and add 400 μl of diluted glycerol. This 1 ml culture broth of 20% glycerol can be 
stored at −20, −80, or −196°C.
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All E. coli strains can be revived by inoculation on blood agar, nutrient agar, or any nonselec-
tive media. A loopful of culture is inoculated onto the agar and incubated at 37°C for 18–24 h. 
Do not allow to thaw whenever frozen cultures intended for further storage are in use.

7. Characterization of E. coli isolates

Characterization includes detection of bacteria isolates from different sources and typing of 
bacteria isolates of same species. E. coli can be characterized by different methods, depending 
on what attribute is targeted. The methods are categorized as serology, molecular techniques, 
or cytopathic assays. Molecular characterization includes numerous techniques such as PCR, 
DNA hybridization, PFGE, restricted fragment length polymorphism (RFLP) and multilocus 
variable-number tandem repeat analysis (MLVA) to mention a few. These variable methods 
of bacteria typing have previously been summarized and compared in Ref. [19]. A combina-
tion of different methods can be used to complement each other especially when accurate 
diagnosis is required in a public health threat. A good example of combination of different 
characterization methods is the work reported by Sabat et al. [23], whereby isolates confirmed 
to possess somatic antigen O157 by agglutination test were further characterized by PCR sub-
typing of verotoxigenic (vtx) genes, O:H serotyping, Vero cell assay, sorbitol fermentation, 
β-glucuronidase activity, dot blot hybridization, and PFGE.

7.1. Serotyping

Presence of antigenic components that characterize a specific E. coli strain can be detected 
by using specific antibodies, for instance, presence of somatic antigen O, capsular antigen K, 
and flagella antigen H can be detected by agglutination tests and using specific antisera. The 
somatic and flagella antigens are tested against each specific antiserum, or they are tested 
against pools of antisera first and then tested against each of the specific antisera from the 
positive pools. The number of positive antisera is used in O and H antigen nomenclature, for 
example, E. coli O113:H21, O142:H34, and O157:H7. There are more than 180 O somatic anti-
gens and more than 50 H-flagella antigens that are known and used as reference in E. coli sero-
typing. [24]. E. coli antigen serotyping has been described in detail by Ørskov and Ørskov [25].

7.2. Polymerase chain reaction (PCR)

Polymerase chain reaction is performed to characterize E. coli strains by targeting different 
virulence genes coding for different virulence factors. Common virulence factors for IPEC 
include verocytotoxin1, verocytotoxin 2, intimin, heat-stable enterotoxin, human variant, 
heat-stable enterotoxin, porcine variant, heat labile enterotoxin, and invasive plasmid antigen 
(Table 2). These virulence genes can be detected using multiplex DEC PCR kit as previously 
described in Ref. [26].

EXPEC commonly carry virulence factor causing urinary tract or nervous tissue infection 
characterized by syndromes such as urosepsis, pyelonephritis, prostatitis, cystitis, and men-
ingitis. More than 30 virulence factors carried by EXPEC have been reported in Refs. [27, 28]. 
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Pure glycerol is a thick viscous liquid that needs dilution for practical handling. One-to-one 
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Presence of antigenic components that characterize a specific E. coli strain can be detected 
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positive pools. The number of positive antisera is used in O and H antigen nomenclature, for 
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described in Ref. [26].
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These include papA, papC, papEF, papG, papG II (±III), papG III (±II), papG II + III, sfa, focDE, sfaS, 
focG, afa/draBC, iha, bmaE, gafD, fimH, hlyD, cnf1, cdtB, fyuA, iutA, iroN, ireA, kpsM II, K1 kpsM, 
K2 kpsM, kpsMT III, rfc, cvaC, traT, iss, ibeA, ompT, H7 fliC, malX, and ibeA. Commercial multi-
plex PCR kits are available for detection different virulence genes for EXPEC.

Verocytotoxin (vtx) genes form the most variable group of IPEC virulence factors that can 
further be characterized by PCR into vtx1 and vtx2. Within vtx1 and vtx2 groups further sub-
typing can be done as previously described in Ref. [29]. As a result, 10 subtypes have been 
identified, three for vtx1 (vtx1a, vtx1c and vtx1d) and seven for vtx2 (vtx2a, vtx2b, vtx2c, vtx2d, 
vtx2e, vtx2f and vtx2g). This subtyping is important because the subtype differ in virulence 
and disease syndrome they cause. Moreover, these details are needed when comparison of 
isolates from different cases/outbreaks is desired.

Detection of virulence factors and genetic relatedness of E. coli isolates can also be assessed 
by DNA hybridization. This a phenomenon whereby a single strand of DNA anneals to a 
complementary single-stranded DNA fragment (probe) to form a hybrid. Since the probe is 
labeled, formation of a hybrid molecule is detected and hence showing presence of its com-
plementary (target) nucleic acid strand. Apart from detection of conventional virulence genes, 
DNA hybridization can be used as a complementary to PCR to check for additional virulence 
factors [14, 30]. Analyses of additional virulence factors by hybridization can assist in differ-
entiation of closely related isolates. For instance, EPEC pathotypes possess eae gene, and they 
can be differentiate into classical EPEC and A/EEC through DNA hybridization. Classical 
EPEC possesses bfp that codes for bundle-forming pili (BFP) [14, 31]. Different DNA probes 
can be used in hybridization such as vtx1, vtx2, eae, enterohaemolysin (ehxA), EPEC adherence 
factor (EAF), bundle-forming pilus (bfpA), saa, astA, and vtx2f. The protocols for DNA hybrid-
ization have previously explained in Refs. [30, 32, 33].

7.3. DNA sequencing

This is the determination of precise order of bases in the nucleotides that make a specific seg-
ment of a DNA. Apart from characterization of genetic material for the purpose of identifica-
tion of E. coli strain, DNA sequencing assist in comparison of genetic makeup from different 
sources, for example, in assessment of the association of different disease outbreak. Generally, 
sequencing use electrophoresis to separate pieces of DNA into bands. DNA molecules move 
through the gel when an electric current is applied and molecules are separated according 
to size, small molecules move faster. During sequencing, bases are tagged with fluorescence 
dyes, each base type producing a different color, for example, thymine = blue, cytosine = green, 
adenine = red, and guanine = yellow. Artificial modified bases are added to the DNA mixture. 
DNA molecules will undergo copying many times. When one of the modified bases is incor-
porated into the DNA molecule, elongation of the chain stops and all DNA pieces in that batch 
will have an ending with that particular modified base. The next batch of DNA copy will have 
a different artificial base at the end and so on. As a result, different DNA batches will end with 
different base T, A, G, and C, each with a specific color. So the base sequence in the assembled 
DNA material will be determined by a color pattern of the last (modified) base. The informa-
tion is stored in computer memory and used for interpretation. This is a traditional Sanger 
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These include papA, papC, papEF, papG, papG II (±III), papG III (±II), papG II + III, sfa, focDE, sfaS, 
focG, afa/draBC, iha, bmaE, gafD, fimH, hlyD, cnf1, cdtB, fyuA, iutA, iroN, ireA, kpsM II, K1 kpsM, 
K2 kpsM, kpsMT III, rfc, cvaC, traT, iss, ibeA, ompT, H7 fliC, malX, and ibeA. Commercial multi-
plex PCR kits are available for detection different virulence genes for EXPEC.

Verocytotoxin (vtx) genes form the most variable group of IPEC virulence factors that can 
further be characterized by PCR into vtx1 and vtx2. Within vtx1 and vtx2 groups further sub-
typing can be done as previously described in Ref. [29]. As a result, 10 subtypes have been 
identified, three for vtx1 (vtx1a, vtx1c and vtx1d) and seven for vtx2 (vtx2a, vtx2b, vtx2c, vtx2d, 
vtx2e, vtx2f and vtx2g). This subtyping is important because the subtype differ in virulence 
and disease syndrome they cause. Moreover, these details are needed when comparison of 
isolates from different cases/outbreaks is desired.

Detection of virulence factors and genetic relatedness of E. coli isolates can also be assessed 
by DNA hybridization. This a phenomenon whereby a single strand of DNA anneals to a 
complementary single-stranded DNA fragment (probe) to form a hybrid. Since the probe is 
labeled, formation of a hybrid molecule is detected and hence showing presence of its com-
plementary (target) nucleic acid strand. Apart from detection of conventional virulence genes, 
DNA hybridization can be used as a complementary to PCR to check for additional virulence 
factors [14, 30]. Analyses of additional virulence factors by hybridization can assist in differ-
entiation of closely related isolates. For instance, EPEC pathotypes possess eae gene, and they 
can be differentiate into classical EPEC and A/EEC through DNA hybridization. Classical 
EPEC possesses bfp that codes for bundle-forming pili (BFP) [14, 31]. Different DNA probes 
can be used in hybridization such as vtx1, vtx2, eae, enterohaemolysin (ehxA), EPEC adherence 
factor (EAF), bundle-forming pilus (bfpA), saa, astA, and vtx2f. The protocols for DNA hybrid-
ization have previously explained in Refs. [30, 32, 33].

7.3. DNA sequencing

This is the determination of precise order of bases in the nucleotides that make a specific seg-
ment of a DNA. Apart from characterization of genetic material for the purpose of identifica-
tion of E. coli strain, DNA sequencing assist in comparison of genetic makeup from different 
sources, for example, in assessment of the association of different disease outbreak. Generally, 
sequencing use electrophoresis to separate pieces of DNA into bands. DNA molecules move 
through the gel when an electric current is applied and molecules are separated according 
to size, small molecules move faster. During sequencing, bases are tagged with fluorescence 
dyes, each base type producing a different color, for example, thymine = blue, cytosine = green, 
adenine = red, and guanine = yellow. Artificial modified bases are added to the DNA mixture. 
DNA molecules will undergo copying many times. When one of the modified bases is incor-
porated into the DNA molecule, elongation of the chain stops and all DNA pieces in that batch 
will have an ending with that particular modified base. The next batch of DNA copy will have 
a different artificial base at the end and so on. As a result, different DNA batches will end with 
different base T, A, G, and C, each with a specific color. So the base sequence in the assembled 
DNA material will be determined by a color pattern of the last (modified) base. The informa-
tion is stored in computer memory and used for interpretation. This is a traditional Sanger 
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sequencing. Besides, the fast advancing technology is taking the investigative life science 
from a few DNA fragments analysis into another level of whole genome sequencing. Next 
Generation Sequencing analyses the entire genome in a short time of single sequencing run. 
As a result, analysis and comparison of whole genome of isolates lead to correct diagnostic 
inference. Principally, next generation sequencing is similar to conventional Sanger method, 
but the former, through sequencing by synthesis, allows detection of single bases as they are 
incorporated into a growing DNA strand until the whole genome is read. Moreover, millions 
of reactions take place in parallel and many samples can be analyzed at once.

Sequencing is superior to other methods in characterization of genetic material. For example, 
whole genome sequencing can detect false positive and false negative clonal relationship of 
isolates from PFGE fingerprinting [34]. Regardless of the approach to the genome as a whole, 
the actual process of DNA sequencing is the same. Guidelines and protocols for sequencing 
are described in detail by a number of researchers in Refs. [35, 36], such that it is possible for 
many laboratories to manage the procedure.

7.4. Phenotypic characterization of E. coli

The genetic expression of E. coli, especially pathogenic E. coli, can be evaluated by applying the 
toxin extract from the bacteria to the monolayer Vero cell culture. Cytopathic effects to the cells 
will indicate virulence activities of the genes. Details of cytotoxic effect assay on Vero cell have 
been documented in Ref. [37]. Mouse inoculation can also be done to assess virulence of genes.

8. Common E. coli pathotypes

Intestinal pathogenic E. coli form a large proportion of pathogenic E. coli. They include VTEC, 
EPEC, ETEC, EAEC, DAEC, and EIEC.

Verocytotoxigenic E. coli (VTEC) produces verocytotoxins also known as Shiga toxins. The 
most common VTEC is O157:H7 strain. VTEC are characterized by possession of genes encod-
ing for vtx1 and vtx2, although they carry other virulence genes such as eae and ehxA. Animals 
are principal reservoirs of VTEC, and the main route of transmission is fecal-oral. In humans, 
especially children and elderly, VTEC cause abdominal cramps associated with diarrhea or 
dysentery. Complicated cases of VTEC infection may lead to HUS. VTEC can be isolated 
from different sources by different approaches, but the choice will depend on the objectives. 
Reliance on sugar fermentation ability, for example, sorbitol or presence of specific enzymes, 
for example, beta-glucuronidase, may lead to focus on specific fraction of the pathogen. On 
the other hand, targeting verocytotoxin-producing genes will give the overall burden of 
VTEC from a target source. In this scenario, the use of IMS technique may be recommended 
[28]. Characterization of isolates for VTEC detection may include immunological methods by 
using specific antibodies against target VTEC strain or PCR by targeting specific genes. VTEC 
isolates typing can be done by serology, using specific antisera, PFGE, DNA hybridization, 
and sequencing.
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Enteropathogenic E. coli (EPEC) possess eae just as do some VTEC strains. As a result they 
cause attaching and effacing lesion and hence diarrhea. Classical EPEC differs from atypical 
EPEC (A/EEC) by possession of bfpA gene. However, atypical EPEC is a more prevalent cause 
of diarrhea [38]. Human EPEC infection follows fecal-oral route and isolation can be done 
from different sources such as water, food, animal, and environment. However, characteriza-
tion emphasize should be put on distinguishing EPEC from VTEC by presence of eae gene 
and absence of vtx genes. Also, classical EPEC and atypical EPEC should be differentiated by 
assessing the presence of bfpA gene that encode for bundle-forming pili. These features can be 
determined by characterization procedures such as PCR and DNA hybridization [14]. PFGE 
typing can be applied to compare strains during outbreaks.

Enterotoxigenic E. coli (ETEC) are responsible for watery diarrhea in humans due to impaired 
sodium absorption and enhanced chloride secretion caused by enterotoxins. Fecal-oral con-
tamination is responsible for transmission through food and water, and the syndrome is com-
mon to travellers and children. A simple procedure for detection of ETEC from stool has been 
described earlier in Ref. [38]. Heat-stable and heat-labile enterotoxins encoded by heat-stable 
enterotoxin (estA) and heat-labile enterotoxin (eltA) genes, respectively, are responsible. These 
genes can be easily detected by serological assays [39] and multiplex DEC PCR.

Enteroaggregative E. coli (EAEC) causes acute and persistent diarrhea in humans. This 
group has diverse strains differing in many aspects but have a common feature of forming 
a “stacked brick” pattern of adhesion to the human epithelial cell line HEp-2. This feature is 
used in HeLa cell adherence method to detect EAEC strains [40]. They often produce heat-
stable toxin EAST1, Shigella enterotoxin (ShET1), and Haemolysin E, which cause host cell 
damage and induce inflammation leading to diarrhea especially in travellers, children, and 
immunocompromised patients. The EAEC strains are found in mixed infections whereby iso-
lation by MacConkey ager, detection by conventional biochemical methods, and PCR and 
typing by PFGE are possible [41].

Diffusely adherent E. coli (DAEC) are responsible for acute diarrhea in humans. DAEC are 
characterized by the ability to adhere to Hep-2 cells in a diffuse fashion as confirmed by HeLa 
cells assays. Isolation is done conventionally and detection by PCR can be done by targeting 
Afa/Dr genes [42].

Enteroinvasive E. coli (EIEC) cause profuse diarrhea or dysentery in human through mechani-
cal damage of host epithelial cell by using adhesin protein for binding and invading/entering 
intestinal cells. They do not produce toxin. EIEC resembles Shigella species biochemically and 
genetically. Most of them do not ferment lactose. Following conventional isolation methods, 
EIEC are detected by invasion plasmid antigens (ipaH) gene-targeted PCR [43]. The invasiveness 
of EIEC can be assessed by plaque formation on HeLa cell or guinea pig conjunctivitis assays.

Extra-intestinal pathogenic E. coli (EXPEC) cause a wide range of bacteraemia-associated 
disease syndromes. EXPEC have been isolated in patients with cystitis, pyelonephritis, or 
prostatitis [28]. Other syndromes associated with EXPEC include septic arthritis or pyomyosi-
tis, nontraumatic meningitis, or hematogenous osteomyelitis and pneumonia [44]. This group 
is comprised of UPEC, NMEC, and SEPEC [1]. Infection normally follows fecal-oral route. 
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most common VTEC is O157:H7 strain. VTEC are characterized by possession of genes encod-
ing for vtx1 and vtx2, although they carry other virulence genes such as eae and ehxA. Animals 
are principal reservoirs of VTEC, and the main route of transmission is fecal-oral. In humans, 
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dysentery. Complicated cases of VTEC infection may lead to HUS. VTEC can be isolated 
from different sources by different approaches, but the choice will depend on the objectives. 
Reliance on sugar fermentation ability, for example, sorbitol or presence of specific enzymes, 
for example, beta-glucuronidase, may lead to focus on specific fraction of the pathogen. On 
the other hand, targeting verocytotoxin-producing genes will give the overall burden of 
VTEC from a target source. In this scenario, the use of IMS technique may be recommended 
[28]. Characterization of isolates for VTEC detection may include immunological methods by 
using specific antibodies against target VTEC strain or PCR by targeting specific genes. VTEC 
isolates typing can be done by serology, using specific antisera, PFGE, DNA hybridization, 
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Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications200 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

Enteropathogenic E. coli (EPEC) possess eae just as do some VTEC strains. As a result they 
cause attaching and effacing lesion and hence diarrhea. Classical EPEC differs from atypical 
EPEC (A/EEC) by possession of bfpA gene. However, atypical EPEC is a more prevalent cause 
of diarrhea [38]. Human EPEC infection follows fecal-oral route and isolation can be done 
from different sources such as water, food, animal, and environment. However, characteriza-
tion emphasize should be put on distinguishing EPEC from VTEC by presence of eae gene 
and absence of vtx genes. Also, classical EPEC and atypical EPEC should be differentiated by 
assessing the presence of bfpA gene that encode for bundle-forming pili. These features can be 
determined by characterization procedures such as PCR and DNA hybridization [14]. PFGE 
typing can be applied to compare strains during outbreaks.

Enterotoxigenic E. coli (ETEC) are responsible for watery diarrhea in humans due to impaired 
sodium absorption and enhanced chloride secretion caused by enterotoxins. Fecal-oral con-
tamination is responsible for transmission through food and water, and the syndrome is com-
mon to travellers and children. A simple procedure for detection of ETEC from stool has been 
described earlier in Ref. [38]. Heat-stable and heat-labile enterotoxins encoded by heat-stable 
enterotoxin (estA) and heat-labile enterotoxin (eltA) genes, respectively, are responsible. These 
genes can be easily detected by serological assays [39] and multiplex DEC PCR.

Enteroaggregative E. coli (EAEC) causes acute and persistent diarrhea in humans. This 
group has diverse strains differing in many aspects but have a common feature of forming 
a “stacked brick” pattern of adhesion to the human epithelial cell line HEp-2. This feature is 
used in HeLa cell adherence method to detect EAEC strains [40]. They often produce heat-
stable toxin EAST1, Shigella enterotoxin (ShET1), and Haemolysin E, which cause host cell 
damage and induce inflammation leading to diarrhea especially in travellers, children, and 
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prostatitis [28]. Other syndromes associated with EXPEC include septic arthritis or pyomyosi-
tis, nontraumatic meningitis, or hematogenous osteomyelitis and pneumonia [44]. This group 
is comprised of UPEC, NMEC, and SEPEC [1]. Infection normally follows fecal-oral route. 
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Samples to collect will depend on infected system; urine samples can be collected for urinary 
tract infection-related syndromes, such as cystitis, Pyelonephritis, or Prostatitis [28], whereas 
blood, joint fluid, psoas fluid, or sputum are target samples when nonurinary syndromes are 
concerned [44]. Isolation of E. coli for EXPEC detection can follow methods that have been 
mentioned previously for other pathotypes. Detection of EXPEC can be done by multiplex 
PCR targeting different genes some of which have been previously described and dot blot 
hybridization [1, 20, 27, 28]. Typing of isolates from different sources can be done by different 
procedures including PFGE [20].

9. The viable but nonculturable (VBNC) state

E. coli viability has been reported to decrease when the cells are exposed to direct sunlight 
because they enter a viable but nonculturable (VBNC) state, while retaining pathogenic abil-
ity [45]. Some factors that are directly or indirectly linked to sample collection, storage, or pro-
cessing may contribute toward E. coli entering VBNC state. These include nutrient starvation, 
elevated or lowered osmotic concentration, oxygen concentration, exposure to heavy metals 
or food preservatives, direct sunlight, and incubation outside normal temperature range [46]. 
These factors may lead to false-negative outcomes because E. coli does not grow on standard 
laboratory media when they are under VBNC state. When some of VBNC inducing factors 
are difficult to avoid, then E. coli detection methods that do not rely on viable or live cells, for 
example, DNA-dependent methods such as PCR, can be a perfect option.

10. Conclusion

Dealing with a diverse group of bacteria like E. coli may present a challenge. Knowledge on 
basics of E. coli in terms of isolation and characterization may help in planning, setting objec-
tives, and execution of E. coli-related research. One should bear in mind that choice of one isola-
tion or characterization approach may lead to a different output compared to another approach.

The current procedures for E. coli isolation and characterization take at least 72 h and some-
times even more time. The need to work on viable bacteria cells may be contributing much 
to this lengthy procedure. Working on the genetic material right from the sample could help 
to shorten the time spent from isolation of E. coli from sample to outcome. This should be the 
direction of future research.
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Abstract

Advanced water disinfection technologies that do not produce harmful by-products 
would be highly desirable. This study presents results for the use of pressurized carbon 
dioxide (CO2) and a liquid-film-forming apparatus for disinfection of seawater. The sen-
sitivity of Escherichia coli to the pressurized CO2 was examined for various conditions of 
pressure, temperature, working volume ratios (WVRs), flow rates, and pressure cycling. 
Morphology of E. coli was observed by using scanning electron microscopy (SEM). A 
strong correlation between the E. coli inactivation efficiency and pressure cycling was 
detected (p < 0.001). The frequency and magnitude of pressure cycling were the key fac-
tors responsible for high rates of E. coli inactivation during the pressurized CO2 treat-
ment. The results from linear regression analyses suggest that the model can explain 
about 91% of the E. coli inactivation efficiency (p < 0.001). The pressurized CO2 treatment 
(at 0.7 MPa, 20°C, 50% WVR) in the process involving pressure cycling (∆P = 0.12 MPa, 15 
cycles) resulted in complete inactivation (5.2 log reduction) of E. coli within 3 min. These 
findings suggest that pressurized CO2 could be a potentially useful disinfection method 
for water treatment.

Keywords: bactericidal performance, Escherichia coli, inactivation effect, pressurized 
carbon dioxide, water disinfection

1. Introduction

For more than a century, chlorination has been the most common method used worldwide 
for drinking water disinfection. Chlorine and chlorine-based compounds are widely used for 
the control of waterborne pathogens because of their high oxidizing potential, low cost, and 
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residual disinfectant properties that prevent microbial recontamination. Unfortunately, the 
chemical reaction between chlorine and organic compounds in water generates carcinogenic 
agents such as trihalomethanes and halogenic acetic acids [1, 2]. Furthermore, some resistant 
microorganisms may only be inactivated with very high chlorine doses, which can exacerbate 
the formation of disinfection by-products (DBPs) [3]. Presently, growing concerns about the 
potential hazards associated with DBPs have boosted efforts to develop chlorination alterna-
tives. Ozonation is effective at inhibiting a variety of pathogens; however, its disadvantages 
include the high cost and the potential formation of DBPs such as bromate in seawater [4, 5]. 
Other water treatment methods such as ultraviolet (UV) radiation, ultrasound, cavitation, or 
heat application can be used for the inactivation of organisms. Although these methods do 
not produce DBPs or other problematic chemical residues, they require substantial energy 
consumption and have high operational costs [5]. Besides, the efficiency of UV disinfection is 
greatly dependent on water quality because the activity of UV light is substantially decreased 
by turbidity or organic matter present in water [5].

Sterilization by using pressurized CO2 has been an active research field for decades [6, 7]. 
CO2 has been used extensively to sterilize dried food and liquid products via a nonthermal 
sterilization method [8] because of its effectiveness in inactivating microbes, nontoxicity, 
and low cost [9]. Prior research on high-pressure CO2 treatments has investigated the effects 
of several factors such as pressure, temperature, type of microorganisms, agitation speed, 
decompression rate, and pressure cycling on the inactivation capacity of this method [6, 8, 
10–15]. Most studies have reported that high-pressure operating conditions (4–50 MPa) are 
required to inactivate significant numbers of pathogens [7, 9]. Subsequently, certain concerns 
involving high-pressure operations (i.e., the need for heavy-duty pressure equipment, high 
initial investment costs, energy consumption concerns, and pressure control and manage-
ment issues) have hampered the implementation of high pressurized CO2 preservation tech-
nology at a large scale within the food industry.

In recent years, pressurized CO2 has shown great potential as a sustainable disinfection tech-
nology in water and wastewater treatment applications [16–22] largely because this method 
does not generate DBPs [9, 22]. Kobayashi et al. [16, 17] employed CO2 microbubbles in the 
treatment of drinking water and succeeded in inhibiting Escherichia coli within 13.3 min. 
However, the pressure (10 MPa) and temperature (35–55°C) requirements for effective inacti-
vation [16, 17] are still high from a practical standpoint. Our research group has developed a 
novel method that uses low-pressure CO2 treatments (0.2–1.0 MPa) based on technology that 
produces high amounts of dissolved gas in water to inactive bacteria and bacteriophages in 
freshwater [19–21] and seawater [23, 24]. Cheng et al. [19] suggested that the sudden discharge 
and resulting reduction of pressure could cause cells to rupture via a mechanical mechanism, 
and further, that this would be lethal to cells at high levels of dissolved CO2 at 0.3–0.6 MPa 
and room temperature. Vo et al. [20, 21] demonstrated that acidified water and cellular lipid 
extraction caused by pressurized CO2 at 0.7 MPa and room temperature were major factors 
for efficient disinfection within a treatment time of 25 min.

Previous research has shown that pressure cycling is a potential means to improve bacterial 
inactivation during pressurized CO2 treatments [8–10, 13, 15]; nevertheless, the  inactivation 
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mechanism is still unknown for this process. Pressure cycling is defined as a repetitive pro-
cedure that involves the decompression and compression of CO2 [9, 10]. Evidence so far 
suggests that the decompression process may lead to mechanically induced explosive cell 
ruptures [14], while the compression process may intensify the mass transfer of CO2 across cell 
membranes [11–13]. In previous works, the pressure cycling procedure has been conducted 
with high-pressure operations (8–550 MPa) and with CO2 discharges between each cycle of 
decompression and compression [8, 10, 13, 15]. Despite the good bactericidal performance of 
pressurized CO2 technology enhanced by pressure cycling [11–13, 15], the high pressure and 
CO2 release requirements are drawbacks owing to the costly and complex operating proce-
dures. Presently, it is not clear whether pressure cycling with low-pressure CO2 treatments 
(<1.0 MPa) will enhance the bactericidal activity. Therefore, in this study, we examined the 
effect of pressure cycling on the bactericidal performance of CO2 at low pressures and with no 
release of CO2 between each cycle of raised/lowered pressure.

This study investigated the use of pressurized CO2 at less than 1.0 MPa for seawater disinfec-
tion applications such as ballast water treatment. Comparisons of E. coli inactivation caused 
by pressurized CO2 and pressurized air were evaluated in both natural seawater and arti-
ficial seawater. The inactivation performance of pressurized CO2 against E. coli was exam-
ined for various conditions of pressure, temperature, flow rates, and working volume ratios 
(WVRs). In particular, the influence of pressure cycling on E. coli inactivation was evaluated. 
Changes in cell morphology after pressurized CO2 treatment were assessed by scanning elec-
tron microscopy (SEM). The research objective was to evaluate the bactericidal effectiveness 
of pressurized CO2 for disinfecting water, with the goal of addressing the abovementioned 
emerging problems associated with water disinfection technology.

2. Novel idea: apparatus for forming highly dissolved gas in water

For pressurized CO2 methods in the field of food preservation, the interaction efficiency 
between CO2 and pathogens in the foodstuffs is probably limited at low pressures and 
ambient temperatures, and consequently, high-pressure (4–50 MPa) or ultra-high-pressure 
(200–700 MPa) conditions are vital for sufficient inactivation. However, to be more attractive 
in terms of its economic feasibility, pressurized CO2 technology needs to be implemented 
at lower pressures. In this study, we employed the use of a liquid-film-forming apparatus, 
which enabled improvements in the interaction efficiency but with lower pressures (<1 MPa) 
for the water disinfection purposes.

The experimental apparatus for disinfection was a stainless steel chamber with an inter-
nal volume of 10 L and pressure tolerance up to 1.0 MPa. The device was designed with a 
solid stream nozzle and shield to enable vigorous agitation of the influent in such a way that 
produced liquid films along with fine bubbles (Figures 1–3). The device was supplemented 
with CO2 pressure prior to the treatments. Sample water was then pumped into the device at 
high speed through a small nozzle and directed onto the shield. The highly pressurized fluid 
stream thus collided with the bubble-generating shield. Subsequently, numerous gas bubbles, 
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Figure 1. Apparatus for forming highly dissolved gas in water.

Figure 2. Representative pictures of liquid film formation with various nozzle diameters at a normal pressure in the pipeline.
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which were generated from inside the shield, were entrained by the ascending bubbles and 
overcame the shield; these bubbles then floated into the main chamber (outside the shield). 
Hence, CO2 transfers took place both within the interior and exterior sides of the thin liq-
uid films. The presence of numerous small bubbles also enhanced the contact area between 
gas and water and facilitated CO2 dissolution into water. We hypothesized that the available 
interfacial contact area between CO2 and the cell suspension was greatly multiplied in this 
setup and that the CO2 transfer efficiency was high. Despite the lower pressures used, the high 
contact efficiency promoted by this apparatus enabled ample penetration of CO2 into the cell 
membranes of E. coli.

3. Materials and methods

3.1. Microorganism preparation and enumeration

Stock cultures of E. coli (ATCC 11303) were propagated in Luria-Bertani (LB) broth (Wako 
Chemical Co., Ltd., Osaka, Japan) containing 30 g L−1 sodium chloride and incubated for 24 h at 
37°C by using a reciprocal shaker set to rotate at 150 rpm. The initial enumeration was approxi-
mately 109–1010 CFU mL−1. The permanent stock was maintained in 20% glycerol at −80°C.

The E. coli inoculum for each disinfection experiment was prepared by inoculating 100 μL 
of bacterial glycerol stock into 100 mL of LB broth containing 30 g L−1 sodium chloride. The 
culture was then incubated for 20 h at 37°C with continuous shaking at 150 rpm. Cells were 
harvested and washed three times with a 0.9% (w/v) saline solution followed by centrifuga-
tion (10 min at 8000 g at room temperature) in a CF15D2 centrifuge (Hitachi, Japan). The pellet 
was re-suspended in 100 mL saline solution.

Figure 3. Pictures of an untreated sample and a CO2-treated sample (the latter contains many small bubbles).
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E. coli were enumerated by using the plate count technique. Briefly, the samples were diluted 
into a series of 10-fold dilutions by using autoclaved artificial seawater at 3.4% salinity, and 
100 μL of either a diluted or an undiluted sample was plated on LB agar (Wako). For samples 
with a low number of viable cells, 1 mL of the undiluted sample was poured into agar main-
tained at 45°C. Colonies growing on each plate were counted after incubating the plates over-
night at 37°C. Each sample was analyzed in triplicate.

3.2. Seawater sample preparation

The artificial seawater was prepared by adding artificial sea salt (GEX Inc., Osaka, Japan) to 
distilled water to obtain a final salinity of 3.4%, as measured with a salinity meter (YK-31SA, 
Lutron Electronic Enterprice Co., Ltd., Taiwan). As for the preparation of filtered natural sea-
water, natural seawater (pH = 8.3, salinity 3.3%) was first filtered through a glass fiber filter 
(GA-100, Advantec, Toyo); then, the seawater was filtered through a membrane filter with a 
pore size of 0.45 μm (Millipore, Ireland). For all experiments, prepared E. coli cultures were 
added into the artificial/filtered seawater to obtain a bacterial concentration of 5–6 log10 CFU 
mL−1. The solution was stirred for 30 min to acclimatize the bacteria before starting the experi-
ments. For each batch mode operation, 12 L of samples were prepared, of which 4–5 L were 
used to restart the system. The pH and temperature of samples were measured with a pH 
meter (Horiba D-51, Japan).

3.3. Experimental setup

Disinfection experiments were conducted in batch mode (Figure 4). Sample water, as the 
influent, was pumped in one shot into the device. Following the first influx of water, pres-
surized CO2 was also injected into the main chamber. System pressure was adjusted by a gas 
pressure regulator and gas exhaust valve. The fluid was then circulated by pumping inside 
the system for 25 min. A pump was used to apply a higher pressure than that inside the main 
chamber to accelerate gas solubilization in water. During the treatment period, the outer wall 
of the device was kept in contact with cool water by using a water jacket to maintain the initial 
temperature of the sample at ±1.0°C. The treated water was then collected from a bottom valve 
of the device.

3.4. Procedure for disinfection experiments

3.4.1. Experimental procedure for investigating the effects of pressure and temperature

To investigate the effects of pressure and temperature, 7 L of sample were pumped into the 
main chamber by using a 0.2 kW pump (Iwaya-WPT-202), and the fluid was circulated inside 
the system at a flow rate of 14 L min−1 (hydraulic retention time, HRT = 0.5 min). The pump 
was used to apply 0.12 MPa higher pressure than that inside the main chamber. The sensitiv-
ity of bacteria to pressurized CO2 treatments under different conditions was determined by 
varying the CO2 pressure (0.2–0.9 MPa) and seawater temperature (11–28°C) for a 25-min 
treatment period [23]. Each experiment was conducted in triplicate.
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3.4.2. Experimental procedure for investigating the effect of pressure cycling

In previous works, the pressure cycling procedure was conducted with high-pressure opera-
tions (8–550 MPa) and with CO2 discharges between each cycle of decompression and com-
pression [8, 10, 13, 15]. However, such high pressure and CO2 release are undesirable from 
an economic standpoint. In order to overcome the above disadvantages, in the present study, 
we employed a process involving pressure cycling for E. coli inactivation but used lower pres-
sures (<1 MPa) and no discharge of CO2 between each cycle of raised and lowered pressure.

To investigate the effect of pressure cycling, two pumps (0.20 kW, Iwaya-WPT-202, Japan; 
0.75 kW, 32 mm × 32 mm SUP-324 M, Toshiba, Japan) and nozzles with various sizes (15 mm 
height × 4–8 mm diameter) were used to change the flow rate and pressure power of the input 
(a treatment without a nozzle was also used, whereby the diameter of the pipeline inlet was 15 
mm). Pumping pressure and system pressure were measured by pressure gages. The pressure 
difference ΔP = pumping pressure (MPa) − pressure inside the main chamber (MPa). The water 
flow rate was measured by a flow meter (GPI, Nippon Flow Cell Co., Ltd., Japan). The recycle 
number was calculated in relation to the treatment time and HRT, wherein HRT = sample 
volume/flow rate.

Figure 4. Setup of the water treatment apparatus.
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3.4.3. Experimental procedure for investigating the effect of the working volume ratio

The WVR is defined as the ratio between the sample volume and apparatus volume. To exam-
ine the effect of WVR, different sample volumes (5, 6, 7, and 8 L) were used to vary the sample 
volume ratios (50, 60, 70, and 80%). The experiment was conducted with the following two 
flow rate levels: 14 and 25 L min−1. The water level was measured by using a gauge to evalu-
ate the effect of WVR on the bubble-generating shield inside the main chamber. The HRT and 
recycle number were calculated as described in Section 3.4.2.

3.5. Scanning electron microscopy

Changes in cell morphology after pressurized CO2 treatment were assessed by using SEM. 
The pellets of E. coli were immobilized with 2.5% glutaraldehyde in phosphate buffered saline 
(PBS) for 3 h at 4°C and then rinsed with PBS three times. Next, the samples were soaked in 
1.0% osmium tetroxide in cacodylate buffer for 90 min and then washed three times with 
cacodylate buffer for removal of the fixative. After fixation, the cells were dehydrated by 
consecutive soaking in increasing concentrations of ethanol solutions (50, 70, 80, 90, 95, and 
100%), and this was followed by an ethanol/t-butyl alcohol (v/v = 1:1) treatment for 30 min. 
The prepared cells were then soaked in t-butyl alcohol two times for 1 h, freeze-dried for 2 h, 
and sputter coated with gold-palladium. Finally, the cells were examined by using a scanning 
electron microscope (QuantaTM 3D, FEI Co., USA) at 20 kV [23].

3.6. Statistical analysis

The statistical analysis was done by using the statistical computer program R (version 3.2.2, 
available at http://cran.R-project.org). Multicollinearity regression was performed to evaluate 
statistically significant variables of the system with a significance level of 0.05. Predicted val-
ues of inactivation efficacy were based on the following first-order regression model:

    y  i   =  β  0   +  ∑   β  i    x  i     (1)

where yi represents the predicted responses, xi is a parameter, β0 is the model intercept, and 
βi is the linear coefficient.

4. Results and discussion

4.1. Bactericidal performance of pressurized CO2 and pressurized air against E. coli in 
seawater

Bactericidal effects of pressurized CO2 in comparison with pressurized air against E. coli in 
seawater were investigated at three pressure conditions (0.3, 0.7, and 0.9 MPa) and at 20 ± 1°C 
(Figure 5). In general, the disinfection efficiency of the pressurized CO2 treatment was not 
different between filtered seawater and artificial seawater. At every operating pressure, the E. 
coli inactivation efficiency of pressurized CO2 was always higher than that of pressurized air. 
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Approximately 5.4–5.7 log reductions of the E. coli load were achieved within 10–25 min by 
the pressurized CO2 treatment (this involved complete inactivation of bacterial cells), whereas 
only 0.4–0.9 log reductions were achieved after 25 min by the pressurized air treatment; these 
tests involved pressures of 0.3–0.9 MPa (Figure 5a).

Pressurized CO2 reduced the pH of both filtered seawater and artificial seawater to around 5.0 
after the first few minutes of exposure time, whereas the pH of pressurized air-treated seawa-
ter remained around 8.3 during the treatment period (Figure 5b). It has been hypothesized 
that the decrease in pH caused by pressurized CO2 is probably a major factor driving the 
bacterial inactivation process [12, 20, 21, 25]. However, Dang et al. [24] demonstrated that the 
low pH alone is not the main cause of the bactericidal activity. Perhaps with the concomitant 
presence of pressure and dissolved CO2, the low pH prompted the E. coli cells to become more 
permeable, thereby stimulating the process of CO2 penetration into the cells [24].

Figure 5. Effect of pressurized CO2 and pressurized air on (a) E. coli inactivation and (b) the pH of seawater (SW). 
Operating conditions: 0.3–0.9 MPa, 20 ± 1°C, and a working volume ratio (WVR) of 70%. Asterisks (*) and (**) indicate 
that the E. coli load was completely inactivated after 25 and 10 min, respectively.
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and sputter coated with gold-palladium. Finally, the cells were examined by using a scanning 
electron microscope (QuantaTM 3D, FEI Co., USA) at 20 kV [23].

3.6. Statistical analysis

The statistical analysis was done by using the statistical computer program R (version 3.2.2, 
available at http://cran.R-project.org). Multicollinearity regression was performed to evaluate 
statistically significant variables of the system with a significance level of 0.05. Predicted val-
ues of inactivation efficacy were based on the following first-order regression model:

    y  i   =  β  0   +  ∑   β  i    x  i     (1)

where yi represents the predicted responses, xi is a parameter, β0 is the model intercept, and 
βi is the linear coefficient.

4. Results and discussion

4.1. Bactericidal performance of pressurized CO2 and pressurized air against E. coli in 
seawater

Bactericidal effects of pressurized CO2 in comparison with pressurized air against E. coli in 
seawater were investigated at three pressure conditions (0.3, 0.7, and 0.9 MPa) and at 20 ± 1°C 
(Figure 5). In general, the disinfection efficiency of the pressurized CO2 treatment was not 
different between filtered seawater and artificial seawater. At every operating pressure, the E. 
coli inactivation efficiency of pressurized CO2 was always higher than that of pressurized air. 

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications214 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

Approximately 5.4–5.7 log reductions of the E. coli load were achieved within 10–25 min by 
the pressurized CO2 treatment (this involved complete inactivation of bacterial cells), whereas 
only 0.4–0.9 log reductions were achieved after 25 min by the pressurized air treatment; these 
tests involved pressures of 0.3–0.9 MPa (Figure 5a).

Pressurized CO2 reduced the pH of both filtered seawater and artificial seawater to around 5.0 
after the first few minutes of exposure time, whereas the pH of pressurized air-treated seawa-
ter remained around 8.3 during the treatment period (Figure 5b). It has been hypothesized 
that the decrease in pH caused by pressurized CO2 is probably a major factor driving the 
bacterial inactivation process [12, 20, 21, 25]. However, Dang et al. [24] demonstrated that the 
low pH alone is not the main cause of the bactericidal activity. Perhaps with the concomitant 
presence of pressure and dissolved CO2, the low pH prompted the E. coli cells to become more 
permeable, thereby stimulating the process of CO2 penetration into the cells [24].

Figure 5. Effect of pressurized CO2 and pressurized air on (a) E. coli inactivation and (b) the pH of seawater (SW). 
Operating conditions: 0.3–0.9 MPa, 20 ± 1°C, and a working volume ratio (WVR) of 70%. Asterisks (*) and (**) indicate 
that the E. coli load was completely inactivated after 25 and 10 min, respectively.
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4.2. Effects of pressure and temperature

E. coli was disinfected in various pressure conditions (0.2–0.9 MPa) at 20°C (Figure 6). In gen-
eral, E. coli inactivation significantly increased with increasing pressure, and higher pressures 
required shorter exposure times to achieve the same log reduction. For example, a treatment 
application period of 25 min was required to reduce the E. coli load by approximately 5.0 log 
with pressure applications of 0.2–0.4 MPa, whereas pressure applications of 0.5 and 0.6 MPa 
resulted in a reduction of the treatment period to 20 and 15 min, respectively. The treatment 
period was further reduced to 10 min with pressure applications of 0.7–0.9 MPa. However, 
the increased pressure application from 0.7 to 0.9 MPa did not result in significant increase in 
the rate of bacterial inactivation. These data indicated that the optimal CO2 pressure for inac-
tivating E. coli was in the range of 0.7–0.9 MPa, and hence, 0.7 MPa was chosen as the optimal 
pressure condition for effective bactericidal activity [23].

The disinfection efficiency of pressurized CO2 substantially increased with increasing tem-
peratures (11–28°C) at 0.7 MPa (Figure 7). The E. coli load was reduced by more than 5.0 
log within 25 min of treatment at 11°C, whereas only 20, 12, and 10 min of pressurized CO2 
treatment at 15, 18, and 20–28°C, respectively, were required to reduce the E. coli load to a 
similar extent [23]. Taken together, these findings suggest that E. coli inactivation by pressur-
ized CO2 could be efficiently conducted at low-pressure (0.7 MPa) and ambient temperature 

Figure 6. Effect of pressure on E. coli inactivation during the pressurized CO2 treatment at 20 ± 1.0°C and a working 
volume ratio (WVR) of 70% [23]. Asterisks (*) indicate that no colonies were detected.

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications216 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

 conditions. On the other hand, after disinfection and decompression, the pressurized CO2-
treated samples were placed at normal conditions to assess the viability of the remaining 
bacteria. After the 5-d holding period, the number of E. coli in the treated samples had not 
increased, i.e., no regrowth of bacteria was observed.

CO2 is lipo-hydrophilic in nature, and it can easily penetrate into the phospholipid bilayer 
of cell membranes [26]. Thus, the increase in CO2 pressure and temperature may stimulate 
the diffusion of CO2 into cells and may increase the fluidity of cell membranes [11, 27]. In 
the present study, the solubility of CO2 into seawater was considerably improved by using 
the liquid-film-forming apparatus. Hence, we speculate that simultaneous effects of pressure, 
temperature, and high efficiency of contact with this apparatus may have stimulated the pro-
cess of CO2 penetration into E. coli cells, thereby accelerating the efficiency of the pressurized 
CO2 treatment [23].

4.3. Effect of pressure cycling

4.3.1. Effect of pressure cycling at various pump powers and nozzle diameters

The effect of pressure cycling on E. coli inactivation was investigated by using various nozzle 
diameters (4–8 mm) (a treatment without a nozzle was also tested, where the diameter of 

Figure 7. Inactivation of E. coli in seawater at various temperatures by using the pressurized CO2 treatment at 0.7 MPa 
and a working volume ratio (WVR) of 70% [23]. Asterisks (*) indicate that no colonies were detected.
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the pipeline inlet was 15 mm) and two pump powers (0.20 and 0.75 kW) to change both the 
flow rate and ∆P of the input. The disinfection experiments were conducted under 0.7 MPa 
of pressurized CO2 at 20 ± 1°C with a WVR of 70% for a duration of 25 min (Figure 8). In 
general, larger nozzle diameters led to higher flow rates (Figure 8c) and faster fluid recycling 
in the treatment system (Figure 8d). In contrast, increases in the nozzle diameter reduced 
the pressure difference ΔP (Figure 8c). Furthermore, at the same nozzle diameter, stron-
ger pumping powers improved not only the flow rate but also the pressure difference ΔP 
of the input (Figure 8c). At every nozzle diameter, operation of the pump with 0.75 kW of 
power (Figure 8b) yielded greater inactivation efficiencies than those with 0.20 kW of power 
(Figure 8a).

Figure 8. Effect of pressure cycling on the inactivation of E. coli in seawater. Effect of (a) 0.20 kW pump power and 
(b) 0.75 kW pump power along with various nozzle diameters on the inactivation with pressurized CO2. Influence of 
different pump powers and nozzle diameters on the (c) flow rate and pressure difference ΔP, and (d) the circulation 
number. Operating conditions: 0.7 MPa, 20 ± 1°C, and a working volume ratio (WVR) of 70% within a duration of 25 min. 
Asterisks (*) indicate that no colonies were detected.
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It is hypothesized that pressure cycling enhances the inactivation efficiency by facilitating the 
mass transfer of CO2 into bacterial cell membranes [9, 10]. Thus, an increase in water flow rate 
can be expected to improve the E. coli inactivation. However, our results show that the E. coli 
inactivation efficiency did not increase with higher flow rates or faster recirculation. When 
0.20 kW of pumping power was used (Figure 8a), the length of treatment periods required for 
complete inactivation of the E. coli load by more than 5.0 log increased with the greater nozzle 
sizes (i.e., 10 min with the 4-mm nozzle, 15 min with the 5–6-mm nozzles, and 20 min with 
the 7-mm nozzle, which corresponded to flow rates of 14, 17–19, and 19 L min−1, respectively). 
Furthermore, the reduction in E. coli load was only 3.0 log after 25 min when the device was 
operated without a nozzle (flow rate = 20 L min−1). A similar finding was found when the 
pump was operated at 0.75 kW of power (Figure 8b); at the higher power, more than a 5.0 log 
reduction was achieved within 5 min with the 5-mm nozzle (flow rate = 21 L min−1), whereas 
only a 4.0 log reduction was obtained after 25 min in the treatment lacking a nozzle (flow rate 
= 26 L min−1). These results indicate that the bactericidal performance of pressurized CO2 asso-
ciated with pressure cycling can probably not be attributed to the flow rate alone.

On the other hand, the disinfection efficiency substantially increased with the higher ΔP 
(Figure 8). A 5.4 log reduction in E. coli load was achieved within 5 min by the treatment with 
a ΔP of 0.25 MPa, whereas only a 3.0 log reduction was attained after 25 min by the treatment 
with a ΔP of 0.05 MPa. When operating the device with the same pump power, as noted 
above, a larger nozzle diameter resulted in higher water flow rates but weaker ∆P values. 
Hence, the reduction of ΔP may be considered as a key reason for the phenomenon of low 
inactivation efficiency at high flow rates. This suggests that the disinfection effect of pressure 
cycling might be influenced by not only by the frequency of circulation but also by the ΔP.

Noticeably, at the same ΔP value, a faster frequency of circulation substantially augmented 
the E. coli inactivation efficiency (Figure 8). For instance, at the same ΔP of 0.12 MPa (gen-
erated by a 5-mm nozzle and 0.20 kW pump, and a 7-mm nozzle and 0.75 kW pump), the 
periods required for complete inactivation of E. coli were reduced from 15 to 5 min when the 
frequency of pressure cycling was raised from 67 cycles/25 min to 92 cycles/25 min, respec-
tively. A similar association between the disinfection efficiency and frequency of pressure 
cycling was found at ΔP = 0.10 MPa (generated by a 6-mm nozzle and 0.20 kW pump and a 
8-mm nozzle and 0.75 kW pump); the associated treatment periods were 15 and 10 min for 
the recycle numbers corresponding to 71 cycles/25 min and 95 cycles/25 min, respectively. 
These results affirm the effect of pressure cycling on E. coli inactivation during pressurized 
CO2 treatment.

Table 1 summarizes the coefficients of correlation for the inactivation efficiency and param-
eters associated with pressure cycling, including the nozzle diameter (x1), pressure difference 
ΔP (x2), flow rate (x3), and recycle number (x4). Based on the Pearson matrix correlation results, 
E. coli inactivation efficiencies were correlated with ΔP values (r = 0.63, p < 0.0001) and recycle 
numbers (r = 0.66, p < 0.0001). The flow rate showed a weak correlation with the inactivation 
efficiency (r = 0.09, p = 0.3). Meanwhile, an inverse correlation (r = −0.35, p = 0.0004) was found 
between the nozzle diameter and disinfection efficiency. These data indicate that operations 
with a high flow rate, high ∆P value, large recycle number, and small nozzle diameter will 
yield greater inactivation efficiencies.
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Asterisks (*) indicate that no colonies were detected.
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Regression coefficients, t-values, and p-values were analyzed for the four factors as shown in 
Table 2. The outcome of the multicollinearity regression model analysis (R2 = 0.77, p < 0.001) 
suggests that the model can explain 77% of the inactivation efficiency of E. coli. With bootstrap 
analysis, the results of multivariate regression analyses were validated. The variables of x1, x2, 
x3, and x4 that were found to be associated with pressure cycling in the original analyses were 
significantly associated with pressure cycling in approximately 8, 28, 3, and 37%, respectively, 
of the 1000 iterations of the multivariate analyses. Taken together, these findings suggest that 
the frequency of recirculation (x4) and the ∆P magnitude of the input (x2) were key factors that 
drove the effectiveness pressure cycling.

Although the use of small nozzle diameters was associated with effective inactivation, operating 
conditions at high ΔP values and low flow rates may be more complex and of lesser economical 
interest. The highest inactivation efficiency was observed when 5–7 mm nozzle diameters and 
the 0.75 kW pump were used (Figure 8b). Since a large processing capacity is of great com-
mercial interest, the 7 mm nozzle and 0.75 kW pump were used for subsequent experiments.

4.3.2. Effect of pressure cycling at various WVRs

The effect of WVR was investigated at four ratios (50, 60, 70, and 80%) by applying a pres-
sure of 0.7 MPa at a temperature of 20 ± 1°C and two flow rates (14 and 25 L min−1) for 25 min 
(Figure 9). As shown in Figure 9c, decreasing WVR from 80 to 50% resulted in a decrease in 

Source Coefficient t-statistic p-value

Intercept −0.63 −0.99 0.33

x1 −0.13 −3.59 0.0005*

x2 0.01 7.32 7.8e-11*

x3 0.10 3.40 0.001*

x4 0.05 11.29 <2e-16*

*Significant at the 95% confidence level; multiple R2 = 0.77; adjusted R2 = 0.76.
F-statistic = 78.77 with 4 and 95 degrees of freedom, p < 2.2e-16.

Table 2. Regression results showing the influence of operating parameters associated with pressure cycling on the 
inactivation efficiency (at 20 ± 1°C, system pressure = 0.7 MPa, and working volume ratio (WVR) = 70%).

Factor Symbol code Unit r t-statistic p-value

Nozzle diameter x1 mm −0.35 −3.64 0.0004*

Pressure difference ∆P x2 Pa 0.63 8.08 1.69e-12*

Flow rate x3 L min−1 0.09 1.05 0.30

Recycle number x4 cycles 0.66 8.73 6.928e-14*

*p < 0.05 (significant at the 95% confidence level); df = 98.

Table 1. Correlation coefficients among various operating parameters associated with pressure cycling and the E. coli 
inactivation efficiency.
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the water level (22–11 cm) and a faster frequency of pressure cycling. In regard to pressure 
cycling, the circulation number increased from 44 to 72 cycles with the flow rate of 14 L min−1, 
and from 78 to 125 cycles with the flow rate of 25 L min−1.

E. coli inactivation efficacy of pressurized CO2 significantly increased with decreases in the 
WVR (Figure 9). Besides, at every WVR, operations with a high flow rate greatly enhanced the 
disinfection efficiency. When operating the device with a flow rate of 14 L min−1, an approxi-
mate 5.7 log reduction of E. coli was achieved within 15 min at 80% WVR, whereas only 5 min 
was required at 50% WVR to reduce the E. coli load to a similar extent (Figure 9a; [23]). A similar 
tendency was found in the case of the 25 L min−1 flow rate (Figure 9b). The durations required 
for complete inactivation of E. coli were 10 min at 80%, 5 min at 60–70%, and 3 min at 50%.

Pressure cycling boosts the inactivation efficiency by providing a driving force for CO2 transfer 
efficiency [9–13]. Recall that at the same flow rate and ΔP, a decrease in WVR increased the 
frequency of pressure cycling. Hence, it is hypothesized that a smaller WVR may have stimu-
lated the CO2 transfer across cell membranes and thus improved the bactericidal performance 
of pressurized CO2 [11, 28, 29]. In this study, the low inactivation efficiency with a large WVR 
(i.e., 80%) may be related to the high water level (20–22 cm; Figure 9c), which led to submer-
gence of the shield inside the device; this may have in turn decreased bubble formation via 

Figure 9. Effect of the working volume ratio (WVR) on the inactivation of E. coli in seawater by pressurized CO2 at 0.7 
MPa and 20 ± 1°C with (a) a flow rate of 14 L min−1 [23] and (b) a flow rate of 25 L min−1. (c) Influence of the WVR on the 
circulation number and water level in the main chamber. Asterisks (*) indicate that no colonies were detected.
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the water level (22–11 cm) and a faster frequency of pressure cycling. In regard to pressure 
cycling, the circulation number increased from 44 to 72 cycles with the flow rate of 14 L min−1, 
and from 78 to 125 cycles with the flow rate of 25 L min−1.

E. coli inactivation efficacy of pressurized CO2 significantly increased with decreases in the 
WVR (Figure 9). Besides, at every WVR, operations with a high flow rate greatly enhanced the 
disinfection efficiency. When operating the device with a flow rate of 14 L min−1, an approxi-
mate 5.7 log reduction of E. coli was achieved within 15 min at 80% WVR, whereas only 5 min 
was required at 50% WVR to reduce the E. coli load to a similar extent (Figure 9a; [23]). A similar 
tendency was found in the case of the 25 L min−1 flow rate (Figure 9b). The durations required 
for complete inactivation of E. coli were 10 min at 80%, 5 min at 60–70%, and 3 min at 50%.

Pressure cycling boosts the inactivation efficiency by providing a driving force for CO2 transfer 
efficiency [9–13]. Recall that at the same flow rate and ΔP, a decrease in WVR increased the 
frequency of pressure cycling. Hence, it is hypothesized that a smaller WVR may have stimu-
lated the CO2 transfer across cell membranes and thus improved the bactericidal performance 
of pressurized CO2 [11, 28, 29]. In this study, the low inactivation efficiency with a large WVR 
(i.e., 80%) may be related to the high water level (20–22 cm; Figure 9c), which led to submer-
gence of the shield inside the device; this may have in turn decreased bubble formation via 

Figure 9. Effect of the working volume ratio (WVR) on the inactivation of E. coli in seawater by pressurized CO2 at 0.7 
MPa and 20 ± 1°C with (a) a flow rate of 14 L min−1 [23] and (b) a flow rate of 25 L min−1. (c) Influence of the WVR on the 
circulation number and water level in the main chamber. Asterisks (*) indicate that no colonies were detected.
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shield interactions [23, 24]. In contrast, the operations with smaller WVRs helped not only to 
promote a greater efficiency for CO2 bubble generation but also increased the speed of the 
pressure cycling. Consequently, CO2 supported by the high pressure and high efficiency of 
interactions in the apparatus easily penetrated into the cell membranes, thereby accelerating 
the E. coli inactivation efficiency.

Regarding the effect of WVR in pressure cycling treatments, Pearson regression tests showed 
that E. coli inactivation efficiency was strongly correlated with the recycle number (r = 0.95, 
p < 0.001). The regression coefficient, t-value, and p-value were analyzed with regard to the 
recycle number at various WVRs and flow rates (Table 3). According to the regression analy-
sis, the experimental results fit the linear model shown in the following equation:

  Y = 0.736 + 0.285 ×  x  4    (2)

Here, x4 is the recycle number (cycles), and Y is reduction ratio (−log N/N0) of E. coli caused 
by pressurized CO2.

As shown in Table 3, the t values of the regression model were positive and significant (p < 
0.05), thus indicating that the model result was significant. The outcome of the linear regres-
sion model analysis (R2 = 0.91, p < 0.001) suggests that 91% of the variation in the E. coli inacti-
vation efficiency was explained by the frequency of pressure cycling (ΔP = 0.12 MPa, flow rate 
= 14–25 L min−1). Predicted values of E. coli reduction ratios were calculated based on Eq. (2), 
and the data are summarized in Table 4 along with the experimental results. The predicted 
values were fairly similar to the experimental results, thus suggesting that the model could 
adequately describe the strong relationship between pressure cycling and bactericidal activity 
(p < 0.05). Taken together, these findings affirm that at the same ΔP, faster pressure cycling can 
achieve a greater E. coli inactivation efficiency.

Dillow et al. [13] reported that an increase of pressure cycling from 3 to 6 cycles using super-
critical CO2 (at 20.5 MPa and 34°C) within 0.6 h increased the inactivation from 3 to 9 log 
reductions. Silva et al. [10] found that an 8.0 log reduction could be achieved with pressure 
cycling (5 cycles/140 min) and supercritical CO2 at 8 MPa, whereas a 5.0 log reduction was 
observed with 1 cycle/28 min and 8 MPa. However, high pressure and CO2 discharge are not 
interesting from both economic and practical viewpoints. As demonstrated in the present 
study where CO2 discharge was eliminated during the treatment process, pressure cycling at 
a low pressure (0.7 MPa) is a promising method to enhance the bactericidal activity of pres-
surized CO2.

Coefficients Estimate Standard error t-statistic p-value R2

Intercept 0.736 0.195 3.77 0.0009*

x4 0.285 0.019 15.30 7.2e-14* 0.91

*95% confidence level.

Table 3. Regression results showing the influence of pressure cycling on the inactivation efficiency (at 20 ± 1°C, system 
pressure = 0.7 MPa, ΔP = 0.12 MPa, flow rate = 14 to 25 L min−1, and initial bacterial concentration = 5–6 log10 CFU mL−1).

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications222 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

4.4. SEM analyses

Comparative SEM images of untreated samples and samples treated with pressurized CO2 
(0.7 MPa and 20°C for a duration of 25 min) revealed changes in the morphology of E. coli 
cells (Figure 10). The E. coli cells treated with pressurized CO2 presented several small vesicles 
on the cell surface, and some treated cells appeared to be lysed (Figure 10b); in contrast, the 
untreated E. coli cells did not have such structures on the surface (Figure 10a) [23]. These 
results suggest that the pressurized CO2-treated E. coli cells may have been disrupted [19, 20, 
23], and that intracellular substance may have leaked out, possibly because of the alterations 
in cell permeability [20, 23, 30]. The findings also affirm the excellent bactericidal performance 
of the pressurized CO2 treatment.

Flow rate, L min−1 HRT, min Variables Responses
Y: Reduction ratio, −log(Nt/N0)

WVR, % x4, cycles Experimental Predicted

25a 0.20 50 15c 5.2 ± 0.2 5.0*

25a 0.24 60 21d 5.5 ± 0.0 6.4*

25a 0.28 70 18d 5.3 ± 0.2 5.8*

14b 0.36 50 14d 5.7 ± 0.1 4.7*

14b 0.43 60 19e 5.7 ± 0.0 6.1*

14b 0.50 70 20f 5.7 ± 0.2 6.5*

HRT, hydraulic retention time
*Predicted values calculated based on Eq. (2).
a, bGenerated by a 7-mm nozzle and 0.75 kW pump, and a 5-mm nozzle and 0.20 kW pump, respectively.
c, d, e, fExposure times were 3, 5, 8, and 10 min, respectively, when bacteria were completely inactivated.

Table 4. Validation of model regression for the inactivation efficiency responses to pressure cycling as a function of 
various working volume ratios (WVRs) and flow rates (at 20 ± 1°C, system pressure = 0.7 MPa, ΔP = 0.12 MPa, and initial 
bacterial concentration = 5–6 log10 CFU mL−1).

Figure 10. Representative scanning electron microscopy (SEM) images of E. coli cells that were (a) untreated and (b) 
treated by pressurized CO2 at 0.7 MPa and 20°C for a duration of 25 min [23].
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shield interactions [23, 24]. In contrast, the operations with smaller WVRs helped not only to 
promote a greater efficiency for CO2 bubble generation but also increased the speed of the 
pressure cycling. Consequently, CO2 supported by the high pressure and high efficiency of 
interactions in the apparatus easily penetrated into the cell membranes, thereby accelerating 
the E. coli inactivation efficiency.

Regarding the effect of WVR in pressure cycling treatments, Pearson regression tests showed 
that E. coli inactivation efficiency was strongly correlated with the recycle number (r = 0.95, 
p < 0.001). The regression coefficient, t-value, and p-value were analyzed with regard to the 
recycle number at various WVRs and flow rates (Table 3). According to the regression analy-
sis, the experimental results fit the linear model shown in the following equation:

  Y = 0.736 + 0.285 ×  x  4    (2)

Here, x4 is the recycle number (cycles), and Y is reduction ratio (−log N/N0) of E. coli caused 
by pressurized CO2.

As shown in Table 3, the t values of the regression model were positive and significant (p < 
0.05), thus indicating that the model result was significant. The outcome of the linear regres-
sion model analysis (R2 = 0.91, p < 0.001) suggests that 91% of the variation in the E. coli inacti-
vation efficiency was explained by the frequency of pressure cycling (ΔP = 0.12 MPa, flow rate 
= 14–25 L min−1). Predicted values of E. coli reduction ratios were calculated based on Eq. (2), 
and the data are summarized in Table 4 along with the experimental results. The predicted 
values were fairly similar to the experimental results, thus suggesting that the model could 
adequately describe the strong relationship between pressure cycling and bactericidal activity 
(p < 0.05). Taken together, these findings affirm that at the same ΔP, faster pressure cycling can 
achieve a greater E. coli inactivation efficiency.

Dillow et al. [13] reported that an increase of pressure cycling from 3 to 6 cycles using super-
critical CO2 (at 20.5 MPa and 34°C) within 0.6 h increased the inactivation from 3 to 9 log 
reductions. Silva et al. [10] found that an 8.0 log reduction could be achieved with pressure 
cycling (5 cycles/140 min) and supercritical CO2 at 8 MPa, whereas a 5.0 log reduction was 
observed with 1 cycle/28 min and 8 MPa. However, high pressure and CO2 discharge are not 
interesting from both economic and practical viewpoints. As demonstrated in the present 
study where CO2 discharge was eliminated during the treatment process, pressure cycling at 
a low pressure (0.7 MPa) is a promising method to enhance the bactericidal activity of pres-
surized CO2.

Coefficients Estimate Standard error t-statistic p-value R2

Intercept 0.736 0.195 3.77 0.0009*

x4 0.285 0.019 15.30 7.2e-14* 0.91

*95% confidence level.

Table 3. Regression results showing the influence of pressure cycling on the inactivation efficiency (at 20 ± 1°C, system 
pressure = 0.7 MPa, ΔP = 0.12 MPa, flow rate = 14 to 25 L min−1, and initial bacterial concentration = 5–6 log10 CFU mL−1).
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4.4. SEM analyses

Comparative SEM images of untreated samples and samples treated with pressurized CO2 
(0.7 MPa and 20°C for a duration of 25 min) revealed changes in the morphology of E. coli 
cells (Figure 10). The E. coli cells treated with pressurized CO2 presented several small vesicles 
on the cell surface, and some treated cells appeared to be lysed (Figure 10b); in contrast, the 
untreated E. coli cells did not have such structures on the surface (Figure 10a) [23]. These 
results suggest that the pressurized CO2-treated E. coli cells may have been disrupted [19, 20, 
23], and that intracellular substance may have leaked out, possibly because of the alterations 
in cell permeability [20, 23, 30]. The findings also affirm the excellent bactericidal performance 
of the pressurized CO2 treatment.

Flow rate, L min−1 HRT, min Variables Responses
Y: Reduction ratio, −log(Nt/N0)

WVR, % x4, cycles Experimental Predicted

25a 0.20 50 15c 5.2 ± 0.2 5.0*

25a 0.24 60 21d 5.5 ± 0.0 6.4*

25a 0.28 70 18d 5.3 ± 0.2 5.8*

14b 0.36 50 14d 5.7 ± 0.1 4.7*

14b 0.43 60 19e 5.7 ± 0.0 6.1*

14b 0.50 70 20f 5.7 ± 0.2 6.5*

HRT, hydraulic retention time
*Predicted values calculated based on Eq. (2).
a, bGenerated by a 7-mm nozzle and 0.75 kW pump, and a 5-mm nozzle and 0.20 kW pump, respectively.
c, d, e, fExposure times were 3, 5, 8, and 10 min, respectively, when bacteria were completely inactivated.

Table 4. Validation of model regression for the inactivation efficiency responses to pressure cycling as a function of 
various working volume ratios (WVRs) and flow rates (at 20 ± 1°C, system pressure = 0.7 MPa, ΔP = 0.12 MPa, and initial 
bacterial concentration = 5–6 log10 CFU mL−1).

Figure 10. Representative scanning electron microscopy (SEM) images of E. coli cells that were (a) untreated and (b) 
treated by pressurized CO2 at 0.7 MPa and 20°C for a duration of 25 min [23].
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5. Summary

Pressurized CO2 treatments can be used to eliminate E. coli from seawater. In this study, 
the inactivation efficiency was substantially enhanced by pressure cycling, which was con-
ducted at a low pressure (0.7 MPa) and without CO2 release during the treatment period. 
Bactericidal performance of pressure cycling was concomitantly influenced by two key fac-
tors involving the frequency of recirculation and ΔP (p < 0.001). At the same ΔP, an increase 
in the frequency of pressure cycling significantly improved the E. coli inactivation efficiency 
(p < 0.001). Additionally, the sensitivity of E. coli to pressurized CO2 treatments substan-
tially increased with increased pressures (0.2–0.9 MPa) and temperatures (11–28°C). Under 
identical treatment conditions (0.7 MPa, 20°C, 25 L min−1, and 50% WVR), more than 5.0 log 
reductions in the load of E. coli were achieved after treatments for 3 min by using pressure 
cycling (ΔP = 0.12 MPa, 15 cycles). Overall, these findings suggest that pressurized CO2 tech-
nology would be feasible for water disinfection applications such as those used in ballast 
water treatment.
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5. Summary

Pressurized CO2 treatments can be used to eliminate E. coli from seawater. In this study, 
the inactivation efficiency was substantially enhanced by pressure cycling, which was con-
ducted at a low pressure (0.7 MPa) and without CO2 release during the treatment period. 
Bactericidal performance of pressure cycling was concomitantly influenced by two key fac-
tors involving the frequency of recirculation and ΔP (p < 0.001). At the same ΔP, an increase 
in the frequency of pressure cycling significantly improved the E. coli inactivation efficiency 
(p < 0.001). Additionally, the sensitivity of E. coli to pressurized CO2 treatments substan-
tially increased with increased pressures (0.2–0.9 MPa) and temperatures (11–28°C). Under 
identical treatment conditions (0.7 MPa, 20°C, 25 L min−1, and 50% WVR), more than 5.0 log 
reductions in the load of E. coli were achieved after treatments for 3 min by using pressure 
cycling (ΔP = 0.12 MPa, 15 cycles). Overall, these findings suggest that pressurized CO2 tech-
nology would be feasible for water disinfection applications such as those used in ballast 
water treatment.
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Abstract

This chapter summarizes the progress in Escherichia coli research that used the 
 meta-analysis approach. Using systematic searches for E. coli literature, we tracked 
meta-analysis publications and analyzed them based on a number of parameters. These 
included subject/topic (epidemiology, clinical/intervention/prevention and environmen-
tal), geographical region (the Americas, Europe and Australasia) and clinical syndrome 
(enteric, renal, and sepsis/meningitis). These parameters were plotted in terms of time 
span to obtain a sense of dynamic change or its absence through the years since the turn 
of the twentieth century. In terms of region, topic and syndrome, highest meta-analysis 
productivity was attributed to the Americas, clinical/intervention/prevention and enteric, 
all of which took place in the last 5 years (2011–2016). Over the combined time span of 
16 years, the Americas significantly dominated meta-analysis outputs when compared 
to Europe and Australasia (P = 0.003). In conclusion, our findings facilitate awareness of 
the progress in this field wherein the studied parameters were analyzed for patterns over 
time and differential rates of publication productivity.

Keywords: Escherichia coli, meta-analysis

1. Introduction

Published researches on Escherichia coli (E. coli) have increased in number since the turn of 
the twentieth century. A search of E. coli publications in PubMed reveals an output value of 
339,415 (as of July 16, 2016) which when narrowed to E. coli in title only, the number is still 
 substantial (96,594). Majority of the E. coli publications are primary studies which when address-
ing the same issue, most often produce contradictory results [1]. Thus when primary studies are 
reviewed (usually in the narrative style), these contradictions hinder meaningful integration of 
results. A more systematic way to integrate primary study findings is the use of meta-analysis.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1.1. Meta-analysis defined

Meta-analysis is defined as a statistical analysis of primary study results for the purpose 
of integrating the findings into a summary effect [2]. Considered at the top of the hierar-
chy of evidence [3], it is a logically formal and objective technique as well as quantitative 
mode of summarizing research findings in order to identify genuine associations [1, 4]. 
Meta-analysis is categorized under the rubric of a systematic review, a process that entails 
gathering all  completed published studies from the primary literature specific to a targeted 
research  question [5]. Meta-analysis opens the possibility to accurately estimate the overall 
outcome measure, with increased statistical power, than is possible using only a single study 
[6]. Historical application of meta-analysis in E. coli research is relatively extensive as it has 
addressed key research questions. These include epidemiology, prevention, intervention 
issues and  environmental concerns.

1.2. Importance of meta-analysis

The importance of meta-analysis is best appreciated when compared to the primary study. 
First, meta-analysis is cheaper, but not necessarily easier to do. Primary studies on the other 
hand are more expensive and logistically problematic, especially when large [1, 7]. Second, 
primary studies often do not have enough statistical power to assess relationships between 
risks (interventions) and outcomes. Being most useful when individual studies are too 
small to yield valid conclusions, meta-analysis increases power, reduces risk of error and 
facilitates exploratory analysis to generate hypotheses for future research [8]. The reason for 
 performing a meta-analysis has to do with sample sizes of the studies, when they are large 
but results conflict, or when they are small, but their positive findings are not consistent [9]. 
The  meta-analysis approach enables its findings to unmask large-scale patterns not obvious 
in primary studies [10, 11]. This then results in greater statistical precision meriting higher 
confidence. Thus, meta-analysis findings facilitate more efficient transfer of knowledge from 
researcher to clinician enabling analyses of important patient subgroups, delineation of high 
risk factors for infection enough for information to be useful for public health advice in risk 
for infection. Consequently, meta-analysis lends rigor to better assist health authorities in 
directing therapeutic decisions to target populations, urgency for health education and con-
trol measures [1]. Indeed, in the public health domain, a number of difficult issues that had 
been repeatedly studied were either resolved or clarified by the application of meta-analysis 
techniques [12]. This has led some government guidelines to recommend meta-analysis as the 
preferred method of summarizing evidence of effectiveness and safety of health technologies 
in the face of multiple study results [13].

1.3. Performing meta-analysis

1.3.1. Literature search and data abstraction

A publishable meta-analysis should have enough primary studies that address a common 
topic. The published Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) statement recommends that a full electronic search strategy for at least one major 

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications230 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

database be presented [14], although such an approach is considered insufficient by some 
[15]. Still a typical search strategy should involve electronic retrieval of all available  literature, 
which includes databases such as PubMed using Medline (http://www.ncbi.nlm.nih.gov/
pubmed), ScienceDirect (www.sciencedirect.com), Institute of Scientific Information (ISI) 
Web of Knowledge (http://www.isiwebofknowledge.com) and Google Scholar (http://scholar.
google.com). For greater precision in this step, additional measures to exhaustively identify 
eligible studies include manual searching of relevant journals, references lists and personal 
contact with researchers.

1.3.2. Summary effect analysis

Meta-analyses report findings in terms of effect sizes, which provide information about the 
magnitude of change. The forest plot typifies presentation of meta-analysis results, which are 
generated by software such as Stata®, Review Manager and Comprehensive Meta-analysis®. 
The forest plot example [16] in Figure 1 was generated from Review Manager (Cochrane 
Collaboration, Oxford, England). The plot is composed of five columns, the leftmost with 
qualitative data (study, named by last name of first author) and the remaining four with 
quantitative data. Between columns three and four is the actual forest plot with a solid verti-
cal line (labeled 1 on the x-axis) which corresponds to the null effect. The area to the left of the 
vertical line indicates decreased risk and to its right increased risk. The two leftmost  columns 
show the raw data (cases/controls) from which the odds ratios (OR) and 95%  confidence 
 intervals (CI) (rightmost column) are calculated. The OR and 95% CI express the study-specific 
 findings (there are 18 of them), and a single summary effect that systematically combines the 
18 ORs. Significance of the study-specific and summary effects is visually determined when 

Figure 1. Forest plot for the overall effect of EAEC on acute diarrhea among South-Asian children [16]. EAEC: 
enteroaggregative E. coli; n: affected number; N: total number; OR: odds ratio; CI: confidence interval; df: degree of 
freedom; I2: measure of variability between studies; P: P value.
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the lines associated with the squares and the diamond (♦) touch the vertical line (labeled 1). 
If the vertical line is touched, the interpretation is non-significant, otherwise it is significant. 
Numerically, each 95% CI, expressed as decimal, will either pass 1 (non-significant) or not 
(significant). For significance of the summary effect (♦), this is also determined by the tests 
generated by the software, results of which are found at the bottom left of the forest plot. The 
test for overall effect, represented here by the Z-test and its corresponding P value, is 0.008 
indicating significance. This graph has been much more explained in detail in two previous 
papers [1, 16].

1.3.3. Modifier analyses

Standard meta-analysis comprises a set of features that include a summary effect (expressed 
in various types of statistical metrics). Not being the endpoint, the summary or pooled 
effect needs to be tested further to ensure rigor of this methodology. An armory of statistical 
 techniques is available to test the stability of this effect. These techniques include subgroup, 
outlier and sensitivity analyses, collectively known as modifiers. First, modifier analysis could 
take the forms of subgrouping by categories such as geography, gender and ethnicity. From 
these categories, one could delineate similar or contrasting effects between the subgroups, 
along with the precision or lack of it as indicated by the CI. Second, pooled effects could be 
influenced by outlying studies, and these are determined by the Galbraith plot method [17]. 
Omission of such studies followed by re-analysis generates one of the two results affecting the 
original pooled effect: (i) unaltered, indicating stability and (ii) altered in terms of direction of 
association which indicates instability. In addition, outlier treatment could affect heterogene-
ity (see below). Finally, summary effects are tested for robustness with sensitivity analysis 
wherein the studies are serially omitted followed by recalculation to determine deviation or 
resistance of the pooled effect from the original [18].

1.4. Biases in meta-analysis

Despite the appeal of meta-analysis, it is only as good as the studies used to create it  dependent 
on the experience of the researcher performing it [19]. As in primary studies, meta-analysis 
is not immune to biases, but the good thing about these limitations is its transparency in 
admitting their presence. Furthermore, the meta-analysis protocol contains inherent statisti-
cal mechanisms to adjust and minimize these biases.

1.4.1. Heterogeneity

Heterogeneity in a broad sense involves clinical, methodological, biological and epidemio-
logical issues and is often topic specific [20]. In this section, we examine statistical heterogene-
ity, which in the meta-analytical context, is defined as statistical dissimilarity across various 
studies [1]. Adjusting for heterogeneity involves appropriate use of analysis models. This 
involves use of the random-effects model [2], which assumes variability across populations 
usually resulting in a wider CI [21]. However, when component studies in a meta-analysis are 
similar to each other, this indicates absence of heterogeneity; then, the fixed-effects method of 
analysis [22] is applied based on the assumption that associations are the same across studies 
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and  recognizing that the collection of eligible literature is not heterogeneous. Heterogeneity 
is statistically estimated using a chi-square–based Q test [23] and quantified with the I2 met-
ric, which shows what proportion of the total variation across studies is beyond chance [24]. 
Values of I2 lie between 0 and 100% where a value >75% may be considered  substantially het-
erogeneous [24]. Heterogeneous results warrant investigation into its sources, either through 
meta-regression [25] or outlier treatment [17]. The former focuses on covariates and the latter 
is graphically assessed with the Galbraith plot [17], which is used to detect outlying studies. 
Exclusion of outliers followed by recalculation either reduces or removes heterogeneity of the 
original findings.

1.4.2. Publication bias

Publication bias [26] occurs when significant findings receive priority in published literature 
over those whose results are non-significant [18]. This bias is evaluated graphically with the 
funnel plot (Figure 2A). The points with small studies scattered along the length of the x-axis 
but still centered on the OR estimates from large, more precise studies. This figure shows a 
symmetrical distribution indicating absence of bias. In contrast, Figure 2B shows a simulated 
funnel plot indicating presence of publication bias, which shows an asymmetrical distribution 
of the points [1]. The subjectivity in interpreting the funnel plot is overcome with  objective 
statistical tests for publication bias, the Egger’s regression asymmetry [21] and Begg’s and 
Mazumdar’s rank correlation [27] tests.

1.5. Escherichia coli

In this section, we discuss E. coli studies as is relevant to the topics addressed by meta-analysis. 
Meta-analyses have covered E. coli topics that included environmental factors such as water 
quality, clinical aspects, which include intervention/prevention approaches and epidemiolog-
ical issues which address prevalence factors. E. coli is the predominant facultative anaerobe of 
the human colonic flora that inhabit the gastrointestinal tracts of humans and warm-blooded 

Figure 2. Funnel plot showing absence (A) and presence (B) of publication bias [1]. EAEC: enteroaggregative E. coli; 
SE: standard error; (B) is a simulated funnel plot [1].
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animals, as well as one of the most important pathogens [28]. Occupying the mucous layer of 
the mammalian colon, E. coli colonizes this area in infants within hours of life, and thereafter, 
it usually remains harmlessly confined to the intestinal lumen [29]. As  commensal, E. coli 
lives in a mutually beneficial association with hosts and rarely causes disease. Thus, E. coli is 
part of the protective microbial community in the intestine and is essential for general health. 
The conditions where E. coli strains cause disease are among  immunocompromised hosts 
or where the normal gastrointestinal barriers are violated [30]. Infections due to pathogenic 
E. coli may be limited to the mucosal surfaces or can disseminate throughout the body. This 
spread throughout the body includes the digestive, renal and nervous systems [28, 29, 31]. We 
use these systems appear in our survey of meta-analysis publications on E. coli to track the 
evolvement and progress in this field.

1.6. Methods used in the survey

To obtain a sense of outputs in E. coli meta-analyses, we performed a systematic search of 
meta-analysis publications using the keywords, “meta-analysis” and “E. coli” in PubMed 
using Medline, Google Scholar and Science Direct in the title/abstract box. If the title did 
not explicitly indicate the above keywords, we read the abstracts and/or full-text article to 
determine its study design. Nevertheless, we excluded systematic reviews without the meta-
analysis aspect in the article. For articles to be included, meta-analysis and/or E. coli should 
be in the title. If only meta-analysis was in the title, we read the text to determine if the role 
of E. coli was central or marginal. Central role meant that E. coli was the focus of the paper. If 
E. coli was among the foci of the paper, findings for E. coli should be statistically significant. 
If otherwise, the paper was relegated to marginal status. We defined marginal as E. coli being 
grouped with other bacteria and/or that E. coli findings were non-significant or unassociated 
with the outcome.

Figure 3 is a flowchart of our literature search of meta-analyses on E. coli. Of the 202 citations, 
130 were excluded because they were not meta-analyses nor reviews nor about E. coli. In addi-
tion, many were duplicates of those already found in PubMed. Of the remaining 72 records, 
45 had E. coli and/or meta-analysis in the title and the other 27 did not. These 27 were then 
assessed further by reading the full text from which we excluded 14 marginal papers leaving 
13 central articles for inclusion in the analysis. These 13 with the 45 titled papers gave a total 
of 58 articles which we evaluated based on three parameters: (i) subject [epidemiology (EPI), 
clinical intervention/prevention (CIP), and environmental (ENV)]; (ii) time span (2000–2004, 
2005–2010 and 2011–2016) and (iii) region (the Americas, Europe and Australasia). The num-
ber of publications was assessed using these parameters. Of the 58 papers, 15 articles could 
not be categorized into clinical syndromes because they addressed unrelated issues such as 
water, sanitizing and contamination. The remaining 43 papers were categorized by syndrome 
wherein the articles were either enteric (ENT), renal (REN), sepsis (SEP) or a combination 
of these three (MUL for multiple). From these parameters, we generated publication output 
rates in the following plots: (i) topic spread through time (Figure 4); (ii) topic standardized 
by number of countries per region through time (Figure 5); (iii) region through time wherein 
both were standardized by the number of countries per region (Figure 6) and number of years 
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per time span (Figure 7), respectively and (iv) clinical syndrome wherein both were standard-
ized by the number of countries per region (Figure 8) and number of years per time span 
(Figure 9), respectively. Visual differences between the parameters were further analyzed 
statistically.

Figure 3. Flowchart of selection of studies for inclusion in the systematic survey.
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not be categorized into clinical syndromes because they addressed unrelated issues such as 
water, sanitizing and contamination. The remaining 43 papers were categorized by syndrome 
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Figure 4. Meta-analysis publication outputs in E. coli research by topic. ENV: environmental; EPI: epidemiological; CIP: 
clinical/intervention/prevention.

Figure 5. Meta-analysis publication outputs in E. coli research of three major world regions categorized by topic. 
Values in the Y-axis indicate number of meta-analyses divided by the number of countries per region. Numbers in 
parentheses indicate number of countries comprising the region; ENV: environmental; EPI: epidemiological; CIP: 
clinical/intervention/prevention.
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Figure 6. Meta-analysis publication outputs in E. coli research standardized by the number of countries per region. 
Numbers in parentheses indicate number of countries comprising the region.

Figure 7. Meta-analysis publication outputs in E. coli research standardized by the number of years per time span. 
Numbers in parentheses indicate number of countries comprising the region.
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2. Main body

2.1. Review of E. coli meta-analyses based on topics

E. coli is responsible for a good number of hospital-acquired and community-acquired infec-
tions more than any other single bacterial species. In a wider context, it is responsible for a 
great deal of infant morbidity and mortality due to its action as a pathogen in the bowel [32]. 

Figure 8. Meta-analysis publication outputs in E. coli research by clinical syndrome standardized by the number of 
countries per region. Numbers in parentheses indicate number of countries comprising the region; MUL: multiple; SEP: 
sepsis; REN: renal; ENT: enteric.

Figure 9. Meta-analysis publication outputs in E. coli research by clinical syndrome standardized by the number of years 
per time span. MUL: multiple; SEP: sepsis; REN: renal; ENT: enteric.
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Studies of E. coli in the ENV context have not been well undertaken compared to CIP stud-
ies. ENV studies of this pathogen in the meta-analysis context have involved water, which 
addressed quality [33, 34], contamination [35] and treatment issues [36]. Yet, the importance 
of this environmental factor related to E. coli pathogenicity is relevant to particular regions 
of the world especially the developing countries. Fecal pollution of natural waters has been 
increasingly important, and the consequences of discharge of untreated sewage into river 
estuaries and the sea have been extensively studied [32]. To a lesser degree, soil research 
has been undertaken to a magnitude that warranted meta-analysis treatment [37]. In general, 
strategies for prevention and control of the spread of E. coli should include access to safe 
water, good handling practices to reduce the risk of food contamination, sanitation measures, 
public education and vaccination [38, 39]. E. coli in the context of epidemiology as approached 
from a meta-analysis perspective involves prevalence issues [40, 41] and reviews epidemic 
potential [42, 43] of this pathogen as well as being a causative factor in diarrheal illness [44]. 
Given the variety of epidemiological areas of E. coli research warranting meta-analysis, it 
provides a fertile base of future undertakings in this area. Clinical topics addressed with the 
meta-analysis approach vary depending on subjects involved. These topics provide a sense of 
the number of primary studies in areas such as infection, treatment and prevention.

2.2. Review of E. coli meta-analyses based on clinical syndromes

Enteric/diarrheal diseases involve intestinal pathogens that are spread through the fecal-oral 
route by ingestion of contaminated food or water [45]. These pathogens termed diarrheagenic 
E. coli (DEC) are differentiated, among others, on the basis of distinct clinical and pathogenic 
features (pathotypes) [29]. The five pathotypes of DEC are enterotoxigenic E. coli (ETEC), 
enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC), enterohemorrhagic E. coli 
(EHEC) and enteroinvasive E. coli (EIEC). In addition, Shiga Toxin-producing E. coli (STEC) 
are foodborne pathogens that cause human infections acquired through fecal-oral contact 
with contaminated human and animal feces [46]. Urinary tract infection (UTI) is the most 
common extra-intestinal E. coli infection caused by uropathogenic E. coli which when iso-
lated, the condition generally responds rapidly to antibiotic therapy. Sequelae from UTI could 
complicate pregnancy and target pre-school age children rendering the possibility of chronic 
renal damage [32]. Related to the renal system is verocytotoxin-producing E. coli (VTEC) 
 infection, which could result in hemolytic uremic syndrome; this occurs in up to 15% of cases 
[47]. An increasingly common cause of extra-intestinal infections is the pathotype responsible 
for meningitis and sepsis/meningitis-associated E. coli [32]. The included meta-analyses here 
addressed issues with E. coli strains such as STEC, VTEC, ETEC and EAEC [16, 40, 44, 47–51]. 
Two of these strains were addressed with antibiotics [47, 49]. Resistance to antibiotics was the 
subject of five studies [52–56]. Associations of antibiotics with infection were addressed in 
seven articles [57–63]. The topics of E. coli associations with water were addressed in 10 papers 
[33–37, 64–69]. There were three papers on E. coli shedding in cattle [70–72]. Immunology 
topics were the focus in three papers [73–75]. Although most meta-analyses included here 
addressed enteric E. coli infections, there are papers that addressed renal infections [53, 54, 
76] with a fairly good number of E. coli meta-analyses and UTI performed in various contexts 
such as epidemiology [42, 55], intervention [52, 54] and prevention [73]. Meta-analyses of 
E. coli in the context of sepsis/meningitis have so far been confined to mice and infants [58, 77].
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for meningitis and sepsis/meningitis-associated E. coli [32]. The included meta-analyses here 
addressed issues with E. coli strains such as STEC, VTEC, ETEC and EAEC [16, 40, 44, 47–51]. 
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2.3. E. coli meta-analyses involving non-human animals and plants

Our collection of E. coli meta-analyses involved non-human animals and plants, mainly farm 
animals. These included poultry [78], cattle [41, 69–72, 79–81] and pigs [61, 82]. Non-farm 
animals where E. coli studies have been meta-analyzed were mice [77]. Farmed non-animals 
where E. coli research has been meta-analyzed included fresh-produce studies [68, 83]. E. coli 
infection among pets and wild animals has produced primary studies [32] but not enough of 
their numbers warranted meta-analysis.

2.4. Assessing E. coli meta-analyses by topic

Figure 4 shows the results of E. coli meta-analysis productivity in span of 16 years (grouped 
into three time spans) and across three topics. Between 2000 and 2004, CIP outputs dominated 
those of EPI and ENV, but between 2005 and 2010, outputs from all three topics were more 
or less similar. Between 2011 and 2016, CIP outputs dwarfed those of the other two, although 
EPI outputs were slightly more than those of ENV. The combined data of 16 years between 
the topics showed non-significant higher CIP outputs than EPI and ENV [one-way analysis of 
variance (ANOVA): P = 0.08].

2.5. Assessing E. coli meta-analyses by topic and region

Figure 5 graphs the number of published E. coli meta-analyses ordered by topic from the 
three world regions. Published outputs from the Americas were higher across the topics than 
Europe and Australasia, but when regionally combined, the higher American productivity 
was not significant (one-way ANOVA: P = 0.62). However, when ordered by topic and ana-
lyzed by one-way ANOVA and the Holm-Sidak post-test, CIP productivity was significantly 
higher than EPI (P = 0.005) and ENV (P = 0.003) but not between EPI and ENV (P = 0.63).

2.6. Assessing E. coli meta-analyses by region

Figure 6 shows the number of published meta-analyses which was standardized by region. This 
figure shows low meta-analysis outputs in the years 2000–2010 from Europe and Australasia 
compared to the moderate American outputs in the same period. The last 5 years (2011–2016) 
showed high American output compared to the moderate number of publications from Europe 
and Australasia. Figure 7 shows meta-analysis productivity of the three regions standardized 
by year. Per year output of published meta-analyses on E. coli in the first 4 years of the twenti-
eth century was zero for Australasia but moderate for Europe and the Americas. This produc-
tivity declined in the following 4 years (2005–2010) for all regions then shot back up to good 
productivity in between 2011 and 2016. Thus, comparing Figures 6 and 7, we observed higher 
meta-analysis productivity in the Americas per region than that per year. Between 2011 and 
2016, Europe and Australasia had higher meta-analysis productivity when standardized by 
year than that by region. The unadjusted values from Figures 6 and 7 were subjected to statisti-
cal comparison (one-way ANOVA, Holm-Sidak post-test) that combined the data of 16 years. 
Results showed significantly higher number of published outputs from the Americas than 
Europe (P = 0.003) and Australasia (P = 0.002) but not between the latter two (P = 0.89).
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2.7. Assessing E. coli meta-analyses by clinical syndrome

Figure 8 shows the standardized number of meta-analyses from the three regions catego-
rized under the four syndromes. This graph shows American predominance in ENT and REN 
meta-analysis research compared to the two other regions. Between these two syndromes, 
ENT had more than twice the output compared to REN. SEP and MUL outputs were flat 
from all regions. Figure 9 shows minimal output of REN and ENT meta-analyses between 
2000 and 2010 compared to SEP and MUL researches, which were considerably higher in the 
same time span. Between 2011 and 2016, REN and ENT outputs were up to three times higher 
than SEP and MUL meta-analyses. The unadjusted values from Figure 9 of the combined data 
of 16 years showed non-significant associations between the syndromes over time (one-way 
ANOVA: P = 0.20).

2.8. Summary of E. coli meta-analysis publication outputs

Based on the three topics analyzed, increase of CIP meta-analyses indicates a priori increase 
in the number of primary studies (which are requisite to meta-analysis) in a span of 
16 years. This increase has probably to do with focus on treating E. coli infections given 
the infrastructure in laboratories that enable such researches. Table 1 shows that in terms 
of region, leadership of the Americas, specifically the USA in E. coli meta-analysis research 
seem to have been unchallenged since the turn of the twentieth century. Even when E. coli 
publication outputs were low between 2000 and 2010, the Americas still dominated over 
Europe and Australasia. This domination is best interpreted in three contexts: (i) only 
three countries comprise the Americas compared to 10 and eight for the other two regions 
(Figure 4 and Table 1). (ii) Table 1 shows the USA output in meta-analysis to be twice that of 
Canada and eight times that of Brazil. (iii) USA meta-analysis output is four times those of 
Netherlands and Australia, which both lead Europe and Australasia, respectively (Table 1). 
Given the concentration of developing countries in the Asian region where E. coli research 
would be most useful, such outputs are comparatively low and maybe warrant priority in 
future research of this pathogen. Our findings suggest that the region with the capabilities 
to undertake such researches result in higher publication outputs. In terms of outputs per 
year, Australasia and Europe appear to be catching up in productivity in the last 5 years. 
Summing the pattern of the graphs (Figures 4–9), meta-analysis outputs were highest for 
CIP, the Americas and ENT, all between 2011 and 2016 where this time span was involved. 
The lowest meta-analysis outputs were concentrated between 2000 and 2004, specifically 
in the ENV topic and the Australasian region. The year 2000 showed one published meta-
analysis on E. coli [75] and none before that.

2.9. Limitations and strengths

One limitation of this undertaking was that we confined our survey to published E. coli 
research from standard databases. There might have been meta-analyses done in  government 
and university settings on E. coli but were not included in the databases we searched on. 
Another limitation is non-inclusion of gray literature in our survey, which by its nature has 
not been published. However, one strength is that this chapter gave a sense of the direction of 
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Netherlands and Australia, which both lead Europe and Australasia, respectively (Table 1). 
Given the concentration of developing countries in the Asian region where E. coli research 
would be most useful, such outputs are comparatively low and maybe warrant priority in 
future research of this pathogen. Our findings suggest that the region with the capabilities 
to undertake such researches result in higher publication outputs. In terms of outputs per 
year, Australasia and Europe appear to be catching up in productivity in the last 5 years. 
Summing the pattern of the graphs (Figures 4–9), meta-analysis outputs were highest for 
CIP, the Americas and ENT, all between 2011 and 2016 where this time span was involved. 
The lowest meta-analysis outputs were concentrated between 2000 and 2004, specifically 
in the ENV topic and the Australasian region. The year 2000 showed one published meta-
analysis on E. coli [75] and none before that.

2.9. Limitations and strengths

One limitation of this undertaking was that we confined our survey to published E. coli 
research from standard databases. There might have been meta-analyses done in  government 
and university settings on E. coli but were not included in the databases we searched on. 
Another limitation is non-inclusion of gray literature in our survey, which by its nature has 
not been published. However, one strength is that this chapter gave a sense of the direction of 
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E. coli research based on previous publications. Because we used parameters such as region, 
year, topic and clinical syndrome, this provided some measure of direction as to how E. coli 
research was conducted and what areas in this discipline need focusing in the future.

2.10. Conclusions

E. coli meta-analyses in this survey varied in many aspects, not only in geography but also 
in the topic and syndrome. Most salient was variability in the outcomes and approaches. For 
outcomes, they ranged from presence to absence of associations and effectivity or absence of 
treatment. The point of these outcomes is the exposition of magnitude where influence of fac-
tors may be great or minimal; all these having been statistically treated. For approaches, sub-
jects range from humans to non-human animals and even plants (fresh  produce). This survey 
of meta-analysis publications indicates areas of discipline that were emphasized and those 
that were not. E. coli research outputs, as in other biomedical disciplines, are increasing at an 
exponential rate. Because of the critical importance of E. coli research findings across popula-
tions and geographical regions, objective evaluation of these primary studies may facilitate 
decision making that impacts upon public health policy. Clinicians, researchers and demog-
raphers in this field would likely benefit from the use and interpretation of meta-analysis. 
The survey in this review delineates a relatively high use of meta-analysis in E. coli research 
in the Americas, where the USA most specifically continues to assert its capability in utilizing 
outputs from primary E. coli studies since the turn of the twentieth century. Of note, the recent 
years also showed increasing use of E. coli meta-analyses from Europe and Australasia. Not 

Europe N Americas N Australasia N

1 Netherlands 4 USA 16 Australia 4

2 UK 3 Canada 8 China 3

3 Denmark 2 Brazil 2 Japan 1

4 Germany 4 Total 26 Iran 1

5 Poland 1 Pakistan 1

6 Italy 6 Bangladesh 1

7 Sweden 1 Turkey 1

8 Greece 1 Philippines 1

9 France 1 Total 13

10 Ireland 1

11 Portugal 1

12 Slovenia 1

Total 26

N: number of published articles; UK: United Kingdom; USA: United States of America.

Table 1. Countries comprising each of the three world regions and published outputs of E. coli research resulting from 
literature searches in PubMed, Science Direct and Google Scholar.

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications242 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

only do primary studies addressing the same issue had conflicting results, they also varied in 
geography, methodology, and sample size-leading to perceived controversy or uncertainty 
about the pathogenic nature of this organism. Application of systematic statistical approaches 
allowed confirmation that many strains of E. coli cause endpoint diseases. Similar meta-anal-
ysis in the larger sphere of microbiology may have the ability to advance our understanding 
of other emerging and established pathogens.

Of the three E. coli topics this chapter has covered, ENV studies have garnered the least atten-
tion over the last 16 years compared to EPI and CIP. Even less in magnitude are genetic/
genomic issues which were barely covered in this chapter given the paucity of primary stud-
ies on this topic. If the past is any guide to future prospects, then it would be judicious to 
forego what is fashionable in research and begin addressing issues that impact upon the lives 
of those affected/infected with E. coli. The tide of geopolitical forces has given rise to mass 
migration and exponential increase in world population at the cost of environmental degrada-
tion. These global features define regions most susceptible to the ravages of E. coli infection. 
Thus, it seems most suited to emphasize the future in E. coli research along these scales in 
order of priority, ENV, EPI and CIP. However, this is not to de-prioritize the genomic/pro-
teomic approaches as it forms the foundation upon which E. coli research achieves milestones. 
The future of genomic epidemiology is detailed in Eppinger and Cebula’s paper where they 
focus on the EHEC serotype [84].
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geography, methodology, and sample size-leading to perceived controversy or uncertainty 
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allowed confirmation that many strains of E. coli cause endpoint diseases. Similar meta-anal-
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Abstract

Without a doubt, in the past 20 or so years, we have achieved the power of biology in 
different ways. In the present, we have many tools for developing novel technologies 
and applications for organism modifications that ultimately let us know many aspects 
of organisms’ biology and, therefore, apply that knowledge for technological purposes. 
Of all the model organisms and tools for genetic modification available, Escherichia coli 
stands out as a model organism and what we would like to call “molecular biologist tool 
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cracking the genetic code [2], unveiling the nature of DNA replication [3], the groundbreaking 
advances on gene organization and regulation or as we love to call ‘the operon’ [4, 5], impor-
tant evidence for the basis of mutations and ultimately to the evolution of organisms [6, 7], 
and finally, the achievement of a genetically modified organism [8] that skyrocketed several 
applications of the enormous capacity for manipulating this organism, rendering E. coli as 
a key player in biotechnology (for an excellent review, see Ref. [9]).

The main reasons why E. coli is the organism of choice extends and is not limited to its 
fast growth in chemically defined media; relative cheap culture media; does not form aggre-
gates; industrial scalability; several molecular tools for manipulation; extensive knowledge of 
its genetics and genomics; extensive knowledge on its transcriptome, proteome, and metabo-
lome, and several strains are considered biosafety 1, which renders it ideal even for teaching 
and school demonstrations (for example, Bio-Rad transformation kits, URL: http://www.bio-
rad.com/es-mx/category/pglo-plasmid-gfp-kits).

Typical E. coli, a Gram-negative bacillus bears a rod-shaped, measures only about 1 μm long 
by 0.35 μm wide, although this can vary considerably depending on the strain and its condi-
tions, there are studies regarding different mutations that affect its size and length consider-
ably. A recent paper showed that this bacterium can grow up to 750 μm in length. By random 
Tn10 insertion, they found this particular mutant has an insertion at genes ybdN and ybdM 
whose function remains uncertain and another mutation that remains to be identified [10]. 
Interestingly, this mutant strain gives rise to extremely long cells that are viable (capable of 
cell division) and retain metabolic activity that can be useful for studies involving intracel-
lular localization or optimize cell-surface contact.

In terms of ecology, E. coli is a facultative aerobe (either respiration takes place in the pres-
ence of oxygen or fermentation in its absence), which bears a sensor for oxygen presence 
(redox state in the quinone pool) and can activate or repress the required metabolic enzymes, 
depending on oxygen levels [11–13]. Also, E. coli and other Enterobacteriaceae can be the 
first organisms to colonize human infant intestine due to this capacity to metabolize oxygen or 
ferment because this facultative bacteria will consume the remaining oxygen in this environ-
ment so that other strict anaerobic bacteria are capable of colonizing the intestine rendering 
the normal microbiota found in humans and also thrive as part of the normal microbiota [14].

Phylogenetically, E. coli is a member of the Enterobacteriaceae and is closely related to patho-
gens such as Salmonella, Klebsiella, Serratia, and the infamous Yersinia pestis, which causes 
plague. Although E. coli is mostly harmless, pathogenicity islands have been identified and 
associated with pathogenesis in E. coli resulting in strains that colonize different tissues [15].

The building blocks of E. coli consists of about 55% protein, 25% nucleic acids, 9% lipids, 
6% cell wall, 2.5% glycogen, and 3% other metabolites [16–18], which for biotechnological 
applications is important, since carbon flux is often a problematic issue to address in order 
to generate a novel metabolic pathway or to enhance a current functioning pathway. Also, 
carbon flux is tightly regulated by sophisticated regulatory networks that require modeling 
and a basic understanding of the regulatory mechanisms in order to manipulate them and 
achieve desired goals [19–21].
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E. coli is part of the normal microbiota of mammals, rendering the predominant facultative 
microbe of the gastrointestinal tract and is currently a hot debate on the impact on normal 
microflora establishment and their role in disease [22].

This organism lacks many interesting features for biotechnology, such as growing at extreme 
temperatures or pH, the capacity to degrade toxic compounds, pollutants, or difficult to 
degrade polymers [23]. But as we will see later, this bacterium is capable of doing amazing 
things and its only limit is our imagination.

E. coli harbors a genome with particular features such as a strikingly organized structure, rem-
nents of many phages, and insertion sequences (IS) and a high transport capacity toward the 
cytoplasm. In 1997, the complete genome sequence of the K-12 strain was obtained, and a myr-
iad of research was catapulted from that moment on [24]. The complete genome contains a sin-
gle circular duplex molecule composed of 4,639,221 bp. Regarding its structure, protein-coding 
regions correspond to 87.8% of the genome, while 0.8% encodes for stable RNAs, and 0.7% 
consists of noncoding repeats. The remaining 11% encodes for regulatory and other functions. 
Nevertheless, nearly 34% (1431) proteins are considered orphan or without defined molecular 
function but in a recent study, it was demonstrated that by homology with distant phylogeneti-
cal relationships, they may play a role in defined molecular pathways or processes [25]. From 
the orphan set in E. coli, at least 446 contain some molecular signature that can assess their 
molecular role. The fact that such a vast portion of the genome remains uncharacterized for 
defined molecular pathways or roles paves the way for future basic research that may have a 
strong impact on applied research and development. For biotechnological applications, growth 
optimization is also a required feature of genetically modified organisms. For E. coli, it has been 
recently shown that growth can be manipulated by removing nonessential genomic sequences 
that also can lead to the design of important biotechnological strains for industrial purposes [26].

The advancement of genomic, transcriptomic, and proteomic technologies has led to the 
development of several online resources for the analysis of molecular and physiological 
aspects of E. coli. Some examples are given in Table 1.

Escherichia coli databases

Name URL Description*

EcoCyc: Encyclopedia of E. coli Genes 
and Metabolic Pathways

https://ecocyc.org A comprehensive database joining 
together genomic information with 
biochemical features of E. coli

PortEco http://www.porteco.org A resource for knowledge and data 
of the biology of E. coli including 
plasmids, mobile genetic elements, 
and phages

EcoliWiki http://ecoliwiki.net/ Community-based pages about 
everything related to the biology of 
the nonpathogenic E. coli

EcoGen 3.0 http://ecogene.org/ A database dedicated to analyzing 
and comparing genomic and 
transcriptomic data
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Recently, using the Genome Conformation Capture technique, it was revealed that the linear 
organization of the genome is also true for the 3D structure, rendering neighboring genes to 
form small factories that are coregulated or coexpressed and showed a higher probability of 
forming protein-protein interactions. This organization represents two important aspects of 
bacterial genomes, first, the compactness in the 3D space, containing pathways in a nonran-
dom distribution, and second, genes that are closer to each other tend to be coexpressed and 
form protein-protein interactions favoring the concept of transcription factor even in micro-
bial cells [27].

In the following sections, we will review what we consider the modern tools for genetic 
engineering E. coli, and the future for this microbe that can be considered the toolbox for 
molecular biology and may be the answer to many problems that humanity may face in 
the future.

2. Plasmid and the E. coli revolution

Without a doubt, plasmids are the most important tools not only for the manipulation of 
E. coli but also the foundation for the genetic engineering of many organisms, cloning and 
sequencing, generation of mutants, and many applications in molecular biology. In this sec-
tion, a brief summary of the myriad of plasmids available will be addressed, providing some 
of the most important features of plasmids and the up-to-date technologies available for plas-
mid manipulation and application.

Escherichia coli databases

Name URL Description*

Kegg http://www.genome.jp/kegg-bin/
show_organism?org=eco

A powerful resource for 
understanding molecular datasets in 
different contexts, also easy access to 
gene information

RegulonDB http://regulondb.ccg.unam.mx Database on transcriptional 
regulation in E. coli K-12 containing 
knowledge manually curated from 
original scientific publications, 
complemented with high throughput 
datasets and comprehensive 
computational predictions

E. coli Genetic Stock Center http://cgsc.biology.yale.edu/ The CGSC Database of E. coli genetic 
information includes genotypes and 
reference information for the strains 
in the CGSC collection. An excellent 
resource for acquiring information 
and strains for research

*Source: databases website.

Table 1. Relevant E. coli resources and databases.
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Why plasmids are the basis for genetic engineering? By surveying the literature and com-
mercial sources catalogs, there is a myriad of applications for plasmids: cloning, mutagenesis, 
protein fusion and overexpression, shuttle vectors from bacteria to a diverse range of hosts, 
among others. Plasmids must be first presented and then we provide some features that are 
relevant regarding the importance of plasmids in molecular biology and biotechnology.

Plasmids are extrachromosomal molecules that are self-replicative and sometimes provide 
interesting features to its host. The term was first coined by Joshua Lederberg in 1952 refer-
ring to genetic elements in bacteria that remained as an independent molecule from the chro-
mosome at any stage of their replication cycle [28]. The definition was further refined to all 
the autonomously replicating DNA molecules to avoid including viruses. These molecules 
are present not only in eubacteria but also are found in Archea and some lower eukaryotic 
organisms [29]. In nature, many bacteria contain self-replicating DNA molecules that can be 
harnessed for molecular biology applications. E. coli plasmids were the first ones to be exten-
sively modified for such purposes [30].

In the 1970s, the first generation of cloning plasmids was created, and from that moment on, 
research in the biological area was enriched with a powerful tool. Plasmids must contain sev-
eral important features to be used in research: proper size for ease to transform or transfect, 
selection markers, a replication origin, regulatory elements to control expression, and tran-
scription termination. All features are important when designing a plasmid vector for the 
desired application, the reader can imagine the goal, and there will always be a way to create 
the molecular tool for achieving such a goal, and that is possible due to the basic structure of 
most plasmids used in molecular biology and their modularity [31]. In Table 2, we summarize 
some of the most important features (modules) that plasmids must have in order to serve for 
different applications. We point out that sequence composition and structure, copy number, 
selection marker, and special features such as reporter proteins or regulatory elements are the 
most important features in a plasmid and can influence the outcome of the desired application.

Escherichia coli plasmids

Name Type of element Characteristics

ColE1 Replication origin Generates 15–20 copies of each 
plasmid molecule. Colicin 
production. Related to plasmids that 
confer immunity to phage infections 
[32]. Found in low copy plasmids 
such as pBR322 [33]. There are 
mutations in this replication origin 
that leads to high copy number 
plasmids, such as pUC series that 
can render up to 700 copies per cell 
[34, 35]

p15A Replication origin Low copy number replication origin, 
estimated in 18–22 copies per cell 
[36]. This type of replication origin 
is often found in pACYC and its 
derivative vectors
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Some exceptional features of plasmids are they can be used in systems where replication ori-
gins (check compatibility first) and selection markers can coexist in the same cell, which can 
be extremely useful for the coexpression of four different proteins in the same cell (e.g., the 
four plasmid system developed by Dykxhoorn et al., which are compatible between them 
[41]); the broad diversity of selection markers and partitioning control elements [30]; cloning 
capacity [31], which is an important feature for cloning large fragments required for synthetic 
biology applications or metabolic engineering; reporter proteins useful for selecting positive 
clones; recombination or assembly technology for easier cloning methods [42, 43], and the 

Escherichia coli plasmids

Name Type of element Characteristics

pMB1 Replication origin Versatile replication origin. The 
original sequence generates 15–20 
copies per cell, but a mutant version 
can lead up to 700 copies per cell 
[37]. This plasmid contains the EcoRI 
restriction-modification system

pSC101 Replication origin Five copies per cell [38]

R6K Replication origin 15–20 copies per cell. Requires 
the π protein from the gene pir 
for replication [39]. This origin of 
replication is functional in diverse 
bacterial species

Ampr, Kanr, Cmr, Tetr among other Selection markers Elements required for the selection 
and maintenance of plasmids in 
bacterial hosts. Here are listed the 
resistance cassettes for Ampicillin, 
Kanamycin, Chloramphenicol, and 
Tetracycline, which are the most 
common selection markers. For 
additional markers, RAC database 
contains the information regarding 
antibiotic resistance traits and their 
sequence [40] or iGEM website for 
sequence modules bearing the proper 
syntax for synthetic constructs

LacZ, CcdB, Green Fluorescent 
protein (GFP), etc

Additional elements required for 
positive clone selection, reporter 
protein fusions among others

Plasmids have been modified so 
that they contain multiple cloning 
sites with diverse unique restriction 
sites, counter selection for positive 
clone selection. Additional elements 
such as filamentous origins for 
single-stranded DNA generation for 
sequencing of high G+C templates or 
site-directed mutagenesis

Additional sources: [31], http://blog.addgene.org/plasmid-101-origin-of-replication. https://www.neb.com/, https://
www.thermofisher.com/mx/es/home/brands/invitrogen.html, and http://parts.igem.org/Help:Synthetic_Biology, which 
contains a repository of parts that can be needed for plasmid construction using synthetic methods.

Table 2. Common elements in plasmids used in molecular biology applications.
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ability to be transferred from one host to another like the case of the OriV from RK2 plasmid 
[44]. We recommend for further information about replication control of plasmids to refer to 
del Solar et al. [45].

Linear plasmids are common in bacteria (particularly in actinobacteria), but thus far, only 
N15 plasmid prophage has been isolated from E. coli [46] and is an impediment for generating 
knockouts using linear DNA (see Section 3). Recently, a linear plasmid was created to clone 
unstable fragments bearing repetitive sequences without showing size bias during cloning, 
active promoter sequences, or sequences with A + T content [47].

One of the biggest impediments for plasmid segregation is the insert size. As discussed in 
Section 5, we are now facing not only the most exciting age of molecular biology but also 
the most challenging. In order to develop “bugs to the order,” i.e., microbes are “trained” 
to perform specific tasks [48], from simple pathways to synthesize a specific metabolite to 
complex genetic circuits that can be controlled for novel environmental responses. In all these 
cases, plasmids play an important role, from generating site-specific integration of chromo-
somal fusions to large plasmids that can hold complex constructs for further modification. 
Another challenging area is the generation of strains capable of producing metabolic products 
required for the pharmaceutical industry, where metabolic pathways and cell metabolism 
can be a strong impediment for proper synthesis and purification of relevant precursors [49]. 
E. coli renders an important platform for tackling down impediments for the synthesis of 
novel compounds.

As part of the information needed for plasmid manipulation, databases and repositories are 
also relevant for the manipulation and selection of the right plasmid for the applications you 
want to further exploit. Such examples are given: a powerful plasmid repository is Addgene 
(https://www.addgene.org/vector-database/) where you can get any plasmid in the reposi-
tory with minimum fees for shipping and handling. This source is important in many aspects; 
you can gain knowledge about plasmid sequence, special features, creators, and availability 
to use since you can acquire them with small fees. Also, Harvard University is currently gen-
erating a plasmid repository but still under development (https://plasmid.med.harvard.edu/
PLASMID/Home.xhtml). These repositories are an excellent option for accelerating research 
due to finding already generated constructs useful for ongoing projects. Also, E. coli Genetic 
Stock Center (Table 1) is a good source of strains and plasmids for different applications. 
For a small fee, the strains and plasmids can be shipped worldwide and characteristics can 
be consulted. Also, the American Type Culture Collection (www.atcc.org) is a source for 
strains with desired characteristics, as well as knowledge on their features. In plasmid biol-
ogy, strain selection is fundamental for plasmid stability and proper propagation, as well as 
for the correct function of special features, such as protein expression [50]. For example, DNA 
methylation is an important impediment in certain applications such as eukaryotic transfec-
tion, proper DAM− and DCM− strains for plasmid isolation is required. In protein expression 
experiments, the repertoire for host selection is big. Most applications require lysogen strains 
harboring the required RNA polymerase. As stated in Table 2, some plasmids require the 
product from the pir gene, so careful strain selection must be taken into account so that plas-
mids replicate efficiently.
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Some exceptional features of plasmids are they can be used in systems where replication ori-
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Novel methods such as Gibson assembly, Golden Gate assembly, and AQUA (advanced quick 
assembly) methods [43, 51, 52] have skyrocketed the possibility to assemble any plasmid with 
the desired characteristics. These methods are based on designed modules that can either be 
Polymerase Chain Reaction (PCR) amplified or generated as a complete synthetic construct 
and then assembled in the desired combination either by an enzymatic process (Gibson and 
Golden gate) or even enzyme-free methods such as AQUA.

Finally, plasmid biology is still under scrutiny, for their involvement in the mobility of traits 
that are important for human health such as antibiotic resistance, the distribution of patho-
genicity islands, and genome evolution. Recently, novel tools for plasmid mining have been 
developed and uncover from Next Generation Sequencing data that plasmids can be uncov-
ered and analyzed for further characterization [53, 54].

We are still in the process of truly knowing the potential of E. coli, novel tools generated through 
plasmids in combination with other molecular strategies will lead to new discoveries that will 
render this organism the basis for important discoveries. In the next section, we will discuss 
some aspects of gene knockouts and the knowledge we have gained from this versatile organism.

3. Genome modifications to understand E. coli

One of the basic questions in biology is: what is life? Defining life imposes a challenging bur-
den both intellectual and experimental. Many attempts have been done to answer this. E. coli 
is a model organism that with all the molecular tools available we can get a step closer to pro-
vide sufficient information that will lead us to answer the relevance of genomic information 
and ultimately what is needed to achieve life [55]. In 1997, its genome was fully sequenced, 
and with all that information (from E. coli and all the organisms that have been sequenced 
thus far), scientists have aimed high to achieve the knowledge of how many genes are needed 
for life to be sustained. Molecular genetics have provided many tools for understanding gene 
structure and function, the most fundamentals are gene knockouts and genome deletions. In 
this section, we provide aspects that are fundamental for understanding genome structure 
and function taking our knowledge closer to knowing the minimal core genome of bacterial 
organisms and the optimization of E. coli for biotechnology.

In E. coli, several tools for genome modification have been developed. Some of the most impor-
tant methods involve either the generation of deletion mutants by removing specific genes, 
one outstanding case is the use of the lambda Red system for inhibiting linear DNA degra-
dation and by homologous recombination, the deletion of specific genes using PCR-derived 
selection marker cassettes with homologous sequences with target gene [56, 57]. Lambda Red-
based method have yielded a total of 4288 genes mutated without lethality (Keio collection), 
303 genes were unable to be deleted, from which 37 are of unknown function [58]. This experi-
mental evidence has pointed out one very important aspect of genome structure and function. 
Genome size increase is the result of horizontal gene transfer or DNA fragment retention that 
somehow is giving some beneficial features to recipient host, apparently an increase in fitness 
[26]. The function of genes without evident function is still a relevant area of research since 
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many of them provide support for fitness and evolution has preserved them, therefore full 
genome engineering is far more complicated than previously thought.

Larger genomic editions are needed to understand how far we can delete redundant or non-
essential sequences. By using Cre/lox recombination, substantial genomic fragments can be 
deleted or sequentially removed, rendering the nonessential regions (regardless the genes 
present) from the genome [59–61].

Studies regarding genome size analyzed through deletions of specific genes or complete 
genomic regions have led on thinking about the minimal genome. In the case of E. coli, there 
are several pieces of evidence (reviewed in Ref. [62]) that points out that at least 23% of the 
genome can be eliminated gaining genomic stability and normal growth. Also, eliminat-
ing insertion sequences can enhance the capacity of E. coli to synthesize proteins due to the 
decrease or insertions on plasmids, and strains exhibit normal growth plus increased genome 
stability [63].

All these methods rely on basic bacterial genetics founded with E. coli, such as transposon-
based integration of recombination sequences, λ-recombination of PCR products integrating 
deletion module cassettes, and the gene-specific knockout methods [62]. Mutations can then 
be transferred from one strain to the other to generate multiple deletions at once, and other 
technologies are still limited to either whole genome synthesis with previous knowledge on 
the structure of the genome.

The most relevant study revealed that genome size has an impact on E. coli cell growth, where 
it is shown that apparently dispensable sequences are needed under restrictive conditions, 
providing a hint of the still far future of fully functioning cells with all the desired character-
istics for biotechnological applications [26]. We envision that genome reduction is a worthy 
effort, regardless of the method used to generate them. Another important aspect that we 
have to consider is that all conditions of the mutant strains are exposed to laboratory condi-
tions rendering a behavior close to the ancestor or original strains. Nevertheless, there are 
also hidden features that must be exploited in order to understand fully the behavior of the 
genome and the essentiality of genes [62]. Thus far, E. coli remains restricted to the use of clas-
sic genetic tools and transposon or plasmid-based techniques. We encourage E. coli research 
community to join efforts to enter the synthetic biology era, toward the generation of a fully 
synthetic E. coli. Our excitement is based on the following:

After 6 years, in 2016, the first bacteria operating under a “minimal chemically synthesized 
genome” was created after the first fully functioning synthetic genome [64, 65].

This research we believe has an impact in the following areas. First, both studies settled the 
basis for whole genome synthetic biology, which will lead to important findings in many 
research areas. Second, the extensive transposon-based mutagenesis studies on the genome 
of Mycoplasma mycoides led to the knowledge of the basis of essential genes or quasi-essential 
genes that have an important impact on cell fitness. Third, all this knowledge led to the 
design of a complete chemically synthesized genome with all the basic functions, and we 
now have the basic information for mining existing genomes to look for core modules in 
the bacterial genomes and design genomes with specific functions. Taking together all the 
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are several pieces of evidence (reviewed in Ref. [62]) that points out that at least 23% of the 
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ing insertion sequences can enhance the capacity of E. coli to synthesize proteins due to the 
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based integration of recombination sequences, λ-recombination of PCR products integrating 
deletion module cassettes, and the gene-specific knockout methods [62]. Mutations can then 
be transferred from one strain to the other to generate multiple deletions at once, and other 
technologies are still limited to either whole genome synthesis with previous knowledge on 
the structure of the genome.

The most relevant study revealed that genome size has an impact on E. coli cell growth, where 
it is shown that apparently dispensable sequences are needed under restrictive conditions, 
providing a hint of the still far future of fully functioning cells with all the desired character-
istics for biotechnological applications [26]. We envision that genome reduction is a worthy 
effort, regardless of the method used to generate them. Another important aspect that we 
have to consider is that all conditions of the mutant strains are exposed to laboratory condi-
tions rendering a behavior close to the ancestor or original strains. Nevertheless, there are 
also hidden features that must be exploited in order to understand fully the behavior of the 
genome and the essentiality of genes [62]. Thus far, E. coli remains restricted to the use of clas-
sic genetic tools and transposon or plasmid-based techniques. We encourage E. coli research 
community to join efforts to enter the synthetic biology era, toward the generation of a fully 
synthetic E. coli. Our excitement is based on the following:

After 6 years, in 2016, the first bacteria operating under a “minimal chemically synthesized 
genome” was created after the first fully functioning synthetic genome [64, 65].

This research we believe has an impact in the following areas. First, both studies settled the 
basis for whole genome synthetic biology, which will lead to important findings in many 
research areas. Second, the extensive transposon-based mutagenesis studies on the genome 
of Mycoplasma mycoides led to the knowledge of the basis of essential genes or quasi-essential 
genes that have an important impact on cell fitness. Third, all this knowledge led to the 
design of a complete chemically synthesized genome with all the basic functions, and we 
now have the basic information for mining existing genomes to look for core modules in 
the bacterial genomes and design genomes with specific functions. Taking together all the 
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observations from the synthetic genomes, we envision a bright future for bacterial molecular 
genetics in many fields of biotechnology, such as the production of molecules for human 
wellbeing.

E. coli is an extensively studied organism, with all the cumulative data we can ensure that 
with all this knowledge, we can design tools. In the following section, we comment on the 
biosensors that are E. coli-based.

4. E. coli-based biosensors: tools for many applications

In biotechnology, biosensors are broadly defined as any device based on biological part, cell, 
tissue, or protein complex that are linked to a mechanical sensor or analytical receptor that pro-
vides a measurable signal proportional to the analyte in the reaction [66, 67]. E. coli-based bio-
sensors using plasmid or chromosomal constructs are useful for the detection of environmental 
traits or hazards or measuring cellular processes as any standard reporter system [68–70].

In Figure 1, we depict the basic design for whole-cell biosensors and some applications. 
Plasmid vectors with all the possible modifications can lead to almost endless combinations. 
For practical applications, there are commercial vectors that can be used for such purposes 
or as mentioned in the previous sections, plasmid methods are powerful enough for fast and 
robust biosensor design.

Figure 1. Basic principles for biosensor design. First, the proper design and the experimental creation of reporter strains. 
With current knowledge, either plasmid creation or whole genome engineering can lead to the creation of a reporter 
strain. Second, incorporation of such elements into the host cell. Third, sensing module and response measurement. 
With current reporter proteins and detection technology, it is relatively easy to generate biosensors that can be used in 
different applications with high sensitivity and selectivity.
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The basic design considers the following: copy number, reporter proteins, detection meth-
ods, and control elements. The latter is basically the most important feature. As shown in 
Table 1, the available databases provide enough information for promoter selection and 
design. Bioinformatic tools can make this process easier [71]. Also, generation and detection 
of this kind of biosensors are cost-effective and easy to generate and reasonably sensitive [71]. 
In terms of speed, sample analysis with whole-cell biosensors is fast and cheap in comparison 
with analytical methods. The sensitivity of analytical methods is higher and more accurate, 
but biosensors are a good alternative for fast detection of hazards. Also, they can be coupled 
with the controlled production of metabolites of commercial importance.

In the literature, there are several reports where E. coli-based biosensors have been success-
ful for detecting different traits: oxidants [72, 73], DNA damaging compounds [74], mem-
brane-damaging compounds [75], protein-damaging compounds [76], aromatic compounds 
[77–79], xenobiotics [80], antibiotic panels using reporter strains without antibiotic selection 
[81], etc. The only limitation is the available sensor module and the design. The reporter pro-
tein is also important. Stability and reproducibility are two important aspects of biosensor 
design. In our experience, Green Fluorescent protein (GFP) protein is superior to luciferase, 
especially that we can detect GFP by various methods (we find flow cytometry, fluorometry, 
and confocal microscopy our top preferences) without cell lysis or substrate mixtures that are 
time-consuming [82].

With the improvement of DNA synthesis, recoding protein-coding genes for the desired func-
tion is expanding the capabilities of transcription factors, and reporter proteins have created 
novel sensor modules. For example, XilR recoding has led to a sensor that can detect mil-
limolar concentrations of trinitrotoluene and its derivative compounds [83]. By using shuttle 
vectors, we can generate biosensors that we can transfer from one host to another, which 
can provide information about differences in physiological responses during the exposure to 
a given environmental trait.

E. coli plasticity and tools such as BioBrick building (using standardized DNA fragments with 
compatible ends for fast assembly) can facilitate plasmid and reporter constructs [84, 85]. 
Correlations of cell growth and physiology with expression patterns from reporter constructs 
can expand our knowledge of the impact of exposure to the external stimulus on cell physiol-
ogy. Biosensors based on whole cells are a cheap alternative and can be coupled to portable 
devices. Using qualitative reporters can be applied in field research [70]. One good example 
is the detection of parasites without using cold-protected samples or complicated equipment 
for the detection process [86].

In the following section, we provide our final overview of the impact of E. coli in the synthetic 
biology future.

5. Genetic engineering and synthetic biology of E. coli

With the avenue of in vitro DNA synthesis to generate larger fragments with increased fidelity 
along with novel assembly methods, we are now capable of generating large and custom-
made DNA molecules with the desired properties or even without the source of a DNA sample 
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 having only the sequence itself. New biological parts (genes, promoter sequence, terminators, 
etc.), devices (gene networks), and modules (biosynthetic pathways) are only limited by our 
imagination and the drive to create them. Also, without the advancement of methods for ana-
lyzing large amounts of data, bioinformatics, codon optimization software, genome mining, 
and user-friendly databases, synthetic biology creations are permeating in many laboratories 
around the world. With this in mind, we will review the current technologies for synthetic 
genes and genomes, and how this technology can be applied in generating novel regulatory 
circuits and even whole genomes. In this regard, E. coli is the key organism for such endeav-
ors. Why? Well, in this section, we provide some examples that we consider may be helpful in 
the future of mankind and are in our opinion relevant in the field of genetic engineering and 
synthetic biology.

Synthetic biology is a relatively new branch of molecular genetics that incorporate engineer-
ing principles for modifying several aspects of cell physiology, rewiring genetic circuits, cre-
ating novel circuits, and synthesizing custom-made DNA sequences and even genomes [87]. 
This particular branch of biology needs to be supported by an extensive knowledge of the 
organism that modifications or even whole genome synthesis is attempted, several novel tools 
for analyzing big datasets and molecular tools for that particular organism, for the genera-
tion of sequences and the computational design of DNA molecules, and a goal that can be 
achieved with the desired organism. E. coli along with Saccharomyces cerevisiae are the most 
studied and well-comprehended organisms in science, and diverse phenotypes have been 
identified that are helpful for bioengineering [88, 89].

Multiplexing is the novel approach for redesigning organisms to do desired tasks [90]. By 
cycling through design-build–test framework we can achieve novel features in existing 
proteins and can further the advancement of genetic engineering. Thus far the most com-
plicated and time-consuming part of this framework is the testing of the novel designs. High-
throughput approaches have led to the development of fast and reliable screening methods 
and advances in this area, such as designed biosensors for the screening of metabolite produc-
ing strains or high-throughput methods for product screening, where the use of fluorescent 
proteins, colorimetric assays, and mass spectrometry are cornerstones for the development of 
screening methods for assessing success in strain engineering [90, 91]. DNA sequencing and 
synthesis coupled with good screening methods is the platform for future tools for the devel-
opment of designed microorganism that can do desired tasks.

With all the technologies available, the advancement of using E. coli for biotechnological 
applications based on synthetic approaches have led to the development of strains capable 
of synthesizing several novel compounds. In the following lines, we provide some examples 
that we find important for improving environmental conditions and human well-being.

Synthesis of important metabolites can be difficult, and researchers must face the stubborn-
ness of microorganisms to redirect carbon flux to their own processes, rendering the pro-
duction of relevant molecules costly and inefficient. But E. coli is a flexible platform for the 
efficient production of molecules for the pharmaceutical industry, metabolites and molecules 
relevant for food additives, pigments, and more recently complex aliphatic molecules [92].
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Several aromatic compounds have been successfully synthesized in E. coli due to their 
biological activities (vitamins and antioxidants, for example), pigmentation (applied in 
different industrial processes), and fragrance etc. [93]. In the case of the perfume indus-
try, the synthesis of other relevant compounds such as precursors for Ambrox, a highly 
appreciated odorant for the perfume industry, or the synthesis of Geraniol, a valuable 
acyclic monoterpene alcohol, is also used in the perfume industry and pharmaceutical 
applications [94, 95].

Another relevant area was E. coli stepping in to biofuel production. The twentieth century is 
characterized by the human dependence on fossil fuels. They participate in a myriad of pro-
cesses, and the demand is increasing. In order to alleviate the demand, scientists have turned 
to the development of novel technologies for biofuel production by the conversion of car-
bon sources into usable fuel. There are several reports where E. coli have been successfully 
engineered for the synthesis of branched-chain fatty acids or short-chain fatty acids that can 
ultimately lead to the mass production of fuel precursors or useful materials derived from 
oil [96–98]. Perhaps, the most promising future is a fully replicated fossil fuel, i.e., a mixture 
structurally and chemically identical to the fossil fuels that are currently under use, which is 
a mixture of aliphatic n- and iso-alkanes of various chain lengths [99]. Also, a more complete 
metabolic atlas of E. coli is needed, and recent efforts have mapped the metabolic flux from this 
bacterium further [100].

Another important field where E. coli is making an important contribution powered by 
synthetic biology is the antibiotic production. From the biomedical standing point of view, 
increasing antibiotic resistance in pathogens is a burden for humankind, and the discovery 
of novel compounds is a time-consuming task. Recent efforts with known polyketides have 
started to give good production rates in E. coli, favoring the process of antibiotic production 
from different sources, eliminating the need for host growth standardization, and inducing 
conditions [101].

Due to the modularity of polyketide synthases, they are excellent candidates for engineer-
ing, for either the production of novel compounds from existing gene clusters (through mod-
ule shuffling, mutagenesis or deletions), or by the introduction of novel environmentally 
sequenced gene clusters and heterologous production [102, 103]

Therefore, the production of diverse metabolites or biological or industrially relevant mol-
ecules can be successfully achieved in E. coli. Success stories have been published more fre-
quently. With the advancement of high-throughput technologies, more sensitive detection, 
and analytical tools, and better DNA synthesis, the future for E. coli is brilliant.

6. Future

With all the research that is currently conducted in E. coli, we envision that the future for 
this versatile microbe is bright. Gained knowledge on E. coli is overwhelming, nearly 340,000 
research papers with the “Escherichia coli” keyword available in Pubmed, versus 115,000 using 
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ness of microorganisms to redirect carbon flux to their own processes, rendering the pro-
duction of relevant molecules costly and inefficient. But E. coli is a flexible platform for the 
efficient production of molecules for the pharmaceutical industry, metabolites and molecules 
relevant for food additives, pigments, and more recently complex aliphatic molecules [92].
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“Saccharomyces cerevisiae” as a keyword for an example. Several genomes from environmental 
sources have been sequenced. Thousands of research papers aimed to assess the metabolic 
and genetic potential of this organism have been published. Now we need to start joining 
forces for boosting the true potential of this wonder microbe.

With all the data available, we are on the verge of really important findings and novel biotech-
nological procedures using E. coli. Recently, with an extensive analysis of human microbiota, 
we are approaching exciting times where all the knowledge can be applied to help people 
during certain diseases related to colon microbiota imbalances [104]. Findings suggest that 
microbiome can be manipulated to improve certain metabolic pathways [105].

In the rest of the biotechnology fields, we have enough information that suggests E. coli will be 
in the spotlight for quite some time. Even with novel organisms that have been proposed to sub-
stitute it, like Vibrio natriegens. Recently, Lee and collaborators analyzed the genome sequence 
and growth properties of the fast-growing bacterium V. natriegens [106], where authors created a 
novel platform for genetic engineering in one of the fastest growing bacteria. In previous reports, 
it has been shown that V. natriegens are capable of being transformed with E. coli plasmids [107], 
rendering that all the molecular tools available thus far may be compatible with this new sys-
tem. This bacterium as E. coli renders only one important drawback: it may be pathogenic to 
oysters [108]. But as with old E. coli, we should be careful when managing genetically modified 
organisms. With recent efforts to generate lab-contained organisms, E. coli mutants that can only 
survive in the presence of synthetic amino acids have been created [109]. Despite all the molecu-
lar tools developed so far for E. coli, the future is still open for a novel molecular toolbox. Until a 
novel toolbox is standardized and incorporated into the everyday life of the laboratories around 
the world, we will keep exploiting the capabilities of E. coli, one wonderful bug.
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Abstract

Risks of contamination with the well-known food pathogen Escherichia coli are increas-
ing over the years. Therefore, rapid and portable technologies using different types of 
advanced devices named biosensors with various transduction capabilities (electro-
chemical, optical, or acoustic) were developed and seem to offer the most elegant solu-
tions for research communities and final users-humans. Thus, integration of microfluidic 
biochips/biosensors into smartphones offer the real-time detection of any infection with 
E. coli, helping doctors in proceeding immediately with the clinical treatment. The pres-
ent chapter will discuss about the analytical performances of biosensors and microfluid-
ics such as selection of substrates, type of (bio)functionalization, low limit of detection, 
specificity, and response time for monitoring different E. coli strains. Thus, it is possible 
to rapidly identify (30–90 s) very low concentrations of E. coli (101 CFU/mL) down to a 
single bacterium in real samples (water, urine, milk, beef-meat) by simple integration of 
an angle scatter method and microfluidic-cellulosic pads (μPAD) loaded with micro-/
nanoparticles functionalized with either polyclonal anti E. coli antibodies or with DNA 
strains into a portable device—a smartphone. Such biosensor configuration can also be 
used for the detection of other types of microorganisms with potential human and animal 
health concerns.

Keywords: biosensor platforms, electrode (bio)functionalization, E. coli, microfluidics, 
smartphone

1. Introduction

Coliforms or bacteria are commonly found in the digestive tracts of animals, humans, plants, 
and soils. Most coliforms do not cause diseases. However, the existences of “coliforms” 
with four genera (Escherichia, Citrobacter, Enterobacter, and Klebsiella) are indeed used as 
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 indicators to monitor their potential enteric pathogen contamination of waters [1]. One of 
the hundred strains of the bacterium Escherichia coli named E. coli O157:H7 is known as 
one of the most dangerous (for instance, Europe 2011) [2] gram-negative emerging cause 
of many foodborne and waterborne illnesses [3], bloody diarrhea (hemorrhagic colitis) 
[4], hemolytic-uremic syndrome (HUS) causing the kidney or renal failure, and hemolytic 
anemia (loss of red blood cells), which may lead to death, especially in children [5]. E. coli 
microorganisms (width ~ 0.6 μm, length ~ 1.6 μm) [6] produce the Shiga toxin that causes 
inflammation and secretion of intestinal fluids. Antibiotics and anti diarrheal medicines 
(such as Imodium) are not recommended for treating E. coli O157:H7 pathogenic infections.

Over the years, beside the relatively time-consuming and expensive conventional detec-
tion methods (e.g., evaluation of microorganism morphology, counting the bacteria colo-
nies with Violet Red Bile Agar [7] after 72 h, investigations through the polymerase chain 
reaction (PCR) for amplification of low contents of bacterial nucleic acids), several meth-
odologies with rapid detection using either laboratory instrumental methods (e.g., chroma-
tography, infrared/epi-fluorescence microscopy [8], bioluminescence, flow laser cytometry 
and immunomagnetic separation [9], fluorimetry [10], etc) or portable, sensitive, and spe-
cific devices named biosensors have been reported [11]. Thus, in 1989, Karp's group [12] 
reported the development of the first biosensor using stable-light-emitting E. coli cells. 
Technically, a biosensor is a self-contained integrated device, which is capable of providing 
specific quantitative or semi-quantitative analytical information using a biological recogni-
tion element (biochemical receptor), which is in direct spatial contact with a transducer 
element [13]. Today, on the ISI Web of Science are reported more than 1220 publications 
about different biosensor configurations for the specific and selective detection of E. coli 
bacterial cells.

Biosensors are classified either as bioaffinity sensors when the biological recognition entity 
is an antigen/antibody (named immunosensors) [14] or a single strain DNA or ssDNA/
RNA sequences (named DNA-/RNA sensors) immobilized onto a solid support via a 
linker molecule [15] that interact specifically with a target (named the complementary 
ssDNA-sequence to the ssDNA-probe), enzyme sensors, receptor ligand-binding sensors 
[16], and whole cell biosensors (named microbial sensors); or in function of the type of 
used physical transducer in electrochemical, optical, piezoelectric, and calorimetric (bio)
sensors.

On the other hand, since early 1997 [17] bioluminescent genetically engineered E. coli micro-
organisms were intensively used as sensitive and friendly bioreporter's tools for screening 
the genotoxicity and cytotoxicity of various classes of water pollutants, endocrine disruptor's 
compounds, explosives [17, 18], and nanoparticles [19–22].

This chapter presents the latest developments for the detection of E. coli strains using elec-
trochemical, optical, and acoustic biosensors and their integration in microfluidic plat-
forms as well as the next generation of portable biosensors using smartphones (Figure 1, 
Table 1).
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2. Biosensor platforms for the quantification of E. coli

Optical-based surface plasmon resonance and acoustic quartz crystal microbalance biosen-
sors are known for their analytical performances in terms of label free and real-time detec-
tion capabilities, fast and stable response time, and target low detection limits. Furthermore, 
electrochemical impedance spectroscopy (EIS) label free biosensors are suitable for electrical 
characterization (such as double layer capacitance, solution resistance, electron transfer resis-
tance, and Warburg impedance) of biocatalytic transformations on electrode surfaces after 
each biofunctionalization step [23].

Figure 1. Optics and electrochemistry connected to smartphones for the detection of E. coli bacteria. For instance, an 
electrochemical system includes an Android cellphone (HTC ONE X), a Bluetooth shield (Seeed SLD63030P), a micro 
controller (Arduino), a chip for impedance converter network analyzer (AD 5933), and packaged sensor [66]. Also an 
Xcode (Apple, CA, USA), which allows users to take pictures at the four specific angles of scatter detection (15°, 30°, 45°, 
and 60°) at a fixed distance is reported [62]. CV—cyclic voltammetry, EIS—electrochemical impedance spectroscopy.
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2.1. Electrochemical biosensors

In January 2016, it has been reported for the first time an amperometric detection of PCR 
products (longer DNA chain's) by using three modified magneto working electrodes (m-GEC) 
with silica magnetic beads (0.05 mg) functionalized with either digoxigenin-tagged amplicon 
of the eaeA gene for E. coli (151 bp), fluorescein-tagged amplicon of the invA gene for Salmonella 
enterica (278 bp) or streptavidin-tagged amplicon of the pfrA gene for Listeria monocytogenes 
(217 bp) as specific carriers for independent magneto-genosensing amperometric investiga-
tions of single-tagged amplicons originated from three bacteria strains: E. coli K12, S. enterica 
Typhimurium LT2 and L. monocytogenes DSM20600 (DSMZ), respectively. Such amperomet-
ric magneto-silica beads platform was using HRP-labeled antibodies and the same redox 
 mediator (HQ-hydroquinone) and substrate (H2O2) (Figure 2) in a unique electrochemical cell 
connected to a multichannel potentiostat and was able to identify 0.04, 0.13, and 0.05 ng/μL 
DNA of S. enterica, L. monocytogenes, and E. coli, respectively, in about 3 h, including PCR 
amplification time [38].

Label-free impedimetric immunosensors-based ITO substrates modified with epoxysilane 
and anti E. coli antibodies were used for detection of E. coli O157:H7 over a large linear work-
ing range (10–106 CPU/mL) with a limit of detection (LOD) of 1 CPU/mL were also reported. 
Moreover, the authors demonstrated the specific binding of E. coli O157:H7 to the antibody-
patterned surface (only 20% of non specific bacteria) (Figure 3) using control bacteria strains 
such as Salmonella typhimurium and E. coli K12 [39].

Figure 2. The construction of three configurations of DNA-amperometric magneto-genosensors for the independent 
detection of S. enterica Typhimurium LT2, L. monocytogenes DSM20600, and E. coli K12 strains. Type of used antibodies: 
AntiFlu-HRP (Anti-Fluorescein-Fab fragments), Strep-HRP (Streptavidin-POD conjugate), and AntiDig-HRP (Anti-
Digoxigenin-POD Fab fragments). HQ-hydroquinone; Q-quinone. All bacterial strains were grown in Luria Bertani (LB) 
broth or agar plates for 18 h at 37°C.
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Impedimetric gold screen printed electrodes (AuSPEs) modified with thiolated E. coli antibodies 
were fabricated for the detection of E. coli at 10 CFU/mL level in river and tap water samples 
[24]. Another example of using EIS principles for specific detection of E. coli O157:H7 on ITO-
based interdigitated microelectrode array in the presence of ([Fe(CN)6]3−/4) electroactive redox 
probe (Figure 4) was also reported. Thus, it was found a direct correlation between the electron 
transfer resistance of the electrode (27.8%) and the concentration of E. coli cells (2.6 x 107 cells) 
upon their binding onto antibodies-based ITO array [26].

In another work, epoxysilanized ITO glass-modified with anti E. coli antibodies were used for 
EIS and atomic force microscopy (AFM) detection and topography investigations in the pres-
ence of different concentrations of E. coli. The research team found that E. coli cells and insoluble 
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2.1. Electrochemical biosensors
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Figure 2. The construction of three configurations of DNA-amperometric magneto-genosensors for the independent 
detection of S. enterica Typhimurium LT2, L. monocytogenes DSM20600, and E. coli K12 strains. Type of used antibodies: 
AntiFlu-HRP (Anti-Fluorescein-Fab fragments), Strep-HRP (Streptavidin-POD conjugate), and AntiDig-HRP (Anti-
Digoxigenin-POD Fab fragments). HQ-hydroquinone; Q-quinone. All bacterial strains were grown in Luria Bertani (LB) 
broth or agar plates for 18 h at 37°C.
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probe (Figure 4) was also reported. Thus, it was found a direct correlation between the electron 
transfer resistance of the electrode (27.8%) and the concentration of E. coli cells (2.6 x 107 cells) 
upon their binding onto antibodies-based ITO array [26].

In another work, epoxysilanized ITO glass-modified with anti E. coli antibodies were used for 
EIS and atomic force microscopy (AFM) detection and topography investigations in the pres-
ence of different concentrations of E. coli. The research team found that E. coli cells and insoluble 
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precipitate mainly affected the electron transfer resistance and Warburg impedance even though 
the (3-glycidoxypropyl)trimethoxysilane chemical formed after immersion protocol over night 
at room temperature was uniform, dense, and homogeneous SAM monolayer onto ITO sub-
strate. In this study, an enzyme labeled secondary antibodies namely alkaline phosphatase 
labeled secondary antibodies and its specific substrate 5-bromo-4-chloro-3-indolyl phosphate 
disodium were used for signal amplification of antibody bacterial interactions (Figure 5) [27].

Recently, homemade graphene-based field effect transistor (FET) Si/SiO2—sensors for record-
ing in real-time the proportional bias current signal responses in the presence of three differ-
ent concentrations (1.6 × 107 CFU/mL, 1.67 × 107 CFU/mL, and 1.7 × 107 CFU/mL, respectively) 
of a nonpathogenic strain E. coli K12 ER2925 were reported [40]. Graphene FET biosensors 
were also developed to detect E. coli by recording the proportional increases in conductance 

Figure 5. Silanization of ITO substrates with 3-glycidoxypropyl)trimethoxysilane (GPTMS) for further biofunction-
alization with anti-E. coli antibodies.
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values for different bacteria concentrations ranging from 0 to 105 CFU/mL. Artificial neu-
ral network and support vector regression algorithms have also been proposed for the I-V 
 characteristics [41].

2.2. Optical biosensors

Fluorescence detection of several biomolecules in parallel using a sheath flow device with 
one inlet and five outlets has been reported [42]. On the other hand, it has been reported on 
the successful use of annealed (150°C for 4 h)/ultrasonicated mixtures of aqueous solutions 
of gold nanoparticles (Au-NPs ranging from 40 to 100 nM), and oxidized multi-walled car-
bon nanotubes (MWCNTs) for bacterial adhesion investigations of four different concentra-
tions of E. coli namely 102, 103, 104, and 105/mL, respectively. The authors concluded that for 
increased contents of Au-NPs in composites, the Raman signals for higher E. coli concentra-
tions improved, as bacteria have more Au-NPs to attach due to the transfer of its negative 
charge to MWCNTs [43]. Interestingly, bacterial anti-adhesive materials named “Rice leaf-like 
surfaces” (RLLS) (Figure 6) inspired by the hollowed morphology of rice leaves (Oryza sativa 
L. ssp. japonica cv. Calmati-202) were prepared on SiO2-quartz glasses by a templateless, self-
masking reactive ion etching approach with high optical-grade transparency properties (i.e., 
≥92% transmission). The anti-adhesion property of E. coli O157:H7 during the dynamic flow 
conditions onto RLLS substrates was validated through fluidic channels at low flow (shear) 
rates and transmission spectra investigations at a wavelength range of 400–800 nm [44].

Label-free optical biosensors based on nanostructured (∼50–100 nm) porous silicon (PSiO2) 
thin films modified with synthetic peptide sequence K-7α12 OAKs (similar name K-[C12K]7, 
with K-lysine, and oligomers of acylated lysines-K) as a novel capture probe for whole bacte-
ria E. coli ATCC 8739 and its lysates detection were reported [28] (Figure 7). Control experi-
ments with neat and thiol-modified PSiO2 (with no OAKs) exposed to lysate suspension of 
Listeria innocua and Erwinia carotovora (105 cells/mL) were also conducted to eliminate the pos-
sibility of non specific adsorption of bacterial lysate to the silicon-based surface. The same 
research team concluded that with K-7α12 OAK-tethered PSiO2 substrates was possible to 

Figure 6. Bacterial (anti)adhesion on RLSS—substrates (a) and bacterial (S. aureus) adhesion on hydrophobic quartz (b). 
Reprinted with permission from Ref. [44] Copyright (2015) American Chemical Society.
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achieve one order of magnitude improvement in the low detection limit in comparison with a 
previous team studies using monoclonal antibodies [45].

The ability of ssDNA probe for the lacZ gene of E. coli K12 (25 mer) covalently immobilized 
onto HEG/GOPS-silanized fused silica optical fiber (400 μm i.d. × 48 mm length) with a strong 
hybridization in the presence of its fully complementary target 10 pmol cDNA E. coli (25 mer 
lacZ), and ethidium bromide intercalator was reported. For systematic (bio)functionalization 
steps, the fibers were inserted into a holder system with cylindrical bores that accommodated 
maximum eight fibers at the time. Moreover, PCR amplicons of 100 m length containing the 
fragment of the lacZ sequence, and genomic DNA from E. coli were optically investigated. 
However, the authors mentioned that the optical system was not optimized for sensitivity 
whereas a significantly faster rate of non selective adsorption of non complementary oligonu-
cleotides (25 mer to approximately 600 mer—ncDNA) than hybridization of complementary 
oligomers (cDNA) was recorded [1].

2.3. Acoustic biosensors

Commonly used acoustic wave biosensors are based on a thickness share mode (TSM) device 
[46] known as quartz crystal microbalance (QCM), which are classified as bulk acoustic 

Figure 7. OAK-modified porous silicon (PSiO2) modified with the synthetic peptide sequence K-7α12 OAK for the 
detection of E. coli ATCC 8739 and its lysates. MPTMS - mercaptopropyltrimethoxysilane.
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wave (BAW) devices. Thus, since 1980, various chemical and biological BAW sensors for the 
 detection of either organic solvents or biomolecules have been reported [47]. Moreover, shear 
horizontal surface acoustic wave (SH-SAW), surface transverse wave (STW), love wave (LW), 
flexural plate wave (FPW), shear horizontal acoustic plate mode (SH-APM), and layered 
guided acoustic plate mode (LG-APM) have demonstrated a high sensitivity in the detec-
tion of biomolecules in liquid media [48]. E. coli O157:H7 cells were also detected using shear 
horizontal surface acoustic wave IDTs sensors connected to a computer aid design (CAD) 
software [49].

A functional mannose self-assembled monolayer in combination with lectin concanavalin A 
(Con A) for the detection of E. coli W1485 using a QCM as transducer was reported [50]. The 
multivalent binding of Con A to the E. coli surface O-antigen favors the strong adhesion of 
the bacteria to the mannose-modified QCM surface. The minimal detection threshold was 
7.5 × 102 CFU/mL.

Air samples containing four biological warfare agents including E. coli MRE 162 (collected 
using a “cyclone” sampler (Biotrace International, UK) and concentrated in collecting buf-
fer PBS Tween—0.01% v/v) were detected in parallel using a flow-through system with four 
piezoelectric QCM crystals biofunctionalized with polyclonal antibodies located in separate 
fluidic chambers in the first attempt to determine the low level of detection as well as the 
specificity of each agent binding to its specific immobilized antibodies [34].

SH-SAW devices fabricated on langasite (LGS, La3Ga5SiO14) - crystal sputtered with chromium/
gold layers accommodated interdigitated transducers (each IDT consisted of 240 electrodes) 
and a gold platform region for subsequent (bio)functionalization steps with cysteamine/NHS-
PEG-biotin/Avidin/Biotinylated polyclonal rabbit immunoglobulin G (IgG) antibody directed 
against fluorescently labeled E. coli were imaged with a cooled CCD camera on a BX51 fluo-
rescence microscope. Furthermore, The MetaMorph software was used for counting the cells 
and analyzing their selective binding to anti-O157:H7 LGS-slide versus non selective binding 
to an anti- trinitrophenyl hapten modified LGS-slide (control experiments) [35].

A simple and rapid method (less than 90 min) that combined the bulk acoustic wave (BAW) 
technique based on Ag-plated AT cut 9 MHz quartz crystal (diameter 12.5 mm) with the gela-
tion reaction of tachypleus amebocyte lysate (TAL), was used for viscosity and density measure-
ment, of Escherichia coliform in very small mixed volumes (100 μL) was reported. A thermostat 
was used to control the reaction temperature at 37°C through a thermostatic water jacket. 
Thus, the frequency decreases very slowly after an initial lag time according to the progress of 
gelation of TAL, then drops quickly and a sudden change (its mechanism is still under inves-
tigation) followed, with finally a constant value after the completion of the gelation. E. coli 
of unknown concentration was determined using a regression equation. The linear range of 
detected E. coli was recorded for 2.7 × 104–2.7 × 108 cells/mL [51].

Microcontact imprinted QCM crystal and SPR glass with E. coli cells were obtained by a sand-
wich approach based on HEMA/EGDMA/deionized water/MAH/the initiator AIBN contain-
ing stock monomer solution. A 3 μL aliquot was taken from the stock monomer solution and 
dropped onto the allyl mercaptan modified SPR and QCM chips. Thus, the limit of detection 
(LOD) and the limit of quantification (LOQ) were found as 3.72 × 105 CFU/mL and 1.24 × 106 
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(Con A) for the detection of E. coli W1485 using a QCM as transducer was reported [50]. The 
multivalent binding of Con A to the E. coli surface O-antigen favors the strong adhesion of 
the bacteria to the mannose-modified QCM surface. The minimal detection threshold was 
7.5 × 102 CFU/mL.

Air samples containing four biological warfare agents including E. coli MRE 162 (collected 
using a “cyclone” sampler (Biotrace International, UK) and concentrated in collecting buf-
fer PBS Tween—0.01% v/v) were detected in parallel using a flow-through system with four 
piezoelectric QCM crystals biofunctionalized with polyclonal antibodies located in separate 
fluidic chambers in the first attempt to determine the low level of detection as well as the 
specificity of each agent binding to its specific immobilized antibodies [34].

SH-SAW devices fabricated on langasite (LGS, La3Ga5SiO14) - crystal sputtered with chromium/
gold layers accommodated interdigitated transducers (each IDT consisted of 240 electrodes) 
and a gold platform region for subsequent (bio)functionalization steps with cysteamine/NHS-
PEG-biotin/Avidin/Biotinylated polyclonal rabbit immunoglobulin G (IgG) antibody directed 
against fluorescently labeled E. coli were imaged with a cooled CCD camera on a BX51 fluo-
rescence microscope. Furthermore, The MetaMorph software was used for counting the cells 
and analyzing their selective binding to anti-O157:H7 LGS-slide versus non selective binding 
to an anti- trinitrophenyl hapten modified LGS-slide (control experiments) [35].
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technique based on Ag-plated AT cut 9 MHz quartz crystal (diameter 12.5 mm) with the gela-
tion reaction of tachypleus amebocyte lysate (TAL), was used for viscosity and density measure-
ment, of Escherichia coliform in very small mixed volumes (100 μL) was reported. A thermostat 
was used to control the reaction temperature at 37°C through a thermostatic water jacket. 
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gelation of TAL, then drops quickly and a sudden change (its mechanism is still under inves-
tigation) followed, with finally a constant value after the completion of the gelation. E. coli 
of unknown concentration was determined using a regression equation. The linear range of 
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CFU/mL with QCM system whereas 1.54 × 106 CFU/mL and 5.13 × 106 CFU/mL with SPR 
system (Figure 8). The microcontact imprinted QCM crystal and SPR glass selectivity and 
specificity were proved in the presence of Bacillus and Streptococcus of 0.5 McFarland (1.5 x 108 
cells). Bacillus was selected due to its morphological similarity to E. coli whereas Streptococcus 
as a gram-positive bacteria. The authors concluded that both sensor surfaces have the ability 
to recognize E. coli with high affinity due to the obtained recognition cavities via microcontact 
imprinted glass with E. coli [52].

2.4. Microfluidic biochips

From the beginning, microfluidic biochips or lab-on-chip biosensors strongly attract interest 
of different research communities (physics, chemistry, biology, and business entrepreneurs) 
due to their undeniable advantages in terms of measurements in real environments of tested 
biomolecules, low volumes of bioreagents, small variations of temperature, and low cost of 
fabrication of flow cell usually based on poly(dimethylsiloxane) (PDMS) material that can be 
disposable. Several biological applications have been reported based on microfluidics includ-
ing studies. Some are discussed in this section.

Poly(lactic acid) (PLA)/PLA-PEG–based electrospun nanofibers (NFs) and K3-Brij76 (KB) 
polymer were used for colorimetric single-step paper-based lateral flow assays (LFA) for the 
rapid detection of 1.9 × 104 cells E. coli O157:H7 bacteria through a well-known sandwich 
configuration: HRP-labeled secondary antibodies/streptavidin-conjugated sulforhodamine B 
(SRB)–encapsulating liposomes/anti E. coli captured antibodies adsorbed onto PLA-PEG NFs 
(Figure 9) [53].

Figure 8. Surface plasmon resonance (SPR) and quartz crystal microbalance (QCM) sensors using microcontact imprinted 
polymer with either E. coli (for specific detection) or Bacillus and Streptococcus (for non-specific detection).
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A high-throughput PDMS microfluidic system with seven parallel channels (each channel 
contains 32 square-shaped microchambers) was employed for long-term growth monitor-
ing of E. coli HB101 (2.0 × 109 CFU/mL) growth monitoring and for the studies of inhibitory 
effects of various concentrations of two antibiotics (tetracycline and erythromycin at 0–4 
μg/mL and 0–8 μg/mL, respectively) over bacterial cells. For flow antibiotic (Figure 10) 
sequential measurements were used bacterial suspensions at their stationary-growth 
phase. It was found that in the presence of at least 3 μg/mL tetracycline or erythromycin, 
the E. coli morphology remained similar to that of normal bacterial growth states cultured 

Figure 9. Colorimetric detection of E. coli bacteria using lateral flow (LFA) principles on nitrocellulose paper. In the 
absence of E. coli, the HRP antibodies flow through the nanofiber pad and no optical signal is observed.

Figure 10. Configuration of the microfluidic device with multichannels.
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in the absence of antibiotics, whereas in the presence of 3 μg/mL tetracycline for 8 h bac-
teria became filamentous [54]. Moreover, the mechanism of formation of long filamentous 
bacteria in the presence of cephalexin antibiotic was also studied with molecular biology 
techniques [55].

In June 2016, it was reported the fabrication of tortuous-shaped giant magnetoimpedance 
(GMI) sensor (working frequency 2.2 MHz) integrated into a microfluidic device (MFD) 
(Figure 11) using a homemade gold nanofilm biofunctionalized with monoclonal anti E. coli 
antibodies, E. coli bacteria/biotinylated polyclonal antibodies/streptavidin-labeled superpara-
magnetic beads (2.8 μm) and sensitive and specific detection of different concentrations of 
E. coli O157:H7 (50–500 CFU/mL) [54].

Electrochemically etched porous silicon (pSi) with ordered nanopore array integrated into a 
microfluidic PDMS channel was used for reflectivity effective optical thickness/fluorescence 
detection of specific (E. coli, ranging from 103 to 107 CFU/mL) and non specific (NOX and P17 
strains) bacteria after their staining with a mixed solution of SYTO9 and propidium iodide, 
and confirmed by a significant pore blockage (specific) or any pore blockage (non specific) 
effects [30].

Sputtered nanofibers (NFs) of different densities (one layer sparse or larger pore sizes, one 
layer dense or smaller pore sizes, two layer sparse, two layer dense, three layer sparse, and 
three layer dense) with either positive or negative charge were tested for maximizing the 
amount of E. coli K12 cells retained. For microfluidic investigations, nanofiber  multilayers 
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proved more homogeneous morphologies and were subsequently transferred onto 
poly(methyl methacrylate) (PMMA) films. Experimentally, negatively charged fibers spun 
with poly(methyl vinyl ether-alt-maleic anhydride) [PVApoly(MVE/MA)] of 300–400 nm and 
positively charged nanofibers of 450–550 nm have been employed. It was found that three 
layers sparse negatively charged NFs significantly reduced the non specific analyte (bacteria) 
retention (17%), whereas positive charged NFs were used for the detection of different con-
centrations of E. coli K12 (87%). For this work, polyclonal anti E. coli antibodies were immobi-
lized via EDC/sulfo-NHS chemistry on negatively charged NFs in order to selectively capture 
the negatively charged E. coli cells over 60 min using a syringe flow system and counted the 
number of colonies in the resulted effluent (low—average number of colonies in inlet solu-
tion was 62 CFU/mL) [57].

3. Conclusions

Paper microfluidics and smartphone technology were used for the detection of E. coli in real 
water sample using beads functionalized with anti E. coli antibodies predeposited in two out 
of a three channel paper device. It was found that by integration an internal gyroscope into 
a smartphone at an optimized angle of scatter detection, the presence of a single cell level in 
90 s was possible [58]. Furthermore, a droplet-based, multiplexed fluorescence/light scatter 
submicron polystyrene particles functionalized with rabbit polyclonal anti K12 antibodies 
using nanofibrous substrate for the detection of 102 CFU/mL E. coli K-12 and T. S. typhimurium 
were reported in 2015. For experiments, all reagents were preimmobilized at fixed locations 
and included into two smartphones with necessary filters: one for incidence and the other for 
detection, positioned at 90° angle [59]. A microfluidic-cellulosic pad (μPAD) was loaded with 
polystyrene particles functionalized with polyclonal anti E. coli K12 antibodies and used for 
the detection of 10 CFU/mL E. coli K-12 in the human urine in about 30 s with a smartphone 
[60]. E. coli K-12 (101 CFU/mL) was detected in water sample (30 s) using also the principles of 
a μPAD-pad modified with antibodies coated particles and scattering intensity recorded by a 
smartphone with an autoexposure and autofocus locked on the central paper channel surface 
at 65° [61]. Identification of contaminated ground beef meat with various  concentration of 
E. coli was possible without the need of functionalized particles with antibodies just by record-
ing the resulted scattering light values at different angles with a smartphone after exposure 
to a perpendicular irradiation at 880 nm NIR-LED system. Therefore, different low detec-
tion limits were recorded: 101 CFU/mL at 45° and 102 CFU/mL at 30° and 60°. However, this 
method suffers from impossibility of distinguishing between different similar bacteria species 
(e.g., E. coli and Salmonella spp.) [62]. Moreover, the development of the first integrated paper-
based DNA genosensor including nucleic acid extraction, amplification, and visual detection 
in about 1 h of E. coli (10–1000 CFU/mL) in spiked drinking water, milk, blood, and spinach 
using a smartphone was reported [63].

In conclusion, biosensors [62, 64, 65] and microfluidics [66] in combination with smartphone 
technology hold great hope that E. coli and various other coliforms may be detected in real 
time avoiding human suffering and save lives.
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with poly(methyl vinyl ether-alt-maleic anhydride) [PVApoly(MVE/MA)] of 300–400 nm and 
positively charged nanofibers of 450–550 nm have been employed. It was found that three 
layers sparse negatively charged NFs significantly reduced the non specific analyte (bacteria) 
retention (17%), whereas positive charged NFs were used for the detection of different con-
centrations of E. coli K12 (87%). For this work, polyclonal anti E. coli antibodies were immobi-
lized via EDC/sulfo-NHS chemistry on negatively charged NFs in order to selectively capture 
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of a three channel paper device. It was found that by integration an internal gyroscope into 
a smartphone at an optimized angle of scatter detection, the presence of a single cell level in 
90 s was possible [58]. Furthermore, a droplet-based, multiplexed fluorescence/light scatter 
submicron polystyrene particles functionalized with rabbit polyclonal anti K12 antibodies 
using nanofibrous substrate for the detection of 102 CFU/mL E. coli K-12 and T. S. typhimurium 
were reported in 2015. For experiments, all reagents were preimmobilized at fixed locations 
and included into two smartphones with necessary filters: one for incidence and the other for 
detection, positioned at 90° angle [59]. A microfluidic-cellulosic pad (μPAD) was loaded with 
polystyrene particles functionalized with polyclonal anti E. coli K12 antibodies and used for 
the detection of 10 CFU/mL E. coli K-12 in the human urine in about 30 s with a smartphone 
[60]. E. coli K-12 (101 CFU/mL) was detected in water sample (30 s) using also the principles of 
a μPAD-pad modified with antibodies coated particles and scattering intensity recorded by a 
smartphone with an autoexposure and autofocus locked on the central paper channel surface 
at 65° [61]. Identification of contaminated ground beef meat with various  concentration of 
E. coli was possible without the need of functionalized particles with antibodies just by record-
ing the resulted scattering light values at different angles with a smartphone after exposure 
to a perpendicular irradiation at 880 nm NIR-LED system. Therefore, different low detec-
tion limits were recorded: 101 CFU/mL at 45° and 102 CFU/mL at 30° and 60°. However, this 
method suffers from impossibility of distinguishing between different similar bacteria species 
(e.g., E. coli and Salmonella spp.) [62]. Moreover, the development of the first integrated paper-
based DNA genosensor including nucleic acid extraction, amplification, and visual detection 
in about 1 h of E. coli (10–1000 CFU/mL) in spiked drinking water, milk, blood, and spinach 
using a smartphone was reported [63].

In conclusion, biosensors [62, 64, 65] and microfluidics [66] in combination with smartphone 
technology hold great hope that E. coli and various other coliforms may be detected in real 
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Abstract

Antimicrobial resistance (AMR) is on the rise; the only solution for overcoming this is 
through accelerated drug discovery. At current, bacterial evolutionary rates is still clearly 
the undisputed winner in this war. To circumvent this, evolution of resistance need to be 
curbed and this can only be effective via novel approaches, one of which includes the use 
of a resistance modifying agent. The criterion to qualify as a resistance modifier neces-
sitates the co-administration of the agent with an inhibitor that deactivates the bacterial 
resistance mechanism, restoring its original effectiveness. Natural products such as plant 
extracts and essential oils (EOs) have been viewed as a privileged group for investigation 
of their potential roles to combat antibiotic resistance, due to their compositions of active 
chemical compounds. The route for multidrug resistance development in Gram-negative 
bacteria is primarily mediated by the sophisticated inner and outer membrane barriers, 
which function to protect the cell against external toxic compounds; hence, bypass of 
these bacterial membranes would successfully restore or improve efficacy of the antimi-
crobials. The aim of this chapter is to concisely describe some examples for recent strate-
gies used in the screening of possible resistance modifiers from essential oils specifically 
against MDR Escherichia coli.

Keywords: essential oils, combination therapy, drug synergism, resistance modifying, 
membrane permeability

1. Introduction

Antimicrobial resistance is an especially pressing problem in the clinical setting today. 
The pinnacle of secondary infections due to convergence between communicable disease 
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(CD) and noncommunicable diseases (NCD) further complicates the problem [1]. There is 
a two-sided role for antibiotics; and although their uncontested and unquestionable role 
was recognized to significantly reduce the statistics of the infectious diseases burden world-
wide, their rampant use also contributed to the unexpected emergence of antibiotic resis-
tant microorganisms attributed to over‐prescription and misuse, hence, the emergence of 
the multidrug resistant Enterobacteriaceae, especially Escherichia coli (E. coli). Adversely, 
the last line of antibiotics, colistin, which had only been recently revived since 1959 amidst 
the fairly new emergence of carbapenem-resistant Enterobacteriaceae, had been reported by 
Chinese researchers to be inefficacious against E. coli recently, in infected pigs from a farm 
near Shanghai, and the spread of colistin resistance had increased significantly especially in 
the agriculture industry over time, which may be escalated to a global scale [2, 3]. With the 
establishment of new resistance, the Chinese authors have emphasized the urgent need for 
coordinated global action in the fight against pan‐drug‐resistant Gram‐negative bacteria and 
one of these strategies proposed included investigation into natural products, in this case, 
essential oils. This chapter aims to introduce the usage of synergistic combinatorial therapy 
between different classes of antibiotics and essential oils against multidrug resistant E. coli 
(MDR E. coli) and to detail the methodologies used to establish synergism as well as the 
mechanisms involved.

2. Antibiotic classes and multidrug‐resistant E. coli

2.1. Antibiotic classes and their respective natures

From the discovery of penicillin by Alexander Fleming in the early nineteenth century, 
approximately 20 classes of antibiotic have been discovered in time. However, only antibiotic 
classes that are effective against E. coli would be thoroughly discussed in this subsection.

2.1.1. β‐lactam antibiotics

β‐Lactam antibiotics are one of the most common yet diverse classes of antibiotics and 
are the first class of antibiotics discovered in the 1930s. They were effective against both 
Gram-positive and Gram-negative bacteria and were categorized into four main groups, 
carbapenems, cephalosporins, monobactams, and penicillins, with each group sharing 
structural similarity in the β‐lactam ring within the antibiotic molecule [4]. The β‐lactam 
antibiotics mainly target the bacterial cell wall synthesis pathway, and are thus termed 
“broad spectrum antibiotics.” Under normal physiological conditions, bacteria constantly 
renew their cell wall in order to replace broken ones. A unit of peptidoglycan cell wall 
consists of two subunits, the alternating N-acetylglucosamine and N-acetylmuramic acid. 
Each subunit contains an identical pentapeptide chain, which links both subunits together 
via the action of a transpeptidase, penicillin‐binding protein (PBP) [5, 6]. β‐Lactam antibi-
otics would act as an irreversible inhibitor toward PBP. The β‐lactam ring of the antibiotic 
mimics the structure of the pentapeptide chain and thus is able to bind with PBP, acylating 

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications300 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

it’s active site and rendering it inactive [7, 8]. Hence, the action of β‐lactam antibiotic halts 
cell wall synthesis of bacteria, which eventually compromises the rigidity of the cell wall, 
leading to cell lysis.

2.1.2. Fluoroquinolone

Fluoroquinolones is another class of antibiotics that exert their effect on both Gram‐positive 
and -negative bacteria. The main structural feature of this particular antibiotic class is the 
presence of the fluorine atom within these antibiotics. It exhibits a broad spectrum activity 
against a large panel of bacteria as this group of antibiotic inhibits DNA synthesis by locking 
both the DNA gyrase and topoisomerase IV with the DNA strand during DNA replication. 
This prevents the action of other enzymes such as the RNA polymerase and DNA helicase for 
normal DNA replication, which eventually leads to cell death [9, 10]. Commonly prescribed 
fluoroquinolones include ciprofloxacin, gemifloxacin, levofloxacin, and moxifloxacin, which 
had relatively low adverse effects.

2.1.3. Aminoglycosides

Aminoglycoside is another major group of antibiotics showing enhanced potency toward 
Gram-negative bacteria. As the name suggests, this compound comprises of sugar units 
bounded to an amino group. Aminoglycosides exhibit high potency as well as a broad 
spectrum of action as it disrupts protein synthesis by binding only to the prokaryotic 30S 
ribosomal subunit, which then impairs the proofreading mechanism during protein transla-
tion [11, 12]. This disruption produces dysfunctional proteins, either due to misreading or 
premature termination, and eventually causes cell death. Even though aminoglycosides are 
specific toward prokaryotic ribosome, toxicity had been observed and reported in mamma-
lian cells when a high dosage was applied [13]. Hence, aminoglycosides are only prescribed 
during life-threatening infections. Commonly prescribed aminoglycosides includes amika-
cin, gentamicin, and streptomycin.

2.1.4. Nitrofurans

Nitrofurans are a highly potent antibiotic class, which contain a furan ring and a nitro group. 
They are only used against urinary tract infections, especially when the infection is caused by 
an antibiotic-resistant pathogen. This is due to the high metabolism rate of the liver in partially 
breaking down the ingested nitrofuran. The remaining nitrofuran is then concentrated in the 
urinary bladder and thus suitable to be used in urinary tract infection, enabling targeted deliv-
ery [14]. High potency of nitrofuran is contributed by its diverse mode of actions when used 
against bacteria. In the presence of bacterial nitroreductases, nitrofuran is converted into reac-
tive intermediates such as peroxynitrite and nitric oxide, which attack the bacterial ribosome, 
thus halting the protein synthesis in bacteria [15]. It was also reported that these reactive inter-
mediates of nitrofuran can attack bacterial DNA as well as acting as a quorum sensing inhibi-
tor [16, 17]. Due to the attribute of their multiple‐action mode, resistance toward  nitrofurans 
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(CD) and noncommunicable diseases (NCD) further complicates the problem [1]. There is 
a two-sided role for antibiotics; and although their uncontested and unquestionable role 
was recognized to significantly reduce the statistics of the infectious diseases burden world-
wide, their rampant use also contributed to the unexpected emergence of antibiotic resis-
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it’s active site and rendering it inactive [7, 8]. Hence, the action of β‐lactam antibiotic halts 
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This prevents the action of other enzymes such as the RNA polymerase and DNA helicase for 
normal DNA replication, which eventually leads to cell death [9, 10]. Commonly prescribed 
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urinary bladder and thus suitable to be used in urinary tract infection, enabling targeted deliv-
ery [14]. High potency of nitrofuran is contributed by its diverse mode of actions when used 
against bacteria. In the presence of bacterial nitroreductases, nitrofuran is converted into reac-
tive intermediates such as peroxynitrite and nitric oxide, which attack the bacterial ribosome, 
thus halting the protein synthesis in bacteria [15]. It was also reported that these reactive inter-
mediates of nitrofuran can attack bacterial DNA as well as acting as a quorum sensing inhibi-
tor [16, 17]. Due to the attribute of their multiple‐action mode, resistance toward  nitrofurans 
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has yet to be observed in pathogens. Nonetheless, the exact mechanism of nitrofuran has yet 
to be fully understood. Nitrofurantoin is the common form of nitrofuran, which is prescribed 
generally.

2.1.5. Polymyxin

Polymyxin is a lipopeptide antibiotic that had been sidelined previously due to its high 
toxicity against mammalian cells. However, the emergence of multidrug-resistant patho-
gens has caused a resurgence in the use of polymyxin in treatments for bacterial infections 
as last resort. Polymyxin consists of a cyclic peptide bounded to a long hydrophobic fatty 
acid tail and it targets mainly Gram‐negative bacteria [18, 19]. Potency is only targeted 
toward Gram‐negative bacteria due to their mode of action, whereby the fatty acid tail 
of the antibiotic specifically targets and binds to the lipid moiety of a lipopolysaccharide, 
Lipid A that can only be found in Gram‐negative bacteria. This results in the insertion the 
cyclic peptide of the antibiotic into the cell membrane, thus compromising its integrity 
and increasing the permeability of the cell membrane. This eventually causes cytoplasmic 
leakage and leads to cell death [20–22]. Commonly prescribed polymyxin includes colistin 
and Polymyxin B.

2.2. Antibiotic resistance mechanisms in MDR E. coli

The introduction of antibiotics as therapeutic agents to treat bacterial infection or as a growth 
promoter in molecular engineering had adversely propelled bacterial evolution, forcing bac-
teria to develop resistance mechanisms in order to survive within an antibiotic‐filled environ-
ment. This gave rise to multidrug-resistant (MDR) pathogens, especially E. coli as they are 
commensal microorganisms and often used as the model bacteria in research. The emergence 
of MDR E. coli has posed a great threat toward the survivability of mankind, thus, the in-
depth understanding of the strategies used by MDR E. coli to bypass antibiotic treatment is 
necessary to address this issue.

MDR E. coli exhibits the ability to resist multiple antibiotics simultaneously due to the acqui-
sition of several genes that confer abilities such as antibiotic inactivation, multidrug efflux 
pump, target modification, or overproduction and reduction of cell membrane permeability. 
The multidrug efflux pumps are energy‐dependent and have been reported to be overex-
pressed in the presence of antibiotics, helping it to expel antibiotics that had successfully 
permeated into the cell [23]. The multidrug efflux pumps indicated low specificity enabling 
the removal of antibiotics beyond the same class, rendering the antibiotics ineffective. For 
instance, efflux pump AcrAB‐TolC of RND family is able to expel β‐lactam antibiotic, fluo-
roquinolones, tetracycline, and glycylcycline [23–26]. Furthermore, MDR E. coli can alter 
their outer membrane permeability by modifying the structure of porins and/or reduce or 
stop their expression, which would be ultimately responsible for antibiotic access into the 
cell [27]. It has been reported that porins observed in MDR E. coli had narrower channels 
when compared to normal strains, which prevents the antibiotics from entering the cell 
[28]. MDR E. coli had been reported to be able to deactivate antibiotic with the production 
of antibiotic‐targeting enzymes. β‐Lactamase is one example of enzymes produced by MDR 
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E. coli, which has the ability to cleave β‐lactam antibiotic, rendering it nonfunctional [29]. 
Antibiotic target modification had also been observed in MDR E. coli. Penicillin-binding 
protein (PBP), a transpeptidase, which links peptidoglycan subunit together, is the main 
target of the β‐lactam antibiotic. It has been observed that isolated PBP from MDR E. coli had 
conformational differences when compared to nonresistant strains of E. coli. This slight con-
formational change prevents effective binding of β‐lactam antibiotic but allows the trans-
peptidase to carry out its normal physiological function [30].

3. Synergistic potential of essential oils and antibiotics: challenges

The emergence of multidrug-resistant pathogens, especially E. coli, have caused an interest 
shift from the onerous development of novel classes of antibiotics to the more straightfor-
ward application of synergism or combinatory therapy in the hope of reviving the effi-
cacy and effectiveness of existing antibiotics. Quite a number of publications regarding 
the usage of essential oils and antibiotics as a combinatory therapy have indicated great 
success, with significant reductions in the dosage of antibiotics required to completely 
annihilate multidrug‐resistant pathogens [31–36]. Despite this, the usage of essential oils 
as a component for combinatory treatment posed a few challenges in its application. For 
instance, solubility of the hydrophobic essential oil in the aqueous medium is one of the 
greatest challenges faced. To solve this problem, emulsifiers such as dimethyl sulfoxide 
(DMSO) and polysorbate 80 (Tween 80) had been used to increase the solubility of essential 
oils in the aqueous medium. This would ensure maximum contact between the test organ-
ism as well as the test compound used throughout the experiment [37]. The concentration 
of such emulsifiers should also be taken into consideration as high concentration would 
cause toxicity to the test organism, resulting in false positivity during testing. For example, 
usage of DMSO at a concentration of more than 4% would reduce the viability of Salmonella 
paratyphi A, Staphylococcus epidermis, Shigella flexneri, Vibrio cholerae, and Pseudomonas oleo‐
vorans to less than 50% [38]. To better address the solubility issue, there is need to standard-
ize the method used to determine synergism. The broth microdilution method has been 
shown to be the most accurate when compared to other susceptibility tests such as the disk 
diffusion and agar dilution methods, which are less informative [39]. In order to further 
maximize solubility, the incubation parameter should be standardized to shake at 200 rpm 
to ensure the formation of consistent emulsion, a crucial attribute in indicating the solubil-
ity of essential oils.

Another challenge faced when using essential oils in combinatorial therapy would be the 
volatility of essential oils. It has been well documented that essential oils consist of 20–60 com-
pounds, which are highly volatile, but none of which are actually lipid in nature [40]. Thus, 
with the solubility problem solved, volatility of essential oils is the next problem to tackle in 
order to achieve accurate determination of synergism in combinatorial therapy. Volatility of 
essential oils can be affected by several factors. For instance, exposure to light can accelerate 
the degradation as well as volatility of essential oils. It has been demonstrated that in the 
presence of light, the autoxidation process of essential oil was accelerated, leading to the loss 

Essential Oils: The Ultimate Solution to Antimicrobial Resistance in Escherichia coli?
http://dx.doi.org/10.5772/67776

303



has yet to be observed in pathogens. Nonetheless, the exact mechanism of nitrofuran has yet 
to be fully understood. Nitrofurantoin is the common form of nitrofuran, which is prescribed 
generally.

2.1.5. Polymyxin

Polymyxin is a lipopeptide antibiotic that had been sidelined previously due to its high 
toxicity against mammalian cells. However, the emergence of multidrug-resistant patho-
gens has caused a resurgence in the use of polymyxin in treatments for bacterial infections 
as last resort. Polymyxin consists of a cyclic peptide bounded to a long hydrophobic fatty 
acid tail and it targets mainly Gram‐negative bacteria [18, 19]. Potency is only targeted 
toward Gram‐negative bacteria due to their mode of action, whereby the fatty acid tail 
of the antibiotic specifically targets and binds to the lipid moiety of a lipopolysaccharide, 
Lipid A that can only be found in Gram‐negative bacteria. This results in the insertion the 
cyclic peptide of the antibiotic into the cell membrane, thus compromising its integrity 
and increasing the permeability of the cell membrane. This eventually causes cytoplasmic 
leakage and leads to cell death [20–22]. Commonly prescribed polymyxin includes colistin 
and Polymyxin B.

2.2. Antibiotic resistance mechanisms in MDR E. coli

The introduction of antibiotics as therapeutic agents to treat bacterial infection or as a growth 
promoter in molecular engineering had adversely propelled bacterial evolution, forcing bac-
teria to develop resistance mechanisms in order to survive within an antibiotic‐filled environ-
ment. This gave rise to multidrug-resistant (MDR) pathogens, especially E. coli as they are 
commensal microorganisms and often used as the model bacteria in research. The emergence 
of MDR E. coli has posed a great threat toward the survivability of mankind, thus, the in-
depth understanding of the strategies used by MDR E. coli to bypass antibiotic treatment is 
necessary to address this issue.

MDR E. coli exhibits the ability to resist multiple antibiotics simultaneously due to the acqui-
sition of several genes that confer abilities such as antibiotic inactivation, multidrug efflux 
pump, target modification, or overproduction and reduction of cell membrane permeability. 
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their outer membrane permeability by modifying the structure of porins and/or reduce or 
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cell [27]. It has been reported that porins observed in MDR E. coli had narrower channels 
when compared to normal strains, which prevents the antibiotics from entering the cell 
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E. coli, which has the ability to cleave β‐lactam antibiotic, rendering it nonfunctional [29]. 
Antibiotic target modification had also been observed in MDR E. coli. Penicillin-binding 
protein (PBP), a transpeptidase, which links peptidoglycan subunit together, is the main 
target of the β‐lactam antibiotic. It has been observed that isolated PBP from MDR E. coli had 
conformational differences when compared to nonresistant strains of E. coli. This slight con-
formational change prevents effective binding of β‐lactam antibiotic but allows the trans-
peptidase to carry out its normal physiological function [30].

3. Synergistic potential of essential oils and antibiotics: challenges

The emergence of multidrug-resistant pathogens, especially E. coli, have caused an interest 
shift from the onerous development of novel classes of antibiotics to the more straightfor-
ward application of synergism or combinatory therapy in the hope of reviving the effi-
cacy and effectiveness of existing antibiotics. Quite a number of publications regarding 
the usage of essential oils and antibiotics as a combinatory therapy have indicated great 
success, with significant reductions in the dosage of antibiotics required to completely 
annihilate multidrug‐resistant pathogens [31–36]. Despite this, the usage of essential oils 
as a component for combinatory treatment posed a few challenges in its application. For 
instance, solubility of the hydrophobic essential oil in the aqueous medium is one of the 
greatest challenges faced. To solve this problem, emulsifiers such as dimethyl sulfoxide 
(DMSO) and polysorbate 80 (Tween 80) had been used to increase the solubility of essential 
oils in the aqueous medium. This would ensure maximum contact between the test organ-
ism as well as the test compound used throughout the experiment [37]. The concentration 
of such emulsifiers should also be taken into consideration as high concentration would 
cause toxicity to the test organism, resulting in false positivity during testing. For example, 
usage of DMSO at a concentration of more than 4% would reduce the viability of Salmonella 
paratyphi A, Staphylococcus epidermis, Shigella flexneri, Vibrio cholerae, and Pseudomonas oleo‐
vorans to less than 50% [38]. To better address the solubility issue, there is need to standard-
ize the method used to determine synergism. The broth microdilution method has been 
shown to be the most accurate when compared to other susceptibility tests such as the disk 
diffusion and agar dilution methods, which are less informative [39]. In order to further 
maximize solubility, the incubation parameter should be standardized to shake at 200 rpm 
to ensure the formation of consistent emulsion, a crucial attribute in indicating the solubil-
ity of essential oils.

Another challenge faced when using essential oils in combinatorial therapy would be the 
volatility of essential oils. It has been well documented that essential oils consist of 20–60 com-
pounds, which are highly volatile, but none of which are actually lipid in nature [40]. Thus, 
with the solubility problem solved, volatility of essential oils is the next problem to tackle in 
order to achieve accurate determination of synergism in combinatorial therapy. Volatility of 
essential oils can be affected by several factors. For instance, exposure to light can accelerate 
the degradation as well as volatility of essential oils. It has been demonstrated that in the 
presence of light, the autoxidation process of essential oil was accelerated, leading to the loss 
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of several compounds within the essential oil itself [41, 42]. Another factor that can affect the 
volatility of essential oils would be the temperature. As temperatures increases, the autoxida-
tion and degradation process of essential oils are markedly increased [43]. However, little can 
be done about the temperature factor as heat is still required for the test organism to grow 
optimally. At the least, testing should be carried out with minimal light to reduce the autoxi-
dation and degradation of the essential oils.

4. Establishment of synergism

In combination therapy, synergy is said to occur when the combined effect of two agents is 
greater than the sum of the individual effects. Currently there is no clear standardization or 
regulation of the methodology in combination therapy [44], further complicated by differ-
ent test methods, different EOs extraction methods and test assays. The most widely used 
techniques to detect synergy are the checkerboard and time‐kill curve methods [33, 45–48]. In 
checkerboard assay, in which two test agents are tested individually in serial dilutions and in 
all combinations of these dilutions together to find the concentration of each test agent, both 
alone and in combination, that produce some specific antimicrobial effects i.e., minimal inhib-
itory concentration (MIC). In antibiotics and EOs synergistic testing, the combined effects of 
the antibiotics and EOs are calculated and expressed in its fractional inhibitory concentration 
(FIC) using the following formula:

  FIC  =     MIC of EOs or antibiotic in combination   _______________________________   MIC of EO or antibiotic alone    (1)

The sum of these fractions is expressed as fractional inhibitory concentration index (FICI) 
where:

  FICI = FIC of EO + FIC of antibiotic  (2)

When FICI is less than or equal to 0.5, the combination is said to be synergistic; when FICI is 
between 0.5 and 4.0, the combination is said to have no interaction while FICI is more than 4.0, 
the combination is antagonistic [49]. Although checkerboard assay is by far one of the most 
reliable methods for demonstrating synergy, culture conditions predominantly influence the 
outcome of the study hence determinant factors should be precisely reported in manuscripts 
to better facilitate reproducibility of these experiments.

4.1. Investigations into membrane‐specific effects in combination therapy

Bacterial peptidoglycan/ cell wall disruption remains one of the most promising approaches 
for EO‐mediated cell death. Numerous data are already available on membrane disruptive 
effects of EOs against the Gram‐negative bacteria including E. coli [50–54]. In our previous 
work, several encouraging synergistic combinations of EOs and antibiotics against beta-lac-
tam resistant E. coli were obtained. Our understanding of how EOs synergies antibiotic action 
and induce bacterial cell death is focused on the generalized membrane disruptive effects of 
the EOs.
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4.1.1. Assessing bacterial surface charge using zeta potential measurement

The zeta potential is a consequence of the existence of surface charge; it provides the informa-
tion on the electrophoretic mobility of the dispersed particles. Zeta potential measurement can 
be used to investigate the membrane potential, which reflects the inherent metabolic state of the 
bacteria. Zeta potential reflects the electrical potential interface between the aqueous solution and 
the layer of such fluid attached to the bacterial cell, suggesting that loss of bacterial cell charge 
is related to the metabolic energy loss [55]. It has been found that the values are more negative 
at higher growth rates [56, 57]. The bacterial cell surfaces are negatively charged under normal 
physiological conditions, owing to the presence of anionic groups such as carboxyl and phos-
phate in their membranes. The magnitude of the charge varies between species and it fluctuates 
in response to various culture conditions such as the pH and ionic strength of the culture [58, 59]. 
More recently, we have employed technology using a Nano Zetasizer (Malvern Instruments, UK) 
to investigate the influence of antibiotic‐EO combinations on the cell surface physiology of E. coli. 
Different concentrations of piperacillin exerted different degree of zeta potential reduction in E. 
coli J53 R1. It has been observed that when the concentration of the antibiotic increased, the cells 
became less negatively charged (Figure 1). The cells’ zeta potential also responded differently 
to different types of EOs treatments at different test concentrations (Figure 2). The technique of 
electrophoretic light scattering offers advantages on the study of membrane potential with accu-
racy, measurement time and ease of use [60]. The work of Halder et al. further validated the use 
of zeta potential measurement as a measurable variable for membrane permeability studies [61].

Figure 1. Zeta potential values (mV) of suspensions of E. coli J53 R1 when exposed to different concentrations of 
piperacillin treatments. File represents: (   ) control; (   ) piperacillin (64 µg/mL); (   ) piperacillin (128 µg/mL); (   ) 
piperacillin (256 µg/mL). The mean ± SD for three replicates is illustrated. Data were analyzed by one‐way analysis of 
variance with *P < 0.05 being significant different from the control.
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4.1.2. Illustrations of cell physical changes using electron microscopy

In the study of membrane‐active mechanisms, scanning electron microscope (SEM) is 
employed to directly observe cell morphological changes after treatments. In our work, we 
observed the morphological changes of E. coli after treatment with EOs, namely pepper-
mint, lavender, and cinnamon bark. In the nontreated cells, a rod‐shape morphology that 
is characteristic of E. coli was observed (Figure 3); and cells treated with beta-lactam antibi-
otic at different concentrations did not show any observable alterations in size, shape, and 
surface morphology (Figure 4). Interestingly, cells treated with cinnamon bark EO were 
observed to show surface irregularities and corrugation, as is similar to the cells treated 
with lavender and peppermint EOs (Figure 5). It is important to note that a disturbed 
cell membrane system would affect other cellular structures in a cascade type action. In 
addition to SEM, transmission electron microscope (TEM) is also often employed to study 
the membrane integrity and intracellular alteration of the bacterial cells before and after 
treatments.

4.2. Investigations on antiquorum sensing properties of EOs

N‐acyl‐L‐homoserine lactone (AHL)‐mediated quorum sensing is a widespread system of 
stimuli and responses, which regulates the virulent determinants in most Gram-negative 

Figure 2. Zeta potential values (mV) of suspension E. coli J53 R1 when exposed to different EOs alone ( ) or in 
combination with antibiotic ( ). The mean ± SD for three replicates is illustrated. Data were analyzed by one‐way 
analysis of variance with *P < 0.05 being significant different from the control.
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bacteria [62]. Antiquorum sensing antimicrobials are unlikely to contribute to the devel-
opment of multidrug-resistant pathogens since it does not impose any selection pressure. 
Consequently, quorum sensing has been viewed as an attractive alternative strategy used 
to combat bacterial antibiotic resistance. The lack of AHL synthase‐encoding gene, which 
should be naturally occurring of E. coli has made this variant a suitable biosensor for the 
screening of AHL synthase inhibitors. Experimentally, external AHLs are supplied exog-
enously to induce quantifiable quorum sensing traits such as bioluminescence. The antiquo-
rum sensing ability of the test compounds are then measured by the significance of light 
inhibition [63]. In our previous work, we have employed E. coli [pSB401] and [pSB1075], 
which produce bioluminescence in response to short and long chain AHL respectively as the 
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biosensors [64]. Lavandula angustifolia and Cinnamomum verum bark essential oils were found 
to significantly inhibit the light production of the biosensors, indicating the possibility of 
these EOs as quorum‐sensing inhibitors [31, 32].

5. Moving forward: present and future prospects

The exploitation of EOs has shed new light on antimicrobial therapeutics research and also 
the resurgence in the use of herbal medicine worldwide. Although possibilities of combina-
tion therapy appear to be extensive, the mode of interaction between two antimicrobials is 
extremely crucial. One of the challenges encountered in the in vitro study on a particular 
antibiotic is that despite proven synergism, it does not guarantee the success of the clinical 
use of the therapeutic agent. A major issue to be addressed is the pharmacology aspects of the 
membrane active properties of the EOs as a candidate therapeutic agent and their precise con-
dition of use. Thus, in line with in vitro susceptibility testing, in vivo experiments are needed 
in tandem to provide sufficient supporting evidence to serve as a basis for new antimicrobials 
to survive through the phases of clinical trials.

In view of current efforts in developing alternative strategies by combining antibiotics 
with other compounds (antibiotic or nonantibiotic) —following the encouraging para-
digm in Augmentin, this approach needs to be intensified. Besides inhibiting the effector 
molecules such as β‐lactamase or DNA replication, supplementary compounds that inter-
fere with regulatory mechanisms such as virulence genes or cell physiology have shown 
great potential. Furthermore, targeting nonessential bacterial pathways is also an alter-
native and very possible strategy employed to reduce the risk of developing resistance. 
Ultimately, just because bacteria can evolve in various ways to resist antibiotics at the rate 
that is insurmountable by new antibiotic development, it would be imperative for medical 
researchers to employ multiple strategies in the combat of antibiotic resistance. There is 
no single “magic bullet” to adequately address the phenomenon of multidrug resistance 
evolution.

Figure 5. Scanning electron micrographs of E. coli J53 R1 after (a) peppermint, (b) lavender, and (c) cinnamon bark 
essential oils treatment.
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Abstract

Escherichia coli (E. coli) strains are normal flora of human gastrointestinal tract. The evo‐
lution encoded by horizontally-transferred genetic (HGT) elements has been perceived in 
several species. E. coli strains have acquired virulence potential factors by attainment of 
particular loci through HGT, transposons or phages. The heterogeneous nature of these 
strains is because of HGT through mobile genetic elements. These genetic exchanges that 
occur in bacteria provide the genetic diversity.

A diverse enterobacterial species of E. coli is classified into (i) commensal nonpathogenic, 
(ii) intestinal and (iii) extraintestinal pathogenic strains. This is related to the presence or 
absence of regions which are associated with certain pathotypes. The genetic information 
belongs to the flexible E. coli genome and it has been horizontally acquired by plasmids, 
bacteriophages and genomic islands. The rapid evolution of E. coli variants results from 
the genomic regions, contribute to frequently rearrangements, excision and transfer as 
well as acquisition of additional genome thus resulting to the creation of new (pathogenic) 
variants.

HGT is a key step in the evolution of bacterial pathogens. This study is focused on 
determining the common virulence factors as a signature at the genetic level to use for 
 classification, diversity and evolution of E. coli.

Keywords: Escherichia coli (E. coli), horizontal gene transfer (HGT), pathogenicity islands 
(PAIs), evolution, bacteriophages
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1. Introduction

Escherichia coli (E. coli) are commensal organisms and are a part of human and animal micro‐
flora. Although most strains of E. coli are harmless, some isolates have the potential to cause 
severe diseases. Among the various nonpathogenic E. coli strains, some are able to acquire 
virulence determinants through the horizontal transfer of virulence genes. Based on the 
site of the infection and disease caused by E. coli, pathogenic strains are divided into major 
groups: extraintestinal pathogenic E. coli (ExPEC) and intestinal pathogenic E. coli (InPEC). 
This variability and adaptability reinforces the necessity of novel approaches to overcome 
pathogenic E. coli. Antibiotic resistance among pathogenic strains is considerable and is due 
to uncontrolled usage of antibiotics in human and veterinary field. Consequently, focus on 
modern and reverse vaccination, besides comparative genome analysis, is the most useful 
approach to control disease [1].

Genome evolution is the process by which the content and organization of genetic informa‐
tion of a species change over time. This process includes different forms of changes: point 
mutation and gene conversions, rearrangement (inversion or translocation), and deletion 
and insertion of foreign DNA (plasmid integration and transposition). These mechanisms 
seem to be the primary forces behind the genetic adaptation of bacterial organisms to novel 
environments and by which bacterial populations diverge and form separate, evolutionarily 
distinct species. Mechanisms of horizontal gene flux include the transmission of mobile 
genetic elements such as conjugative plasmids, bacteriophages, transposons, insertion ele‐
ments, and genomic islands, as well as the mechanism of recombination of foreign DNA into 
host DNA [2].

Point mutations and genetic rearrangements only lead to evolutionary development, primar‐
ily without creation of novel genetic determinants, while horizontal gene transfer (HGT) pro‐
duces extremely dynamic genomes. Thus, HGT can effectively alter the life-style of bacterial 
species. This is particularly true for bacterial pathogens, where virulence is linked to acquisi‐
tion of virulence determinants by HGT [3].

A major driving force of evolution and diversification in pathogenic bacteria compared with 
modification of the existing DNA is the acquisition of virulence determinants through succes‐
sive horizontal gene transfer [4]. The evolution of pathogenic bacteria with a strong lineage 
dependency often results from integration, retention, and expression of foreign DNA with a 
specific genomic background. In fact, parallel evolution from strains with the same genomic 
pathotype has occasionally emerged from multiple lineages, although the genetic mecha‐
nisms are not fully understood [4].

The modification of old functions and the development of new ones are required for bacte‐
rial evolution. The most frequent events are nucleotide exchange, insertion, and deletion. 
Mutation rates, per nucleotide per generation, are generally in the range of 10−6–10−9 in bac‐
teria. Moreover, gene disruption, deletions, and module exchange between different genes 
occur at appreciable frequency. These mechanisms are common in all living organisms. 
They allow modification of existing functions for optimizing in a niche or adapting to a new 
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niche. Bacteria have no sexual life cycles, in contrast to higher organisms, to facilitate the 
exchange of alleles within a population. This function is fulfilled by horizontal gene trans‐
fer in bacteria; in this way the entire functional genomic unit can be imported from other 
sources that are not restricted by species. The DNA is transferred from less than 1 to more 
than 100 kb, in size. It can encode entire metabolic pathways or complex surface structures. 
These genes can be taken up as naked DNA or transferred in the form of plasmids, transpo‐
sons, or phages [5].

2. Horizontal gene transfer (HGT)

2.1. Horizontal gene transfer (HGT) and pathogenicity islands

Subgroups of genomic islands which have a pivotal role in HGT are pathogenicity islands 
(PAIs). The concept of PAI was founded in the late 1980s by Jörg Hacker and colleagues in 
Werner Goebel’s group at the University of Würzburg, Germany [2, 3].

2.1.1. The genetic features of PAIs

One or more virulence genes are carried by PAIs. There are also genomic or metabolic islands 
with genomic elements and characteristics similar to PAI, but lacking virulence genes. They 
are not present in the genome of a nonpathogenic species or a closely related species, but they 
are present in the genome of the same pathogenic bacterium [3].

Large genomic regions are relatively occupied by PAIs. They often differ from the core 
genome and the majority of PAIs are in the range of 10–200 kb in their base compositions 
and they also show different codon usage. It is considered that the horizontally acquired PAI 
still has the base composition of the donor species. On the other hand, it is also observed that 
the horizontally acquired DNA base composition will tend to the base composition of the 
recipient’s genome during evolution. Further factors such as DNA topology or specific codon 
usage of the virulence genes in PAI may also account for the maintenance of the divergent 
base composition [3].

PAIs are frequently adjacent to tRNA genes. tRNA genes serve as anchor points for 
insertion of foreign DNA that has been acquired by horizontal gene transfer through 
 recombination process. They are frequently associated with mobile genetic elements and 
they are often flanked by direct repeat (DR) sequences. PAIs delete with distinct frequen‐
cies and they are often unstable. PAI virulence functions are lost with a frequency higher 
than the normal rate of mutation. Integrases, transposases, and insertion sequence (IS) 
elements have been identified as elements that contribute to the mobilization and insta‐
bility of PAIs [2].

PAIs often represent mosaic-like structures rather than the homogeneous nature of horizon‐
tally acquired DNA [2].
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1. Introduction
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niche. Bacteria have no sexual life cycles, in contrast to higher organisms, to facilitate the 
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fer in bacteria; in this way the entire functional genomic unit can be imported from other 
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These genes can be taken up as naked DNA or transferred in the form of plasmids, transpo‐
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with genomic elements and characteristics similar to PAI, but lacking virulence genes. They 
are not present in the genome of a nonpathogenic species or a closely related species, but they 
are present in the genome of the same pathogenic bacterium [3].

Large genomic regions are relatively occupied by PAIs. They often differ from the core 
genome and the majority of PAIs are in the range of 10–200 kb in their base compositions 
and they also show different codon usage. It is considered that the horizontally acquired PAI 
still has the base composition of the donor species. On the other hand, it is also observed that 
the horizontally acquired DNA base composition will tend to the base composition of the 
recipient’s genome during evolution. Further factors such as DNA topology or specific codon 
usage of the virulence genes in PAI may also account for the maintenance of the divergent 
base composition [3].

PAIs are frequently adjacent to tRNA genes. tRNA genes serve as anchor points for 
insertion of foreign DNA that has been acquired by horizontal gene transfer through 
 recombination process. They are frequently associated with mobile genetic elements and 
they are often flanked by direct repeat (DR) sequences. PAIs delete with distinct frequen‐
cies and they are often unstable. PAI virulence functions are lost with a frequency higher 
than the normal rate of mutation. Integrases, transposases, and insertion sequence (IS) 
elements have been identified as elements that contribute to the mobilization and insta‐
bility of PAIs [2].

PAIs often represent mosaic-like structures rather than the homogeneous nature of horizon‐
tally acquired DNA [2].
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The islands are divided into different subtypes based on their genetic composition and also 
on their effects in a specific ecological niche, within a particular organism. Therefore, the same 
islands may have different functions [2].

2.1.2. Evolution, transfer, regulation, and integration sites of PAIs

The observation that important virulence factors are present in very similar forms in different 
bacteria may be explained by horizontal gene transfer. PAIs transfer via three major paths, 
including (i) natural transformation, (ii) plasmids, and (iii) transduction. PAI integration into 
the bacterial chromosome is a site-specific process. PAIs are mostly inserted at the 3′ end of 
tRNA loci. Furthermore, phage attachment sites are frequently located in this region. Specific 
genes and intergenic regions have been used by PAIs, in operons. For instance, selC locus is 
an insertion site frequently used by E. coli [3].

PAI genes respond to environmental signals by gene expression. PAIs are part of complex 
regulatory networks that include regulators encoded by the PAI itself or by other PAIs, and 
other global regulators elsewhere in the chromosome or by plasmids. PAI regulators can be 
involved in the regulation of genes located outside the PAI. Regulators mostly belong to the 
AraC/XylS family or to the two-component response family [2].

2.2. Horizontal gene transfer and transduction by phages

2.2.1. Evolution of bacterial pathogens by phages

Phages play an important role in the evolution and virulence of many pathogens. From com‐
mon virulence factors encoded by phages in E. coli strains, we could mention Shiga toxin, 
enterohemolysin, cytolethal distending toxin, superoxide dismutase, and some outer mem‐
brane protein (OMP) [5].

The analysis of bacterial genome sequencing revealed that phages affect the bacterial genome 
architecture [5]. In addition, phages are important vehicles for horizontal gene exchange between 
different bacterial species and account for a good share of the strain-to-strain differences within 
the same bacterial species. In fact, two-third of gamma proteobacteria and low G+C Gram-positive 
bacteria harbor prophages [4, 5].

The early studies had indicated that some prophages carry additional cargo genes (lysogenic 
conversion genes) which are not required for the phage life cycle. Instead, a lot of DNA from 
phages or morons (more DNA) from prophages in pathogenic bacteria encode virulence fac‐
tors. Lysogenic conversion is thought to have a great impact on the evolution of pathogenic 
bacteria and results in a very interesting situation of bacterium-phage coevolution.

2.2.2. Phage‐mediated gene transfer

Phage-mediated horizontal gene transfer occurs via transduction or lysogenic conversion. In 
addition, bacterial gene disruption can occur by prophage integration into the bacterial genome.

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications320 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

2.2.2.1. Transduction

The phage DNA must be packed, after the phage heads are completed. In a limited frequency, 
DNA fragments of the host genome are packed instead of the phage DNA; however, the transduc‐
tion process is quite accurate. In this process, fully functional phage particles can result, which in 
return deliver the packed DNA into other suitable bacteria. On the one side of transduction, the 
absence of phage DNA does not harm the bacterium. Instead, the injected foreign bacterial DNA 
can be incorporated into the genome. This is a typical example of phage-mediated horizontal 
gene transfer. These phages have been observed in many bacteria, for instance Salmonella spp [5].

2.2.2.2. Lysogenic conversion

Phages can play an important role in the emergence of new pathogens. This was recognized 
for Shiga toxin of E. coli, which is phage-encoded. Moron genes are thought to enhance phage 
replication when the temperate phage is residing as a prophage in the chromosome of a bac‐
terium [5]. Moron-encoded functions enhance the fitness of the lysogen and improve the fit‐
ness of the phage. Phage-mediated horizontal transfer of virulence factors between bacteria 
is a very significant mechanism for evolutionary pathways. Several investigations indicate 
that pathogenic E. coli strains harbor different prophages, including P2, Mu, and lambda pro‐
phages. In comparison, phage-possessing strains grow quicker than non-lysogenic E. coli [5].

2.2.2.3. Gene disruption

Acquiring virulence genes is not the only mechanism by which pathogenicity develops. 
Pathogenic bacteria also develop from commensal bacteria by loss of genes. Shigella is an 
example of virulence by loss of E. coli-specific genes, including flagellar genes and cadA. On a 
small scale, prophage can cause single-gene loss when integrated into host genes. A common 
locus for prophage integration evolves from the tRNA genes [5].

2.3. Phages, PAIs, and plasmids in the evolution of pathogenic E. coli through horizontal 
gene transfer (HGT)

2.3.1. PAIs and E. coli pathotypes

The best understood genomic islands are PAIs, to date, which carry a cluster of virulence 
genes. The virulence gene products contribute to the pathogenicity of bacterium. In the case of 
E. coli, bacteria have adopted pathogenic islands to cause disease in specific environments by 
acquiring a foreign DNA from ancient nonpathogenic E. coli strains (e.g., a normal inhabitant 
of the gut). In enterohaemorrhagic E. coli (EHEC), due to the specific adaptation to different 
environments, a virulence-associated plasmid, one Stx-converting phage, and several PAIs 
have been acquired and maintained. Genomic islands may be involved in the development of 
specific diseases, such as diarrhea and hemolytic-uremic syndrome in a specific environment. 
For instance, colonization in the large intestine (EHEC), watery diarrhea in small intestine 
(enteropathogenic E. coli, EPEC), and survival and colonization in the bladder (uropathogenic 
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The islands are divided into different subtypes based on their genetic composition and also 
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involved in the regulation of genes located outside the PAI. Regulators mostly belong to the 
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2.2. Horizontal gene transfer and transduction by phages

2.2.1. Evolution of bacterial pathogens by phages

Phages play an important role in the evolution and virulence of many pathogens. From com‐
mon virulence factors encoded by phages in E. coli strains, we could mention Shiga toxin, 
enterohemolysin, cytolethal distending toxin, superoxide dismutase, and some outer mem‐
brane protein (OMP) [5].

The analysis of bacterial genome sequencing revealed that phages affect the bacterial genome 
architecture [5]. In addition, phages are important vehicles for horizontal gene exchange between 
different bacterial species and account for a good share of the strain-to-strain differences within 
the same bacterial species. In fact, two-third of gamma proteobacteria and low G+C Gram-positive 
bacteria harbor prophages [4, 5].

The early studies had indicated that some prophages carry additional cargo genes (lysogenic 
conversion genes) which are not required for the phage life cycle. Instead, a lot of DNA from 
phages or morons (more DNA) from prophages in pathogenic bacteria encode virulence fac‐
tors. Lysogenic conversion is thought to have a great impact on the evolution of pathogenic 
bacteria and results in a very interesting situation of bacterium-phage coevolution.

2.2.2. Phage‐mediated gene transfer

Phage-mediated horizontal gene transfer occurs via transduction or lysogenic conversion. In 
addition, bacterial gene disruption can occur by prophage integration into the bacterial genome.
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E. coli, UPEC). Such events probably led to the development of specific pathotypes of E. coli 
as mentioned above. In the case of EHEC, stx gene (transfer by phages), OI (O-island), and 
LEE (PAI) were acquired through HGT [6]. The acquisition of LEE island and espC gene (E. 
coli secreted protease gene) by ancient core genome led to the emergence of EPEC pathotype. 
Several PAIs, such as PAI-I, -II, -III, and -IV are present in the UPEC genome, indicating the 
occurrence of horizontal gene transfer in distinct evolutionary pathways in this particular 
pathotype [2].

LEE (the locus of enterocyte effacement) was initially described in EPEC strains, the 
causative agents of infant diarrhea in developing and industrial countries. EPEC strains 
are able to cause attaching-and-effacing (A/E) lesions of the microvillus brush border of 
enterocytes [6]. All of the genes necessary for this phenotype are located on a PAI, termed 
LEE. LEE is horizontally transferred and contains 41 ORFs, integrated adjacent to either 
the selC, pheU, or pheV loci. EHEC strains also possess a LEE which has 54 ORFs; 41 are 
common to the LEE of both EPEC and EHEC. The remaining 13 ORFs belong to a putative 
prophage, designated 933L (P4-like prophage), which is located close to the selC locus [7]. 
In contrast to the LEE of EPEC, cloned EHEC LEE is not able to induce A/E lesions. It has 
been suggested that the different phenotypes produced by LEE of EPEC and EHEC are 
based on natural selection for adaptation with the host microenvironment or for evasion of 
the host immune system [2, 6].

HPI (high pathogenicity island) was first described in Yersinia spp. Then it was shown in 
enteroinvasive (EIEC), enterotoxigenic (ETEC), enteropathogenic (EPEC), and Shiga toxin-
producing (STEC) E. coli and extraintestinal E. coli. The widespread presence of HPI in dif‐
ferent species and pathotypes also implies an efficient mechanism of horizontal transfer [6].

E. coli is the most prevalent bacterial causative agent of urinary tract infection (UTI). UPEC 
strains also express an array of virulence factors, which are often encoded by PAI. Alpha-
hemolysin belongs to the RTX toxins with pore-forming activities in erythrocytes and other 
eukaryotic cells. The alpha-hemolysin operon (hly gene) of UPEC can be located either on a 
plasmid or on the chromosome [7].

In the E. coli species, CFT073, 536 (O6: K15), J96 (O4: K6) strains can cause urinary tract infec‐
tion. When related PAI encoding alpha-hemolysin is deleted, it can lead to nonpathogenic 
strains from pathogenic ones. In the case of E. coli C5, hly loci is located on PAI-I and inserted 
in leuX loci. However, in other UPEC strains, several PAIs including PAI-I, PAI-II, PAI-IV, and 
PAI-V could harbor hly genes [7, 8].

Regions encoding hemolysin and P-fimbriae are named as PAI-I, -II, which are located at cen‐
tisomes 82 and 97 in E. coli chromosome. Moreover, tRNA loci leuX and selC are also located 
in this region. Direct repeats (DR) 16 and 18 are adjacent to these PAIs [9]. In E. coli strains, 
besides hemolysin toxin, there is another toxin named as enterohemolysin which is encoded 
by a large virulence plasmid. Both of the related operons contain hlyA, hlyB, hlyC, and hlyD 
genes. Hemolysin and enterohemolysin are different toxins in terms of the genes that encode 
them and in terms of their immunological features. In contrast to hemolysin, enterohemolysin 
is a cell-associated toxin and it is also a member of pore-forming toxin family [9].
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Since most virulence factors must be exposed on the surface of a bacterium or be secreted, 
many bacteria develop secretion pathways. An example of a T1SS (type 1 secretion system) 
encoded by a PAI is the hly operon of UPEC which is responsible for synthesis, activation, 
and transport of α-hemolysin. Genes encoding the T2SS (type 2 secretion system) belong to 
the core gene set; however, a large number of substrate proteins for T2SS are encoded by 
genes within PAI. Some of these proteins are important for pathogenesis. The gene cluster 
 encoding T3SS (type 3 secretion system) can be found on virulence plasmid. PAI encoding 
T3SS includes LEE in enteropathogenic E. coli. Various passenger domains secreted by T5SS 
(type V secretion system) are referred to as autotransporters, e.g., the immunoglobulin G 
proteases and the VacA toxin. Examples of T5SS encoded by PAI are LPA and the EspC PAI 
of pathogenic E. coli [9].

Finally, there are many identified PAIs in different E. coli pathoypes which could transfer via 
horizontal gene transfer process and consequently led to emergence of new clinical isolates 
with distinct characteristics [2].

2.3.2. The role of phages in E. coli pathogenicity and evolution

Phages were acquired through horizontal gene transfer by an old nonpathogenic E. coli strain 
and led to the development of specific pathotypes. However, the genomic background has 
a pivotal role in evolutionary pathways. Pathogenic E. coli strains are classified based on 
 repertoires of virulence factors and the most common diseases associated with them [10].

2.3.2.1. Shiga toxins

Shiga toxins (Stxs) are a family of related toxins with two major groups, Stx1 and Stx2, which 
are expressed by genes considered to be horizontally acquired by bacteriophages. Shiga toxin 
encoded by stx1 and stx2 genes is an A-B type toxin that inhibits protein synthesis and causes 
hemorrhagic colitis and hemolytic-uremic syndrome. The stx genes are located in the genome 
of heterogeneous lytic (stx2) or cryptic (stx1) lambdoid phages.

E. coli strain O157:H7 is a very prominent example of phage acquisition. E. coli O157:H7 is a 
mucosal pathogen and produces numerous pathogenic factors, of which the most significant 
one is phage-encoded Shiga toxin [10].

The second important factor is T3SS encoded by LEE, a PAI which is adjacent to 933L pro‐
phage. Shiga toxin is a causative agent of severe diarrhea, hemorrhagic colitis syndrome (HC), 
and hemolytic-uremic syndrome (HUS) in STEC strains. The Shiga toxin released by bacteria 
residing in the intestinal lumen is thought to be responsible for all of these symptoms. The 
toxin crosses the intestinal epithelial barrier, and then enters the bloodstream, damages colon 
vascular cells, kidneys, and the central nervous system [5, 10].

O157:H7 E. coli is a group of closely related strains which has diverged from enteropathogenic 
E. coli O55: H7 during the evolutionary process. The current model of emergence of toxigenic 
E. coli O157:H7 from its non-toxigenic, less virulent progenitor, E. coli O55:H7 relies on a 
number of genetic events. Key events in this process were the replacement of the rfb gene 
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E. coli, UPEC). Such events probably led to the development of specific pathotypes of E. coli 
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Several PAIs, such as PAI-I, -II, -III, and -IV are present in the UPEC genome, indicating the 
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pathotype [2].
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are able to cause attaching-and-effacing (A/E) lesions of the microvillus brush border of 
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hemolysin belongs to the RTX toxins with pore-forming activities in erythrocytes and other 
eukaryotic cells. The alpha-hemolysin operon (hly gene) of UPEC can be located either on a 
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In the E. coli species, CFT073, 536 (O6: K15), J96 (O4: K6) strains can cause urinary tract infec‐
tion. When related PAI encoding alpha-hemolysin is deleted, it can lead to nonpathogenic 
strains from pathogenic ones. In the case of E. coli C5, hly loci is located on PAI-I and inserted 
in leuX loci. However, in other UPEC strains, several PAIs including PAI-I, PAI-II, PAI-IV, and 
PAI-V could harbor hly genes [7, 8].

Regions encoding hemolysin and P-fimbriae are named as PAI-I, -II, which are located at cen‐
tisomes 82 and 97 in E. coli chromosome. Moreover, tRNA loci leuX and selC are also located 
in this region. Direct repeats (DR) 16 and 18 are adjacent to these PAIs [9]. In E. coli strains, 
besides hemolysin toxin, there is another toxin named as enterohemolysin which is encoded 
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Since most virulence factors must be exposed on the surface of a bacterium or be secreted, 
many bacteria develop secretion pathways. An example of a T1SS (type 1 secretion system) 
encoded by a PAI is the hly operon of UPEC which is responsible for synthesis, activation, 
and transport of α-hemolysin. Genes encoding the T2SS (type 2 secretion system) belong to 
the core gene set; however, a large number of substrate proteins for T2SS are encoded by 
genes within PAI. Some of these proteins are important for pathogenesis. The gene cluster 
 encoding T3SS (type 3 secretion system) can be found on virulence plasmid. PAI encoding 
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 repertoires of virulence factors and the most common diseases associated with them [10].
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toxin crosses the intestinal epithelial barrier, and then enters the bloodstream, damages colon 
vascular cells, kidneys, and the central nervous system [5, 10].

O157:H7 E. coli is a group of closely related strains which has diverged from enteropathogenic 
E. coli O55: H7 during the evolutionary process. The current model of emergence of toxigenic 
E. coli O157:H7 from its non-toxigenic, less virulent progenitor, E. coli O55:H7 relies on a 
number of genetic events. Key events in this process were the replacement of the rfb gene 
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region, followed by the sequential acquisition of first bacteriophage stx2 and then phage stx1. 
Genome diversity occurred through random drift and bacteriophage-mediated events. Many 
strains possess only the stx2 prophage. The rfb region encodes the enzymes necessary for the 
synthesis of the O side chains of the bacterial lipopolysaccharides. rfb locus is the target for 
frequent recombination and horizontal gene transfer [5, 11].

A large number of STEC serotypes are known. Although O157:H7 is the most important, four 
non-O157 STEC serotypes such as O26:H11, O103:H2, O145:H28, and O111:H8, have emerged 
as leading causes of infection. The major virulence factor of STEC is Shiga toxins (Stxs). STEC 
strains carry Stx1, Stx2, or both. Stx1 and Stx2 are divided into three (a, c, and d) and seven 
(a–g) subtypes, respectively. Stx phages can insert their DNA into specific chromosomal sites 
during infection of E. coli cells. They remain silent, allowing their bacterial hosts to survive as 
lysogenic strains [11].

Stx phages’ insertion of DNA into genes can be in the basic genetic elements of the E. coli chro‐
mosome, in contrast to many genetic elements that are frequently integrated within tRNA 
genes. Nine Stx phage-insertion sites have been described. wrbA, codes for a tryptophan 
repressor-binding protein; yehV, which codes for a transcriptional regulator; yecE, whose 
function is unknown; sbcB, produces an exonuclease; Z2577, which codes for an oxidoreduc‐
tase; ssrA, a tmRNA; prfC, that encodes peptide chain release factor 3; argW, a tRNA-Arg; 
and torS‐torT, which is the intergenic region. The ssrA gene is also carries type III effector for 
EspK-encoding gene, which is an insertion site for EspK phages [12].

Prophages of non-O157 EHEC strains were also shown to be remarkably divergent in their 
structure and integration sites from those of EHEC O157 (Sakai strain). Consequently, among 
STEC O26:H11 strains isolated from dairy products, cattle, and human patients, a diverse 
range of genetic patterns was observed. Different stx subtypes and various insertion sites 
were identified among the Stx phages. Lysogenic STEC O26:H11, between human strains and 
strains from food and cattle was observed with some differences. These results confirm the 
existence of different clones of STEC O26:H11 with various levels of pathogenicity [12].

Some outbreaks in the world were noticeable because they highlighted the potential contri‐
butions of rapid whole-genome sequencing for understanding the phylogenetic origins of 
a new pathogen, its transmission and epidemiology, and the genetic basis for its pathoge‐
nicity. One of them is related to E. coli O104:H4, which ended in early July 2011 after the 
O104:H4 outbreak; sporadic diarrhea/HUS cases linked to E. coli O104:H4 have been reported. 
It is unknown whether these sporadic cases are derived from the new outbreak strain or it is 
continued transmission which was indicated. Variation in the panel of virulence factors can 
appear even in closely related E. coli. For instance, it is not clear that the pathogenicity of the 
O104:H4 outbreak is contributed to what extent by shared virulence factors of the sporadic 
isolates. Some isolates from HUS patients were compared and the most significant differences 
in their mobile elements were indicated. Besides variation in plasmid content, there is also 
substantial variation in the number and content of the prophages and genomic islands. The 
number of predicted prophages varies across the O104:H4 isolates, illustrating the dynamics 
of phage gain and loss over the relatively short evolutionary time. A key event in the evolu‐
tion of fully virulent E. coli O104:H4 capable of causing HUS was acquisition of O104:H4-G 
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(the stx2-containing prophage). Moreover, there is a unique antibiotic resistance profile in 
each isolate [13].

On the whole, investigations have indicated that, the Stx phages provide an example of the 
rapid exchange of moron cassettes between phages from different E. coli strains. The two 
sequenced O157 strains, Sakai and EDL933, are closely related on the DNA sequence orga‐
nization of the Stx2 phages, sp5 and 933W, respectively. The genome organization of phage 
lambda is integrated into the same chromosomal site, wrbA. In contrast, the Stx1 phages, sp15 
and 933V from the two sequenced O157 strains, share DNA sequence only across the non‐
structural genes. The Stx2-encoding bacteriophage P27 from a clinical E. coli isolate clearly 
differs from the corresponding prophages in the Sakai and EDL933 strains, and it was inte‐
grated into a different E. coli gene yecE. In fact, the Stx phages provide strong evidence for the 
shuffling of phage modules and morons between phages from different E. coli strains [12].

2.3.2.2. Cytolethal distending toxins (CDTs)

First, CDTs were recognized as bacterial toxins that block the eukaryotic cell cycle, suppress 
cell proliferation, and eventually lead to cell death [14]. The holotoxin is a heterotrimer of 
three protein subunits, CdtA, CdtB, and CdtC. These are encoded by three adjacent and some‐
times overlapping genes. CdtB is the active subunit, possessing DNase activity and sharing 
homology with the mammalian DNaseI. Genes encoding CDTs are widely disseminated 
among Gram-negative pathogenic bacteria, including E. coli strains. The production of CDTs 
has been associated with several pathotypes, for instance enterohemorrhagic E. coli (EHEC) 
and enteropathogenic E. coli (EPEC) [15].

Five different CDTs (I–V) have been reported for E. coli so far, and they were designated in 
order of publication. CDT production has been associated with pathogenic E. coli. cdt‐III gene 
is localized into a large conjugative virulence plasmid (pVir). cdt‐I and cdt‐IV are encoded 
by lambdoid prophages, while the cdt‐V operon is flanked by P2-like phage sequences: repA 
(replication gene A) and Q (a capsid gene) [16].

CDT-I and CDT-II were identified in EPEC serotype O86:H34 and O128: NM strains, respec‐
tively. CDT-III was detected in E. coli O15:H21 [14].

CDT-IV was detected in human and animal pathogenic E. coli strains of intestinal and extrain‐
testinal origin (E. coli 28C, APEC O1). cdt-IV operon of strain 28C is flanked on both sides by 
prophage-related ORFs that was indicated by a DNA homology search and it encodes puta‐
tive prophage-related proteins. Phage putative proteins include a lambdoid prophage host-
specificity protein (orf1), a Lom-like protein (orf2), a putative tail fiber protein (orf3), a putative 
CP-933-like protease (rorf1), and a putative OmpT-like outer membrane protease (rorf2) [17]. 
The genome sequence of APECO1 strain revealed that the cdt-IV operon is framed by two pro‐
phages and pathogenicity island-associated DNA sequences, including integrase and tRNA 
genes. Also, genetic mosaic organization among the sequenced cdt-I and cdt-IV alleles was 
observed [16]. The phenomenon could also be a result of extensive genetic exchanges among 
different phages, which might even occur in the mammalian intestine. Similar to virulence 
genes, morons such as orf4, orf5, orf6, cdt, rorf1, and rorf2 might have spread by horizontal 
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(replication gene A) and Q (a capsid gene) [16].
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tively. CDT-III was detected in E. coli O15:H21 [14].
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testinal origin (E. coli 28C, APEC O1). cdt-IV operon of strain 28C is flanked on both sides by 
prophage-related ORFs that was indicated by a DNA homology search and it encodes puta‐
tive prophage-related proteins. Phage putative proteins include a lambdoid prophage host-
specificity protein (orf1), a Lom-like protein (orf2), a putative tail fiber protein (orf3), a putative 
CP-933-like protease (rorf1), and a putative OmpT-like outer membrane protease (rorf2) [17]. 
The genome sequence of APECO1 strain revealed that the cdt-IV operon is framed by two pro‐
phages and pathogenicity island-associated DNA sequences, including integrase and tRNA 
genes. Also, genetic mosaic organization among the sequenced cdt-I and cdt-IV alleles was 
observed [16]. The phenomenon could also be a result of extensive genetic exchanges among 
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gene transfer [17]. cdt-I and cdt-IV genes might have been acquired by phage transduction 
from a common ancestor and evolution of the CDT-encoding phages in different bacterial 
host-generated differences in the cdt genes and their flanking DNA contents [16].

The presence of CDT-V in Shiga-toxigenic E. coli (STEC) strains of various serotypes has been 
reported with clinical and nonclinical origin. CDT-V has also been associated with other 
strains in different serotypes and pathotypes associated with human diarrhea. The P2-like 
prophage sequences seem to be characteristic for the CDT-V-positive strains, with few differ‐
ences that can be attributed to the adaptation processes in various hosts. The common acqui‐
sition of the cdt-V operon in O157: NM EHEC strains has been proposed by the presence of 
P2-like phage sequences after lineage divergence from the O157:H7 strains. However, there is 
a strong association between the presence of CDT-V and O157: NM strains [14].

These findings indicate that during evolution, while the cdt‐V genes are rather conserved and 
the carrier P2-like phages became diverse, in most cases it may have resulted in loss of their 
mobility. Therefore, the evolutionary history of the cdt‐V operon and its P2-like carrying pro‐
phages is proposed. Within more variable and potentially inactivated bacteriophage genomes, 
the highly conserved cdt‐V operon may cause selective pressure to maintain a functional cdt 
gene cluster. Stabilization of this cargo determinant was done by inactivation of this bacterio‐
phage genome. It is clear that further investigations of flanking regions and P2-like prophage 
sequences in CDT-V-positive strains will help to clarify the evolutionary background of the 
distribution of these variants [14–17].

The presence of cdt genes in different bacterial species and the analysis of DNA in the vicinity 
of the cdt genes suggest that the toxin has been acquired from heterogenic species by horizon‐
tal gene transfer. However, the probable phylogenetic origin (or ancestor) has still remained 
elusive. Interestingly, the phage and the corresponding insertion sequence remnants were 
found nearby the E. coli cdt genes. All these data suggest that cdt genes were acquired by hori‐
zontal transfer events and evolved separately since then. stx gene, and some types of cdt genes 
are the examples of horizontally acquired genes by phages in E. coli. CDT production which 
has been associated with some pathogenic E. coli, isolated from clinical diarrheal patients, 
suggests that the cdt genes are acquired independently in a number of E. coli lineages, pos‐
sibly as a result of HGT.

2.3.3. HGT and plasmids harboring virulence genes in pathogenic E. coli

It is now evident that some virulent genes are located on a large plasmid (pO157) in patho‐
genic E. coli. Some of these genes are the extracellular serine protease gene (espP), catalase-
peroxidase gene (katP), and type II secretion pathway protein D (etpD). Different sizes of this 
plasmid were reported that may contain some of these three genes. pO157 plasmid is mainly 
associated with EHEC and ETEC strains. In fact, pO157 plasmid was detected in clinical 
EHEC O157 isolates in 1983 for the first time. This plasmid could be detected in other atypical 
human EPEC. Atypical EPEC strain lacks EAF plasmid and bfp gene. In addition, the genome 
content of this plasmid in Shiga toxin-producing strains is quite divergent. However, viru‐
lence-associated genes’ profile is serotype dependent [18].
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EspP can be grouped into the autotransporter proteins family and characterized by 
 catalytically active serine residue in the active center. EspP cleaves pepsin and human coagu‐
lation factor V. EspP was detected in EHEC O157 and O26 strains. Catalase-peroxidase gene 
(katP) encodes a protein which shows bi-functional catalase and peroxidase activity. This 
enzyme is expressed by pathogenic strains, and has been thought to protect these pathogens 
from oxidative damage caused by reactive oxygen molecules produced by phagocytes or 
other host cells during the infection process. Type II secretion pathway protein D, encoded 
by etpD gene, is another pathogenic factor encoded on the mentioned plasmid. Analysis of 
∼14 kb DNA derived from plasmid pO157 of EHEC strain EDL933 has indicated 13 ORFs 
(etpC‐etpO) operon which had great similarity to type II secretion pathway. etp genes are 
separated from the EHEC-hlyC genes with an IS911-like insertion element. The existence of 
IS elements indicates that etp gene cluster could be exchangeable between EHEC plasmids 
[18].

In pathogenic bacteria, there are S-fimbriae and P-fimbriae as different types of fimbriae in 
uropathogenic E. coli, which can cause attachment to host cells. The pap gene cluster includes 
14 genes encoding P-fimbriae. A cluster of six genes, termed sfp including sfpA gene, is located 
on a large plasmid, pSFO157, in some of the pathogenic E. coli strains. This genomic cluster 
mediates mannose-resistant hemagglutination and expression of a novel type of fimbriae, Sfp 
fimbriae, which is 3–5 nm in diameter, the major subunit of which is SfpA. Sorbitol-fermenting 
(SF) EHEC O157: H−, which is one of the HUS disease agents, harbors pSFO157 plasmid. The 
sfp gene cluster is surrounded by IS elements, and the origin of plasmid replication proves that 
these genes might be acquired by HGT. There are nine ORFs (open Reading frames) in the sfp 
gene cluster. The upstream region of sfpA is homologous to IS1294 and IS2 insertion sequences 
besides Tn2501-like sequence and IS100, which is integrated in IS3. Moreover, in iso-IS1-like 
sequence, IS3 and IS100 regions possess DR (directed repeat) sequences  indicating the regular 
transposition process in plasmids [18–21].

3. Diversity of E. coli strains

The coevolution of bacterial pathogens related to genetic elements, including pathogenicity 
islands and phages encoding virulence factors, has been observed in several species. E. coli is 
a member of the normal intestinal microflora of humans and animals. However, certain E. coli 
strains have acquired virulence-associated factors via horizontal gene transfer, enabling the 
bacteria to colonize its host and cause disease. Pathogenic E. coli utilize particular strategies 
to penetrate into host cells and tissues. Special enzymes and pathogenic factors are known 
as unique virulence determinants of each bacterium. However, each bacterium has a unique 
genomic background of its own chromosome, such as fliC and fimH genes that encode the 
main subunit of flagella and fimbriae type I, respectively. Both of them are known as viru‐
lence-associated factors and interfere in pathogenicity of E. coli [19].

Investigations have revealed, hly gene which is located on a PAI and encodes alpha-hemolysin, is 
frequently detected in cdt-III- and cdt-IV-producing human and animal pathogenic E. coli strains. 
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gene transfer [17]. cdt-I and cdt-IV genes might have been acquired by phage transduction 
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are the examples of horizontally acquired genes by phages in E. coli. CDT production which 
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suggests that the cdt genes are acquired independently in a number of E. coli lineages, pos‐
sibly as a result of HGT.
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It is now evident that some virulent genes are located on a large plasmid (pO157) in patho‐
genic E. coli. Some of these genes are the extracellular serine protease gene (espP), catalase-
peroxidase gene (katP), and type II secretion pathway protein D (etpD). Different sizes of this 
plasmid were reported that may contain some of these three genes. pO157 plasmid is mainly 
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human EPEC. Atypical EPEC strain lacks EAF plasmid and bfp gene. In addition, the genome 
content of this plasmid in Shiga toxin-producing strains is quite divergent. However, viru‐
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14 genes encoding P-fimbriae. A cluster of six genes, termed sfp including sfpA gene, is located 
on a large plasmid, pSFO157, in some of the pathogenic E. coli strains. This genomic cluster 
mediates mannose-resistant hemagglutination and expression of a novel type of fimbriae, Sfp 
fimbriae, which is 3–5 nm in diameter, the major subunit of which is SfpA. Sorbitol-fermenting 
(SF) EHEC O157: H−, which is one of the HUS disease agents, harbors pSFO157 plasmid. The 
sfp gene cluster is surrounded by IS elements, and the origin of plasmid replication proves that 
these genes might be acquired by HGT. There are nine ORFs (open Reading frames) in the sfp 
gene cluster. The upstream region of sfpA is homologous to IS1294 and IS2 insertion sequences 
besides Tn2501-like sequence and IS100, which is integrated in IS3. Moreover, in iso-IS1-like 
sequence, IS3 and IS100 regions possess DR (directed repeat) sequences  indicating the regular 
transposition process in plasmids [18–21].

3. Diversity of E. coli strains

The coevolution of bacterial pathogens related to genetic elements, including pathogenicity 
islands and phages encoding virulence factors, has been observed in several species. E. coli is 
a member of the normal intestinal microflora of humans and animals. However, certain E. coli 
strains have acquired virulence-associated factors via horizontal gene transfer, enabling the 
bacteria to colonize its host and cause disease. Pathogenic E. coli utilize particular strategies 
to penetrate into host cells and tissues. Special enzymes and pathogenic factors are known 
as unique virulence determinants of each bacterium. However, each bacterium has a unique 
genomic background of its own chromosome, such as fliC and fimH genes that encode the 
main subunit of flagella and fimbriae type I, respectively. Both of them are known as viru‐
lence-associated factors and interfere in pathogenicity of E. coli [19].

Investigations have revealed, hly gene which is located on a PAI and encodes alpha-hemolysin, is 
frequently detected in cdt-III- and cdt-IV-producing human and animal pathogenic E. coli strains. 
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The prevalence of hly gene in cdt-type III, IV, and V was more than other isolates. These results 
demonstrate that, possibly, there could be a relationship between the existence of hly gene and 
the type of cdt gene in clinical E. coli isolates. fliC and fim are two chromosomally located genes 
that can be defined as the genomic background of E. coli strains. The fliC gene encodes the flagel‐
lin subunit; type 1 fimbriae are also encoded by the chromosomally located fim gene cluster. The 
presence of fim DNA sequences is common among E. coli strains. In fact, the majority of clinical 
isolates, both virulent and non-virulent, could be induced to express type 1 fimbriae [19].

Among pathogenic E. coli, the existence of a large virulent plasmid (pO157) has also been 
observed. The etpD, katP, and espP genes are located on this plasmid. The pO157 plasmid is 
mainly associated with EHEC and ETEC strains. There is a relation between the occurrence 
of stx genes and these virulent plasmid-associated genes. Moreover, PCR analysis revealed a 
close relationship between the occurrence of plasmid-born katP gene and stx gene in patho‐
genic E. coli. Most of the katP+ strains belong to Shiga toxin-producing E. coli. The katP gene 
is mostly present in CDT-I- and CDT-II-producing strains. EspP, which possesses human 
coagulation factor V and pepsin A proteolytic activity, is a significant marker of virulence 
in Shiga toxin-producing strains. In CDT-III-producing isolates, high frequency of espP gene 
is considerable. Alpha-hemolysin is frequently associated with human uropathogenic E. coli 
(UPEC); furthermore, related encoding PAI is also unstable and the operon could be located 
on either a plasmid or the chromosome. Besides, urinary tract infection (UTI) is caused pre‐
dominantly by type 1fimbriated UPEC and initial binding is mediated by the FimH adhesin 
of the mentioned fimbriae. Investigation showed that most of the hly+ strains harbor fimH 
gene. In addition, all hly+ strains possess one or more of plasmid pO157 genes, including etpD, 
katP, and espP. These genes plus the stx gene are among the EHEC and STEC characteristics, 
although the espP gene is common in EPEC and EHEC. Simultaneous presence of these genes 
indicates that clinical isolates obtain hly operon and relevant PAI. In addition, in evolutionary 
pathways, isolates improve their pathogenicity by achieving the cdt genes. Studies demon‐
strate that virulence genes from CDT-producing strains belong to the heterogeneous group. 
Strains which are clustered as particular groups have similar characteristics, while possessing 
their own unique genotype and genomic content. For instance, each distinct cdt-type group, 
by possessing a particular cdt gene as genomic backbone, has an approximately similar pat‐
tern based on other virulence genes [19].

This evidence further confirms that horizontal gene transfer could occur among pathogenic 
strains. Moreover, findings indicate that CDT-producing strains may have originated from 
a common ancestor during their evolution by HGT, and they departed from each other [17].

CDT-producer strains did not show particular phylogenomic relation and pattern. Indeed, 
they might carry the same or similar virulence gene sets, but remarkably possess their own 
divergent genomic structure. This is probably because of their complex and distinct evolu‐
tionary pathways, indicating independent acquisition of mobile genetic elements that have 
driven from their evolution [19]. Furthermore, it was shown that there are different types of 
CDTs that are encoded by prophages, plasmids, and/or pathogenicity islands that result in 
different types of CDTs through HGT in different origins [7, 17, 19, 22].
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In the recent years, whole-genome sequences for many bacteria have become accessible. It 
improves our understanding about virulence-associated genes and horizontal gene transfer 
from the emergence of new pathogens aspects. Some pathogens like E. coli could acquire 
virulence genes via HGT. On the other hand, from the diagnostic point of view, virulent 
gene examination could improve our knowledge about different pathotypes’ detection and 
classification.

Phage-related and virulence-associated factors transferred by phages were found to be preva‐
lent signature proteins. The signature proteins identified include several individual phage 
proteins (holins, nucleases, terminases, and transferases) and multiple members of different 
protein families (the lambda family, phage-integrase family, phage-tail tape protein family, 
putative membrane proteins, regulatory proteins, restriction-modification system proteins, 
tail fiber-assembly proteins, base plate-assembly proteins, and other prophage tail-related 
proteins).

4. Conclusions and the way forward

The heterogeneous nature of strains could be because of the HGT through mobile genetic 
elements. The genetic exchanges that occur in bacteria provide genetic diversity and versatil‐
ity. Plasmids, bacteriophages, and genomic islands belong to the flexible E. coli genome and 
their genetic information can be horizontally acquired. The rapid evolution of E. coli vari‐
ants contributes to these genomic regions as they are subject to rearrangements, excision, and 
transfer frequently. The creation of new pathogenic variants is the result of further acquisition 
of additional genome.

The accumulating amount of sequence information generated in the era of “genomics” helps 
to increase our understanding of factors and mechanisms that are involved in diversifica‐
tion of this new bacterial species, as well as in those that may direct host-specificity. From a 
comparative genomic aspect, a significant challenge is to utilize bulky amount of datasets to 
distinguish and conceptualize specific sequence signatures that scientifically or diagnostically 
are applicable traits. By comparing more sequence data from different strains, new signature 
biomarkers will be recognized for use as vaccines or as diagnostic factors in future. Signature 
conserved proteins in a wide range of pathogenic bacterial strains can potentially be used in 
modern vaccine-design strategies.
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lin subunit; type 1 fimbriae are also encoded by the chromosomally located fim gene cluster. The 
presence of fim DNA sequences is common among E. coli strains. In fact, the majority of clinical 
isolates, both virulent and non-virulent, could be induced to express type 1 fimbriae [19].

Among pathogenic E. coli, the existence of a large virulent plasmid (pO157) has also been 
observed. The etpD, katP, and espP genes are located on this plasmid. The pO157 plasmid is 
mainly associated with EHEC and ETEC strains. There is a relation between the occurrence 
of stx genes and these virulent plasmid-associated genes. Moreover, PCR analysis revealed a 
close relationship between the occurrence of plasmid-born katP gene and stx gene in patho‐
genic E. coli. Most of the katP+ strains belong to Shiga toxin-producing E. coli. The katP gene 
is mostly present in CDT-I- and CDT-II-producing strains. EspP, which possesses human 
coagulation factor V and pepsin A proteolytic activity, is a significant marker of virulence 
in Shiga toxin-producing strains. In CDT-III-producing isolates, high frequency of espP gene 
is considerable. Alpha-hemolysin is frequently associated with human uropathogenic E. coli 
(UPEC); furthermore, related encoding PAI is also unstable and the operon could be located 
on either a plasmid or the chromosome. Besides, urinary tract infection (UTI) is caused pre‐
dominantly by type 1fimbriated UPEC and initial binding is mediated by the FimH adhesin 
of the mentioned fimbriae. Investigation showed that most of the hly+ strains harbor fimH 
gene. In addition, all hly+ strains possess one or more of plasmid pO157 genes, including etpD, 
katP, and espP. These genes plus the stx gene are among the EHEC and STEC characteristics, 
although the espP gene is common in EPEC and EHEC. Simultaneous presence of these genes 
indicates that clinical isolates obtain hly operon and relevant PAI. In addition, in evolutionary 
pathways, isolates improve their pathogenicity by achieving the cdt genes. Studies demon‐
strate that virulence genes from CDT-producing strains belong to the heterogeneous group. 
Strains which are clustered as particular groups have similar characteristics, while possessing 
their own unique genotype and genomic content. For instance, each distinct cdt-type group, 
by possessing a particular cdt gene as genomic backbone, has an approximately similar pat‐
tern based on other virulence genes [19].

This evidence further confirms that horizontal gene transfer could occur among pathogenic 
strains. Moreover, findings indicate that CDT-producing strains may have originated from 
a common ancestor during their evolution by HGT, and they departed from each other [17].

CDT-producer strains did not show particular phylogenomic relation and pattern. Indeed, 
they might carry the same or similar virulence gene sets, but remarkably possess their own 
divergent genomic structure. This is probably because of their complex and distinct evolu‐
tionary pathways, indicating independent acquisition of mobile genetic elements that have 
driven from their evolution [19]. Furthermore, it was shown that there are different types of 
CDTs that are encoded by prophages, plasmids, and/or pathogenicity islands that result in 
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Abstract

Life’s processes absolutely require inorganic phosphate for structural and energetic pur-
poses. Escherichia coli has developed sophisticated mechanisms to acquire phosphate and
to maintain intracellular amounts at optimal levels. The processes by which these simple
cells maintain stable intracellular concentrations of phosphate are termed phosphate
homeostasis, which involves mechanisms to balance the import, assimilation, sequestra-
tion, and export of phosphate. This chapter introduces the proteins involved in phosphate
homeostasis and reviews information concerning the multiple phosphate transporters and
the mechanisms by which they are regulated. It also introduces new concepts of how
this bacterium responds to elevated extracellular levels of phosphate and presents a model
for the integration of all of these processes to achieve homeostasis. The predominant
importers are PitA, PitB, and the PstSCAB complex. Assimilation, or the incorporation of
Pi into organic molecules, occurs primarily through the formation of ATP. Gene regulation
relies on the PhoB/PhoR two-component system and the formation of a signaling complex
at the membrane. The amount of intracellular phosphate can be fine-tuned through the
formation or degradation of polyphosphate. Polyphosphate formation requires adequate
supplies of ATP. In addition, when intracellular phosphate levels become too high, phos-
phate can be exported through PitA, PitB, or the YjbB transporters.

Keywords: phosphate homeostasis, ABC transporter, phosphate transporter,
polyphosphate, two-component signal transduction
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cells maintain stable intracellular concentrations of phosphate are termed phosphate
homeostasis, which involves mechanisms to balance the import, assimilation, sequestra-
tion, and export of phosphate. This chapter introduces the proteins involved in phosphate
homeostasis and reviews information concerning the multiple phosphate transporters and
the mechanisms by which they are regulated. It also introduces new concepts of how
this bacterium responds to elevated extracellular levels of phosphate and presents a model
for the integration of all of these processes to achieve homeostasis. The predominant
importers are PitA, PitB, and the PstSCAB complex. Assimilation, or the incorporation of
Pi into organic molecules, occurs primarily through the formation of ATP. Gene regulation
relies on the PhoB/PhoR two-component system and the formation of a signaling complex
at the membrane. The amount of intracellular phosphate can be fine-tuned through the
formation or degradation of polyphosphate. Polyphosphate formation requires adequate
supplies of ATP. In addition, when intracellular phosphate levels become too high, phos-
phate can be exported through PitA, PitB, or the YjbB transporters.
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1. Introduction

Inorganic phosphate (Pi) is essential for life. For example, it is found in the hydrophilic ends of
the amphipathic lipids in the cellular membranes that define the boundaries of a cell. Together
with the sugars ribose or deoxyribose, it makes up the structural backbone of DNA or RNA
through its phosphodiester bonds. The cell’s energy currency is based upon the energy
released from the hydrolysis of the phosphoanhydride bonds between the phosphates of ATP
or of the other nucleotides. Moreover, the biochemical activities of many proteins are regulated
by the phosphorylation of specific amino acids—histidine and aspartate in bacteria, as well as
serine, threonine, and tyrosine.

Because of its essential roles, cells must maintain intracellular Pi pools at optimal levels. In
bacteria, such as Escherichia coli, this is believed to be between 1 and 10 mM [1–3]. Pi is
assimilated into biological molecules through the synthesis of ATP from ADP and Pi. The
mechanisms to control intracellular Pi levels include multiple transport proteins with charac-
teristic patterns of expression, different affinities for Pi, and rates of Pi transport [4]. E. coli cells
also employ a well-studied sensory transduction system that monitors extracellular Pi levels to
control the expression of genes for scavenging Pi under limiting conditions and to utilize
alternate phosphorous sources. Additionally, there are also metabolic reactions that control
the amount of polyphosphate, a Pi storage compound.

The primary Pi importers in E. coli are PitA, PitB, and PstSCAB [5]. PitA and PitB are
secondary transporters that bring neutral metal-Pi complexes into the cell at the expense of
a proton [6, 7]. PstSCAB is a Pi-specific ABC transporter that imports Pi at the expense of
ATP hydrolysis [8, 9]. Proteins that export Pi include PitA, PitB, and GlpT, which is a
glycerol-3-phosphate:Pi antiporter [10], UhpT, which is a hexose-6-phosphate:Pi
antiporter [11], and potentially YjbB, which has been suggested to be a Pi exporter [12].
The signal transduction system that controls gene expression in response to limiting
extracellular Pi levels has at its heart the histidine kinase PhoR and the response regulator
PhoB [4, 13]. When PhoB receives a phosphoryl group from PhoR, it binds to DNA and
activates the transcription of a number of genes for the high-affinity acquisition of Pi
(including the PstSCAB transporter) and the utilization of alternate sources of phospho-
rous [14–17]. At least 31 genes have been shown to be directly controlled and positively
regulated by PhoB. They are called the Pho regulon and include phoA, which encodes the
periplasmic enzyme alkaline phosphatase, pstSCAB, phoB, and phoR [4]. Alkaline phospha-
tase removes phosphoryl groups from organophosphate molecules. The members of the
Pho regulon that are involved in utilizing alternate phosphorous sources are ugpBAECQ,
which encodes a glycerol-3-phosphate ABC transporter and a phosphodiesterase and
phnCDEFGHIJKLMNOP, which encodes a phosphonate transporter and enzymes of a C-P
lyase complex that produces a phosphoribosyl product from imported phosphonate.
Phosphonates are compounds that contain a carbon-phosphorous bond. In addition to
the 31 genes that have been demonstrated to be directly controlled by PhoB [4, 18], 2D-
polyacrylamide gels and computational methods suggest that possibly 400 proteins may
be controlled directly or indirectly by PhoB [19, 20]. These include genes that are both up-
and down-regulated.

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications334 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

The presence of the PhoBR signal transduction system underscores the need for maintaining a
minimal intracellular level of Pi when extracellular Pi is limiting. That too much intracellular Pi
can also be a problem is underscored by the phenotype of a phoU mutant [21]. phoU is the fifth
gene in the pstSCAB-phoU operon and its function is to control the activity and the amount of
the PstSCAB transporter [22]. It has been shown that phoU mutations cause a severe growth
defect, probably because these cells become poisoned by too much intracellular Pi [21, 23, 24].
Taken together, these observations suggest that E. coli cells possess homeostatic mechanisms
that maintain intracellular Pi levels within an optimal range. It is the purpose of this chapter to
introduce the reader to the principle players involved in Pi homeostasis and to highlight
advances in our understanding of the mechanisms involved.

2. The multiple Pi importers

E. coli is capable of using multiple transporters to bring Pi into cells. Three of them, PitA, PitB, and
PstSCAB, are individually capable of supporting growthwith Pi as the only source of phosphorous
[6]. The others, GlpT,UhpT, andPhnCDE, are capable of secondarily importing Pi but are not able to
support growthwhen the sole source of phosphorous is Pi [5]. GlpT primarily transports glycerol-3-
phosphate, UhpT transports hexose-6-phosphates and PhnCDE brings phosphonates into the cell.
Complicatingmany of the early studies on Pi transport was the use of the K10 strain ofE. coli, which
harbored a G220D mutation in the pitA gene [25]. The interpretations of some of the genetic and
biochemical studies of Pi transport in these strains are therefore difficult because many early strains
contained compensatorymutations in other genes that restored growth on Pi [21].

2.1. PitA and PitB—the low-affinity Pi importers

The low-affinity PitA and PitB transporters utilize the energy stored in the proton-motive force to
bring neutral metal-Pi complexes into the cell [6, 25, 26]. These homologous proteins each contain
499 amino acid residues and show 80.8 and 89.8% sequence identity and similarity, respectively
(see Figure 1A). Amino acid identities between the two proteins are indicated by vertical lines
and similarities are indicated with two dots. A membrane topology model for these two proteins
was created using the SCAMPI2 web server [27] and is shown in Figure 1B. This model predicts
that PitA and PitB have 10 transmembrane helices with the N- and C-termini facing the peri-
plasm. The sequences of the predicted transmembrane helices are surrounded by green boxes in
Figure 1A. Support for this Nout-Cout topology model comes from a recent paper in which the
authors tagged the C-termini of 601 inner membrane proteins from E. coli with alkaline phos-
phatase and green fluorescent proteins (GFPs) [28]. Because alkaline phosphatase is only active
in the periplasm and GFP is only fluorescent in the cytoplasm, they concluded that PitA and PitB
have a Cout topology [28]. These two proteins show very high levels of amino acid identity and
similarity within the predicted 10 transmembrane segments (91.4 and 96.7%, respectively). The
greatest degree of divergence is found in a putative 127-amino acid cytoplasmic loop domain
(L7) located between helices 7 and 8. This loop shows 59.1% identity and 75.6% similarity
between the two proteins suggesting that it may contribute to differences in protein stability,
potential binding partners, or means of regulation.
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Analysis of the kinetic properties of Pi uptake in whole cells where pitA and pitB were
expressed from the pBR322 plasmid showed that the PitA protein has a Km

app of 1.9 μM and
a Vmax

app of 58 nmol of Pi minute−1 milligram (dry weight)−1, whereas the values for PitB are 6
μM and 67 nanomoles of Pi minute−1 milligram (dry weight)−1 [6].

It was originally thought that pitA expression was constitutive, but it has recently been shown
that it is positively regulated by the availability of Zn(II) and also by limiting Pi [7]. pitB
expression appears to be repressed when cells are grown in limiting Pi conditions [25], so its

Figure 1. Sequence alignments of PitA and PitB with an accompanying topology model. (A) PitA and PitB amino acid
sequences are given in one-letter code and are aligned. The alignment was made using the European Molecular Biology
Open Software Suite (EMBOSS) [29]. Predicted transmembrane helices are boxed in green and the conserved signature
motifs are marked with a red font. (B) Topology model of PitA and PitB. The model includes an Nout-Cout topology. The
predicted transmembrane helices are labeled TM1–TM10 and the connecting loops are labeled L1–L9.
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function may be more important during growth in Pi-replete environments. The mechanisms
for the regulation of these genes are not known.

PitA and PitB are members of the PiT family of Pi transporters within the transporter classifi-
cation database (TC #2.A.20) [30] and the PHO4 family within the Pfam database [31]. These
families include bacterial, archaeal, and eukaryotic members, suggesting that these Pi trans-
porters developed early in evolution and that they continue to play important functions in all
domains of life. A conserved signature sequence has been identified in both the N- and C-
terminal ends of these transporters that has the common core sequence of G(AFGST)(NH)
(DN)(VATIG)(AQSG)(NKA)(ASTG)(IMVF)(GAS)(TPIL), with the bolded amino acids
representing the most common amino acids at that position. This signature sequence is
highlighted with red letters in Figure 1A. The human proteins from this family are thought to
be involved in housekeeping functions and are called PiT1 and PiT2, whereas the Neurospora
crassa and Saccharomyces cerevisiae members are called Pho-4 and Pho89, respectively [32, 33].
Mutations in the signature sequence of the PiT2 protein block Pi transport [34]. In addition to
their role in Pi transport, the PiT1 and PiT2 proteins are also receptors for the gamma-retrovi-
ruses [32]. This protein family includes both Na+-dependent and H+-dependent Pi symporters.
PiT1, PiT2, Pho-4, and Pho89 are sodium-dependent transporters, whereas PitA, PitB, and the
Pht2_1 proteins from Arabidopsis thaliana are proton-dependent Pi symporter [35].

It has recently been suggested that neither PitA nor PitB play primary roles in Pi transport, but
function instead for the purpose of metal ion transport [4]. However, considering the homolo-
gies between PitA and PitB with other Pi transporters from other organisms, it seems unlikely
that they are retained in this genome primarily to function as transporters of divalent metal
cations, which have their own primary transporters, as well [36]. Clearly, further work is
needed to better understand the roles of PitA and PitB in Pi homeostasis.

2.2. PstSCAB—the high-affinity Pi importer

The PstSCAB protein is a high-affinity Pi transporter that has a Km of 0.4 μM Pi and a Vmax of
16 nmol Pi mg (dry weight)−1 min−1 [37]. It is a member of the ATP-binding cassette (ABC)
superfamily from the transporter classification and Pfam databases [30, 31]. This protein
superfamily employs the hydrolysis of ATP to bring a variety of substrates across biological
membranes, both as importers and as exporters [38]. Members of this protein superfamily are
found among the bacteria, archaea, and eukaryotes. Prokaryotic importers, such as the
PstSCAB protein, utilize an extra-cytoplasmic substrate-binding protein that binds substrates
and presents them to their membrane-spanning proteins [39]. PstS is the periplasmic substrate-
binding protein. PstC and PstA compose the membrane-spanning components of the trans-
porter [40, 41]. The most highly conserved feature within the superfamily is the nucleotide-
binding domain, also called the ATP-binding cassette, which binds ATP, hydrolyzes it, and
then releases it in order to provide the energy for transport [42]. PstB contains the nucleotide-
binding domain for this transporter [43]. The crystal structures of several ABC importers have
been solved, which has shed some light onto the mechanisms of transport [44]. Of particular
note is the structure of the putative molybdate transporter, called ModABC, from the archaeon
Archaeoglobus fulgidus [45]. Like the PstSCAB transporter, this protein also imports an
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oxyanion. A clue to understanding the mechanisms of Pi transport through the PstSCAB
protein comes from sequence similarities between the molybdate, sulfate, and Pi transporters.
The most highly conserved sequences within this group are found in a region of the protein
that creates a cavity within the membrane-spanning region and a gate that most likely repre-
sents the pathway through which the substrate must pass. The published ModABC structure is
of the protein in a nucleotide-free conformation and shows 12 transmembrane helices situated
in an inward-facing conformation with the gate at the periplasmic surface of the membrane. It
has been proposed that PstSCAB, like other transporters in this superfamily, utilizes an alter-
nating access mechanism to transport their substrates in which they alternate between inward-
and outward-facing states that are driven by substrate binding, ATP hydrolysis, ADP release,
and subsequent ATP binding (see Figure 2) [44]. ATP binding across the PstB dimer interface
would be predicted to close the cavity and lead to an outward-facing structure that can receive
Pi from the substrate-loaded, periplasmic PstS protein. This event would trigger ATP hydroly-
sis that would flip the outward-facing transmembrane components to an inward-facing con-
formation, thereby opening the gate and allowing Pi to gain access to the cytoplasm. The cycle
would be continued as ADP is released and ATP is rebound.

The Pst transporter is most highly expressed when environmental Pi levels are low. For this
reason, it was assumed that it played its most important role in Pi transport under those
conditions. More recently, it has been proposed that it plays the primary role in Pi transport

Figure 2. Model of the mechanism of Pi import through the PstSCAB transporter. Free Pi is bound within the periplasm
and presented to the outward-facing PstCAB proteins. This docking triggers ATP hydrolysis, which causes a conforma-
tional change that triggers the adoption of an inward-facing conformation. The transported Pi is then released into the
cytoplasm, as well as the Pi from the hydrolysis of ATP. The transporter is reset as PstB binds ATP again. The PhoU
protein interacts with the PstB protein and slows transport when cytoplasmic Pi concentrations are high.
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under all conditions [4]. The expression of the pstSCAB genes is controlled by the PhoBR two-
component system described below. The primary promoter for this operon, and the one which
is regulated by Pi levels, is found upstream of the pstS gene [46]. Other promoters that are
internal to the operon have been identified upstream of the pstC, pstB, and phoU genes and are
rather weak; but they may play a role in maintaining a basal level of the PstSCAB transporter
under Pi-replete conditions [47].

3. The two-component signal transduction system for Pi homeostasis

Two-component-signaling systems constitute the most common signaling pathways in bacte-
ria [48]. These pathways regulate many important cellular processes ranging from cell devel-
opment and virulence, to motility and metabolism, and most species have over 10–20 different
two-component systems [49]. Most frequently, they are composed of receptors on the cell
periphery and signal-processing components and targets in the interior of the cell. These
pathways rely on a phospho-transfer reaction between the histidine residues of sensor kinases,
which generally receive input from the cell surface, and a conserved aspartate residue within
the response regulators, which are located in the cytoplasm [50]. Response regulators are most
frequently, but not always, transcription factors that interact with RNA polymerase [51].

3.1. PhoB and PhoR—the transcription factor and the histidine kinase

In E. coli, gene regulation in response to limiting Pi concentrations depends on the function
of seven proteins: the two-component regulatory proteins PhoB and PhoR, as well as the Pst
transporter, PstSCAB, and an auxiliary protein PhoU [4]. The hub of this signaling pathway
consists of the PhoB and PhoR proteins. PhoB is the response regulator that has an N-
terminal receiver domain (Pfam: PF00072, response_reg) and a C-terminal DNA-binding
domain (Pfam: PF00486, trans_reg_c). This particular domain architecture represents the
largest group of response regulators [31]. The receiver domain has a doubly wound α/β-fold
with a central five-stranded beta-sheet [52]. This domain contains the site of aspartyl phos-
phorylation, which in PhoB is Asp53. The receiver domain of PhoB contains the necessary
catalytic residues to transfer a phosphoryl group from the phospho-histidine residue of
phospho-PhoR [17]. The C-terminal DNA-binding domain has a winged-helix structure
[53]. When PhoB becomes phosphorylated, it forms a dimer that binds to DNA sequences,
called pho boxes [17, 53–55]. These short sequences are located upstream of Pho regulon
genes to recruit RNA polymerase and initiate transcription by remodeling the RNA poly-
merase holoenzyme-DNA complex [53, 54, 56].

PhoR is a homodimeric, bifunctional histidine autokinase/phospho-PhoB phosphatase. When
environmental Pi is limiting, it autophosphorylates on a conserved histidine residue and
subsequently donates this phosphoryl group to PhoB, but when Pi is plentiful, it removes the
phosphoryl group from phospho-PhoB [57, 58]. PhoR is an integral membrane protein that is
not predicted to contain a significant periplasmic domain but does contain a membrane-
spanning region, a cytoplasmic charged region, a Per-ARNT-Sim (PAS) domain (Pfam:
PF00989, PAS) [59], and prototypical dimerization/histidine phosphorylation (DHp; Pfam:
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formation, thereby opening the gate and allowing Pi to gain access to the cytoplasm. The cycle
would be continued as ADP is released and ATP is rebound.

The Pst transporter is most highly expressed when environmental Pi levels are low. For this
reason, it was assumed that it played its most important role in Pi transport under those
conditions. More recently, it has been proposed that it plays the primary role in Pi transport

Figure 2. Model of the mechanism of Pi import through the PstSCAB transporter. Free Pi is bound within the periplasm
and presented to the outward-facing PstCAB proteins. This docking triggers ATP hydrolysis, which causes a conforma-
tional change that triggers the adoption of an inward-facing conformation. The transported Pi is then released into the
cytoplasm, as well as the Pi from the hydrolysis of ATP. The transporter is reset as PstB binds ATP again. The PhoU
protein interacts with the PstB protein and slows transport when cytoplasmic Pi concentrations are high.
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under all conditions [4]. The expression of the pstSCAB genes is controlled by the PhoBR two-
component system described below. The primary promoter for this operon, and the one which
is regulated by Pi levels, is found upstream of the pstS gene [46]. Other promoters that are
internal to the operon have been identified upstream of the pstC, pstB, and phoU genes and are
rather weak; but they may play a role in maintaining a basal level of the PstSCAB transporter
under Pi-replete conditions [47].

3. The two-component signal transduction system for Pi homeostasis

Two-component-signaling systems constitute the most common signaling pathways in bacte-
ria [48]. These pathways regulate many important cellular processes ranging from cell devel-
opment and virulence, to motility and metabolism, and most species have over 10–20 different
two-component systems [49]. Most frequently, they are composed of receptors on the cell
periphery and signal-processing components and targets in the interior of the cell. These
pathways rely on a phospho-transfer reaction between the histidine residues of sensor kinases,
which generally receive input from the cell surface, and a conserved aspartate residue within
the response regulators, which are located in the cytoplasm [50]. Response regulators are most
frequently, but not always, transcription factors that interact with RNA polymerase [51].

3.1. PhoB and PhoR—the transcription factor and the histidine kinase

In E. coli, gene regulation in response to limiting Pi concentrations depends on the function
of seven proteins: the two-component regulatory proteins PhoB and PhoR, as well as the Pst
transporter, PstSCAB, and an auxiliary protein PhoU [4]. The hub of this signaling pathway
consists of the PhoB and PhoR proteins. PhoB is the response regulator that has an N-
terminal receiver domain (Pfam: PF00072, response_reg) and a C-terminal DNA-binding
domain (Pfam: PF00486, trans_reg_c). This particular domain architecture represents the
largest group of response regulators [31]. The receiver domain has a doubly wound α/β-fold
with a central five-stranded beta-sheet [52]. This domain contains the site of aspartyl phos-
phorylation, which in PhoB is Asp53. The receiver domain of PhoB contains the necessary
catalytic residues to transfer a phosphoryl group from the phospho-histidine residue of
phospho-PhoR [17]. The C-terminal DNA-binding domain has a winged-helix structure
[53]. When PhoB becomes phosphorylated, it forms a dimer that binds to DNA sequences,
called pho boxes [17, 53–55]. These short sequences are located upstream of Pho regulon
genes to recruit RNA polymerase and initiate transcription by remodeling the RNA poly-
merase holoenzyme-DNA complex [53, 54, 56].

PhoR is a homodimeric, bifunctional histidine autokinase/phospho-PhoB phosphatase. When
environmental Pi is limiting, it autophosphorylates on a conserved histidine residue and
subsequently donates this phosphoryl group to PhoB, but when Pi is plentiful, it removes the
phosphoryl group from phospho-PhoB [57, 58]. PhoR is an integral membrane protein that is
not predicted to contain a significant periplasmic domain but does contain a membrane-
spanning region, a cytoplasmic charged region, a Per-ARNT-Sim (PAS) domain (Pfam:
PF00989, PAS) [59], and prototypical dimerization/histidine phosphorylation (DHp; Pfam:
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PF06580, His_kinase) and catalytic ATP-binding (CA; Pfam: PF02518, HATPase_c) domains at
its C-terminus (see Figure 3) [57]. PAS domains generally function in signal perception activ-
ities [60]. Since PhoR does not contain a significant periplasmic sensory domain, it is assumed
that its PAS domain senses a cytoplasmic signal that reflects extracellular Pi concentrations,
but the nature of the signal is not completely known. The CA domain harbors the enzymatic
activity for transferring a phosphoryl group from ATP to the conserved histidine residue of the
DHp domain. The DHp domain consists of a four-helix bundle with the conserved phospho-
accepting histidine residue being positioned midway on one face of one of the helices. It has
been shown that phosphorylation of PhoR occurs in cis, where the CA domain of one of the
monomers phosphorylates the His residue of the same polypeptide chain [61]. The DHp
domain also contains all of the residues necessary for phospho-PhoB phosphatase activity
[57]. We propose that the control of the opposing kinase and phosphatase activities of PhoR
involves the constraint of the CA domains to prevent their access to the DHp domain and
simultaneously exposing the residues of the DHp domain that are required for phosphatase
function (see Figure 3). If this proposal is correct, then how are the interactions between the
different PhoR domains controlled?

Figure 3. A signaling model involving different conformations of PstSCAB and PhoR. As the Pst transporter switches
between its inward- and outward-facing conformations during Pi transport, it interacts differently with PhoR, depending
upon its conformation. This interaction is mediated by PhoU. The inward-facing conformation, which is stabilized by the
pstBQ160K mutation, interacts with PhoR to constrain its CA domain in order to stabilize the phosphatase conformation
of PhoR. The outward conformation, which is stabilized by the pstBE179Q mutation, does not interact with the CA
domain and favors the kinase conformation of PhoR, which allows the CA domain to bind ATP and autophosphorylate
its DHp domain.
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3.2. PstSCAB—the sensor of extracellular Pi

In addition to its role in Pi transport, the Pst transporter is also required for signal transduc-
tion. Because PhoR does not have a periplasmic domain, it has been assumed that this trans-
porter is the ultimate sensor of extracellular Pi [5]. In fact, if any of the Pst proteins are absent,
the Pho regulon becomes unregulated, leading to the overexpression of Pho regulon genes [5].
Thus, the default biochemical activity of PhoR is an autokinase and the role of the Pst trans-
porter is to negatively regulate this activity and to stimulate its phospho-PhoB phosphatase
activity. There are two possibilities for how the Pst protein may function to control the activity
of PhoR. The first is by controlling intracellular Pi levels. If PhoR senses intracellular Pi, most
likely through its PAS domain, then the Pst system may function by controlling the amount of
Pi within the cell. This model seems unlikely for two reasons. Intracellular Pi has been mea-
sured by phosphorous nuclear magnetic resonance (31P NMR) and has been shown to be
constant under conditions in which the Pho regulon is both repressed and derepressed [2].
Also, there are several mutations in pstC and pstA that lead to defective transporters, but that
retain their signaling capacity, that is, they can still stimulate the phospho-PhoB phosphatase
activity of PhoR [40, 41]. The second model for how the Pst transporter functions in signal
transduction is that PhoR may somehow sense its transport activity [62]. That is to say, it is not
the intracellular level of Pi that is sensed, but how active the transporter is. Support for this
model is provided below.

3.3. PhoU—the adaptor protein

In addition to the PstSCAB protein, PhoU is also required for Pi-signal transduction, but not
for transport through the complex [21]. When phoU is mutated or deleted, PhoR is constitu-
tively active as an autokinase leading to high-level expression of Pho regulon genes. phoU
mutants show poor growth and frequently accumulate compensatory mutations in phoR, phoB,
or the pstSCAB genes [21, 23, 24]. PhoU is a peripheral membrane protein that modulates Pi
transport through the PstSCAB complex [22–24]. When Pi is plentiful, PhoU acts like a brake to
prevent too much Pi import, with its accompanying ATP hydrolysis [23]. Multiple crystal
structures have been reported for PhoU proteins from various organisms [63–65]. PhoU con-
sists of two symmetric, three alpha-helix bundles and metal ions are found associated with two
of these structures. The metals are coordinated by highly conserved amino acid residues that
are found in each three-helix bundle. PhoU from Thermotoga maritima coordinates iron clusters
[63], while PhoU from Streptococcus pneumoniae shows zinc ions bound [64]. Gardner et al. have
recently shown that the soluble form of PhoU from E. coli is a dimer that binds manganese or
magnesium [66]. Mutagenesis experiments demonstrated that these divalent metals are bound
by the same conserved amino acid residues that bind the iron and zinc ions in the two crystal
structures. It was also suggested in this study that metal binding may be important for PhoU
interactions with the membrane. Alternatively, PhoU may bind Pi through its interactions with
these metals.

Two general classes of models have been previously suggested for how PhoU participates in
the signaling pathway. It may mediate the formation of a signaling complex between the
PstSCAB transporter and PhoR [5, 64] or it may produce a soluble messenger that is
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PF06580, His_kinase) and catalytic ATP-binding (CA; Pfam: PF02518, HATPase_c) domains at
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upon its conformation. This interaction is mediated by PhoU. The inward-facing conformation, which is stabilized by the
pstBQ160K mutation, interacts with PhoR to constrain its CA domain in order to stabilize the phosphatase conformation
of PhoR. The outward conformation, which is stabilized by the pstBE179Q mutation, does not interact with the CA
domain and favors the kinase conformation of PhoR, which allows the CA domain to bind ATP and autophosphorylate
its DHp domain.
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3.2. PstSCAB—the sensor of extracellular Pi

In addition to its role in Pi transport, the Pst transporter is also required for signal transduc-
tion. Because PhoR does not have a periplasmic domain, it has been assumed that this trans-
porter is the ultimate sensor of extracellular Pi [5]. In fact, if any of the Pst proteins are absent,
the Pho regulon becomes unregulated, leading to the overexpression of Pho regulon genes [5].
Thus, the default biochemical activity of PhoR is an autokinase and the role of the Pst trans-
porter is to negatively regulate this activity and to stimulate its phospho-PhoB phosphatase
activity. There are two possibilities for how the Pst protein may function to control the activity
of PhoR. The first is by controlling intracellular Pi levels. If PhoR senses intracellular Pi, most
likely through its PAS domain, then the Pst system may function by controlling the amount of
Pi within the cell. This model seems unlikely for two reasons. Intracellular Pi has been mea-
sured by phosphorous nuclear magnetic resonance (31P NMR) and has been shown to be
constant under conditions in which the Pho regulon is both repressed and derepressed [2].
Also, there are several mutations in pstC and pstA that lead to defective transporters, but that
retain their signaling capacity, that is, they can still stimulate the phospho-PhoB phosphatase
activity of PhoR [40, 41]. The second model for how the Pst transporter functions in signal
transduction is that PhoR may somehow sense its transport activity [62]. That is to say, it is not
the intracellular level of Pi that is sensed, but how active the transporter is. Support for this
model is provided below.

3.3. PhoU—the adaptor protein

In addition to the PstSCAB protein, PhoU is also required for Pi-signal transduction, but not
for transport through the complex [21]. When phoU is mutated or deleted, PhoR is constitu-
tively active as an autokinase leading to high-level expression of Pho regulon genes. phoU
mutants show poor growth and frequently accumulate compensatory mutations in phoR, phoB,
or the pstSCAB genes [21, 23, 24]. PhoU is a peripheral membrane protein that modulates Pi
transport through the PstSCAB complex [22–24]. When Pi is plentiful, PhoU acts like a brake to
prevent too much Pi import, with its accompanying ATP hydrolysis [23]. Multiple crystal
structures have been reported for PhoU proteins from various organisms [63–65]. PhoU con-
sists of two symmetric, three alpha-helix bundles and metal ions are found associated with two
of these structures. The metals are coordinated by highly conserved amino acid residues that
are found in each three-helix bundle. PhoU from Thermotoga maritima coordinates iron clusters
[63], while PhoU from Streptococcus pneumoniae shows zinc ions bound [64]. Gardner et al. have
recently shown that the soluble form of PhoU from E. coli is a dimer that binds manganese or
magnesium [66]. Mutagenesis experiments demonstrated that these divalent metals are bound
by the same conserved amino acid residues that bind the iron and zinc ions in the two crystal
structures. It was also suggested in this study that metal binding may be important for PhoU
interactions with the membrane. Alternatively, PhoU may bind Pi through its interactions with
these metals.

Two general classes of models have been previously suggested for how PhoU participates in
the signaling pathway. It may mediate the formation of a signaling complex between the
PstSCAB transporter and PhoR [5, 64] or it may produce a soluble messenger that is
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recognized by the cytoplasmic domains of PhoR (consistent with observations reported by
Hoffer and Tommassen [67] and by Rao and Torriani [68]). The following section presents new
evidence in favor of the Pi-signaling complex model.

3.4. Protein interactions within the Pi-signaling complex

It has recently been demonstrated through bacterial two-hybrid analysis and through co-
elution experiments that PhoU interacts with both the PhoR protein and PstB [66]. The two-
hybrid experiments used the BACTH system [69]. Adenylate cyclase from Bordetella pertus-
sis can be genetically divided into nonfunctional T18 and T25 fragments. The enzyme can
be reconstituted in vivo and cAMP can be produced when the two fragments are brought
into physical proximity within the cell by fusing interacting proteins with either the T18 or
T25 fragments and monitoring cAMP production. Gardner et al. fused various parts of
PhoR, or the PstB protein, to the T25 fragment and PhoU to the T18 fragment and indirectly
monitored cAMP production by assaying the cAMP-dependent gene β-galactosidase [66].
They found that the interaction between PhoR and PhoU occurred through its PAS domain
and that the PstB-PhoU interaction was weaker than the PhoR-PhoU interaction. They then
employed a complementary co-elution method by using His-tagged versions of either PstB
or PhoR and showed by Western blotting that PhoU was retained on a nickel column in a
PstB- or PhoR-dependent manner. In a subsequent paper, Gardner et al. were able to further
localize the sites on PhoR and PhoU that are important for the formation of the signaling
complex [70]. They knew that the phenotype of a mutant containing the phoU35 allele was
unlike that of a phoU deletion mutation. Neither the phoU35 nor the phoU deletion mutants
could signal Pi sufficiency and they both constitutively expressed alkaline phosphatase.
However, the phoU35 mutant did not have a severe growth defect [71]. Since the phoU35
allele encoded a change from alanine at position 147 to glutamic acid (A147E) [72], Gardner
et al. hypothesized that the phoU35 mutation may disrupt PhoU’s interaction with PhoR,
preventing the signal for the switch to PhoR phosphatase activity, but that it maintained its
interaction with PstB, limiting excess transport of Pi into the cell during Pi-replete condi-
tions. From this assumption, they were able to identify the surface residues Ala147 and
Arg148 of PhoU as being important for the interaction with PhoR. Moreover, they
employed a scanning mutagenesis approach to identify a surface on the PAS domain of
PhoR that is essential for the interaction. Every two amino acids within the PAS domain
were sequentially mutated and then tested using the BACTH assay for interactions with
PhoU. They identified residues 141–146, 157–162, and 169–176 of PhoR as important for the
interaction with PhoU. By using these genetic constraints, they were able to build a plausi-
ble three-dimensional model of the docked proteins. This model was then supported by
using a bioinformatic method, called direct-coupling analysis that identifies residues from
one sequence that tend to co-evolve with residues from another sequence. Proteins that
physically interact co-evolve with each other. These analyses supported a model in which
PhoU interacts with both the PAS and CA domains of PhoR. Gardner et al. proposed the
existence of a Pi-signaling complex in which under high-Pi growth conditions PhoU inter-
acts with PhoR to constrain its CA domain and inhibit its kinase activity and promote its
phosphatase activity.
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3.5. Conformational signaling model

To answer the question of how PhoR senses the signaling activity of the Pst transporter, we
propose that PhoR interacts differently with the alternate outward- and inward-facing confor-
mations of the transporter that are sampled throughout the transport cycle. When Pi is limit-
ing, the transporters are not actively importing Pi and reside primarily in the outward-facing
conformation. We propose that this conformation contacts PhoU in such a manner that it does
not interact with both the PAS and CA domains of PhoR, which promotes its autokinase
activity. It is only under Pi-replete environments when Pi import is occurring that the Pst
transporter adopts the inward-facing conformation. We propose that in this conformation, it
interacts with PhoU in such a manner to constrain the CA domain of PhoR so that its phos-
phatase activity is stimulated.

To test this model, we have recently created two pstB mutations that are predicted to lock
the transporter into these alternate conformations (Vuppada and McCleary, manuscript in
preparation). Based upon work with the homologous maltose transporter [73], an E179Q
mutation in pstB should lock the transporter into an outward-facing conformation because it
cannot hydrolyze ATP and a Q160K mutation should lock it into an inward-facing confor-
mation because it does not bind ATP. The pstSCAB-phoU genes were cloned onto a medium-
copy number plasmid and were introduced into a ΔpstSCAB-phoU strain of E. coli to
confirm that the plasmid could complement the deletion mutation. Mutations were then
introduced into the plasmid by site-directed mutagenesis and confirmed by DNA sequenc-
ing. Neither the E179Q nor the Q160K mutants showed high-affinity Pi transport, showing
that the transporters were dead. By using alkaline phosphatase expression as a reporter of
the Pho regulon, we observed that the E179Q mutant constitutively signaled Pistarvation,
whether the cells were grown in Pi-replete or Pi-starvation media. We also observed that the
Q160K mutant always signaled Pisufficiency. In other words, these cells always expressed
low levels of alkaline phosphatase, presumably resulting from the activation of the phos-
phatase activity of PhoR. These results support the model in which the inward-facing form
of the Pst transporter interacts with PhoU and PhoR in a manner that stimulates the
phospho-PhoB phosphatase activity of PhoR. This signaling output of the PhoBR pathway
reduces the expression of the PstSCAB transporter when low-level expression is sufficient
for maximal growth. It also downregulates other genes whose expression would be wasteful
in times of Pi sufficiency.

4. The response to high levels of extracellular Pi

Clues to understanding how E. coli and other bacteria cope with high levels of extracellular
Pi came from studies on Pi remediation [12, 74, 75]. Excess Pi in natural water sources is a
major cause of eutrophication [76]. Toxic cyanobacterial blooms are frequently attributed to
Pi accumulation in water sources resulting from agricultural runoff [77]. Normally, Pi is
removed from wastewaters by chemical precipitation, which is an expensive process [78].
Biological Pi removal is an alternative to chemical treatments in which bacteria accumulate
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existence of a Pi-signaling complex in which under high-Pi growth conditions PhoU inter-
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excess Pi as polyphosphate (polyP) [79, 80]. The bacteria can then be retained as sludge,
which can be separated from the wastewater, which now has a much reduced phosphorous
concentration.

PolyP is found in all kingdoms of life [81, 82]. It is a linear chain of variable length of Pi
residues that are linked by phosphoanhydride bonds. The cellular amounts of polyP are
controlled through its polymerization and depolymerization, presumably to meet cellular
needs for free Pi. PolyP can be synthesized from ATP by polyP kinase, encoded by the ppk
gene [83]. It is degraded by exopolyphosphatase, encoded by the ppx gene. The Ppk reaction is
fully reversible and cells can also use polyP to synthesize ATP.

To enhance biological removal of Pi from wastewater, Kato et al. cloned the pstSCAB and ppk
genes on plasmids [74]. They found that an E. coli strain harboring these plasmids could
accumulate up to 16% of their dry weight as phosphorus with over 60% of the cellular
phosphorous stored as polyP. They also noted that these strains grew very poorly. Subsequent
work from this group showed that phoUmutants also accumulated high levels of polyP [75]. It
was known that phoU mutants expressed the transporter at high levels, even when environ-
mental Pi levels were high. As an additional contribution to understanding the phenotype of a
phoU mutant, our group showed that PhoU also negatively regulates the activity of the Pst
transporter [23]. Those experiments were performed by uncoupling expression of the Pst
transporter from its normal PhoB-dependent mechanism through a technique called promoter
swapping [84]. We felt that it was important to keep the pstSCAB-phoU operon at its normal
location in the E. coli chromosome, so we developed a technique using Lambda-Red
recombineering methodology to swap the Ptac promoter for the wild-type PpstS promoter [85].
As we held expression levels constant with an exogenous promoter, we demonstrated that a
phoU deletion mutant accumulated Pi at a higher rate than cells expressing the pstSCAB genes
and phoU. Other ABC transporters, such as the methionine transporter, have regulatory
domains that respond to the cytoplasmic concentrations of transported substrates and function
as sites of allosteric inhibition of transport [86–88]. We proposed that PhoU plays a similar role
for Pi transport in E. coli. We learned from these observations that E. coli cells tightly control the
amounts of the Pst transporter as well as its activity. When intracellular amounts of Pi become
too high,E. coli cells store excess Pi as polyP.

In addition to its role as a Pi and energy store, PolyP has many other important functions
in E. coli [89]. For example, it is involved in metal detoxification and can function as a
primitive chaperone to protect against oxidative damage [90–92]. Of importance to our
discussion here, Keasling hypothesized that E. coli cells could detoxify metals by seques-
tering them with intracellular polyP. Following hydrolysis of polyP to Pi, the metal/Pi
complexes would be exported through the Pit transporters. PolyP is also involved in cell
signaling, respiratory chain gene expression, bacterial persistence, and in stress response
networks [93–96]. It has recently been shown that when external Pi levels are very high,
polyP can even activate PhoB during the stationary phase of growth through the small
molecule acetyl phosphate [97]. It is then postulated that phospho-PhoB inhibits the
synthesis of c-di-GMP, blocking the production of AI-2, leading to the inhibition of biofilm
formation.
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4.1. The Tn-seq experiment—identifying the players of the high-Pi response

In order to further investigate cellular processes involved in Pi homeostasis when cells are
grown in conditions of high environmental Pi, we performed a Tn-seq experiment. Tn-seq
relies on the ability to saturate a bacterial genome by transposon mutagenesis. Cells are grown
in a selective environment and individual transposon insertions are mapped using next-gener-
ation-sequencing protocols. The frequency of insertions in each gene is used to analyze the
importance of each gene under those growth conditions. Those genes that receive few or no
insertions are identified as essential (no insertions under any conditions), conditionally essen-
tial (no or few insertions under one condition), or conditionally important for fitness (reduced
insertion frequency under one particular condition) (see Figure 4).

Wild-type E. coli strain MG1655 that harbors a rpsL mutation conferring streptomycin resis-
tance was mutagenized with a mini-Tn5 transposon delivered from a conjugative plasmid that
required the lambda Π protein for replication. The donor strain could be counter-selected
because it contained a mutation in the dapA gene and required supplementation with
diaminopimelic acid. By selecting transconjugants that were kanamycin-resistant and that did
not require diaminopimelic acid we were able to obtain a library of about 200,000 independent
mutants. Such a library would be predicted to give about 30–50 random insertions per gene.
This mutant library was then grown in duplicate in one of three different defined media
containing variable Pi concentrations. We used media containing 0.1, 2.0, and 400 mM Pi.
Preliminary experiments showed that growth of the wild-type strain in 400 mM Pi was
significantly slower than in the other media. This high-Pi medium was also of a significantly

Figure 4. The design of a Tn-seq experiment. A library of transposon insertion mutants was grown in duplicate in liquid
cultures containing either 0.1 mM Pi, 2.0 mM Pi, or 400 mM Pi. Chromosomal DNAwas prepared from each sample for
deep sequencing to identify the sites of insertion and their frequencies. If an insertion does not affect the growth of a
strain, then it is assumed that that gene is not required for growth. Genes with no insertions under any conditions were
classified as essential genes. Genes with no or very few insertions under one condition were classified as conditionally
essential and those with reduced frequency were classified as important for fitness.
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higher osmolarity than the other two media. After growing cells until stationary phase, the
cultures were harvested and DNA extractions were performed. The chromosomal DNA was
then enzymatically fragmented and a polyC tail was then added to these DNA fragments
using terminal transferase. Polymerase chain reactions (PCRs) were then performed using
transposon-specific and polyG primers to amply DNA where transposons had inserted. A
second round of PCR was then used to add primers for Illumina sequencing. The reads were
mapped to the published MG1655 genome and the number of reads was normalized to 4 × 106

reads per sample.

To identify genes that are important for growth in high-Pigrowth conditions, we sorted
from low to high each of the genes based upon the quotient of the number of hits in high-
Pi media divided by the total number of hits in all three media. We were particularly
interested in genes with few hits in the high-Pi medium and were able to identify many
genes whose functions are important for fitness under these growth conditions. As men-
tioned above, the high-Pi growth medium that we employed was also high in osmolarity.
As an internal control to identify genes that were important for this growth condition, we
were able to identify many top hits as occurring in genes that are known to be important
in a high osmolarity response, such asompR, envZ, galU, otsB, hupA, cpxR, and hupB [98–
100]. OmpR and EnvZ are two-component regulators that respond to changes in osmolar-
ity. GalU and OtsB are involved in the synthesis of trehalose, a compatible solute, that is
produced under high osmolarity growth conditions. hupA encodes for a component of the
HU protein, which is a small DNA-binding protein that helps regulate the expression of
the osmoresponsive gene proU [101]. CpxR is a response regulator that responds to cell
envelope damage and it is known that it participates in the regulation of gene expression
in response to osmolarity [99].

We also identified genes that are known to be involved in the control of the Pho regulon, for
example, each of the pstSCAB genes was found near the top of the list. Mutations in any of
these genes lead to elevated expression of the entire Pho regulon, whose genes are involved
in the high-affinity acquisition of Pi and the utilization of alternate Pi sources. It is easy to
hypothesize why the expression of these genes would be deleterious when Pi levels are very
high. With the Pho regulon fully expressed, Pi may be imported through the phosphonate or
other transporters without the requisite expression of genes to accommodate the increased
Pi. Another common class of genes that had few transposon insertions under high Pi condi-
tions was genes involved in central metabolism of glucose and most importantly in ATP
production (ptsG, pykF, ackA, zwf, pta, and sdhBCD). PstG is the enzyme IIBC component of
the phosphotransferase system for glucose uptake [102]. PykF is pyruvate kinase from
glycolysis and synthesizes ATP from ADP and phosphoenolpyruvate. Zwf is glucose-6-phos-
phate-1-dehydrogenase, which catalyzes the first steps in the Enter Doudoroff or oxidative
pentose phosphate pathways [103, 104]. AckA and Pta are acetate kinase and phosphotran-
sacetylase, respectively, and are involved in ATP production, acetyl phosphate synthesis,
and acetate secretion [105]. SdhBCD are subunits of succinate dehydrogenase, which is part
of the TCA cycle. It is interesting to note that these genes are repressed during growth on
glucose [106], so it is unclear why mutations in these genes lower the fitness of E. coli grown
on glucose high-Pi medium. It is also important to note that there were very few hits under
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any condition in the ppk gene, suggesting that it was an essential gene under these defined
growth conditions, as well as in the genes for ATP synthase. Another intriguing class of
genes with low frequency of transposon insertions included genes of unknown function,
such as ydhP, yodD, yniC, and glcG. We conclude from these results that when placed in very
high Pi environments cells need to regulate Pi import and continue to synthesize ATP at high
rates for the production of polyP. We expect that there are some previously unknown
functions that are necessary to deal with high-Pi stresses that are represented by the “y”
genes. These may include other transporters, regulators of transporters, or genes for meta-
bolic functions.

4.2. Pi homeostasis model and questions for further research

E. coli inhabits environments with widely ranging Pi concentrations. It is often limiting in
environmental conditions and can be quite high in the intestinal lumen of a healthy human
[96]. Pi homeostasis is a balancing act of import, export, utilization, and sequestration (see
Figure 5). Pi can be imported through the secondary transporters PitA and PitB or through
the PstSCAB ABC transporter. The multiple transporters that import Pi have various
specificities and expression patterns, which allow them to be used primarily under condi-
tions when they are most needed, but which also permits a considerable amount of
redundancy in function. Of primary importance in Pi homeostasis is the ability to increase
transcription of genes when environmental Pi levels are low for the high-affinity acquisi-
tion of Pi and for the utilization of alternate sources of phosphorous. To monitor extracel-
lular Pi, E. coli utilizes a Pi-signaling complex consisting of the PstSCAB transporter, PhoU
and PhoR. In its two states, it can either activate or deactivate the response regulator PhoB.
We propose that the signaling complex does not directly sense extracellular Pi, but senses
the activity of the Pst transporter by recognizing its alternate conformational states. It is the
inward-facing conformation of the Pst transporter that represents Pi-sufficient environ-
ments because it is only formed when Pi is actively transported. Once imported, Pi
becomes part of an intracellular pool and can be incorporated into ATP through substrate-
level phosphorylation or through oxidative phosphorylation. From ATP or its equivalents,
the phosphoryl groups are transferred to all other phosphorylated intermediates of the cell.
Cellular growth is inhibited when intracellular Pi levels become too elevated, so cells must
have mechanisms to control this parameter also. To maintain its intracellular Pi levels near
10 mM, E. coli can either export excess Pi or it can sequester it through the synthesis of
PolyP. PitA and PitB are known metal-Pi exporters and rely on high intracellular Pi levels
and metals, such as Mg2+, Mn2+, Ca2+, Zn2+, and Co2+ for Pi export [7, 107]. Pi export
through the Pit proteins contributes to the generation of a proton-motive force. It has also
been suggested that YjbB plays a role in Pi export [12]. This protein is very interesting
because it consists of two segments, a hydrophobic N-terminal half with sequence similar-
ity to Na+/Pi transporters and a C-terminal half with sequence similarity to PhoU.
Motomura et al. showed that overexpression of YjbB resulted in lower intracellular polyP
levels and that it released significant amounts of Pi into the medium. These results are
consistent with YjbB being a Pi exporter. PolyP serves as a Pi buffer to fine-tune intracellu-
lar Pi levels.
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While the general outlines of Pi homeostasis have begun to be filled in, there are still
important questions that remain. How do cells sense intracellular levels of Pi to control
polyP synthesis/degradation and Pi export? What are the roles of the genes that are
repressed by the PhoBR system? What are the functions of the unknown genes that were
identified by Tn-seq to be important for fitness in very high levels of environmental Pi?
What are the control mechanisms for the expression of PitA and PitB? Why does E. coli
retain both the pitA and pitB genes? What are their differential functions? What effects does
the stoichiometry of PstSCAB, PhoU, PhoR, and PhoB have on signaling, especially at the
level of the single cell? Knowledge gained in studying Pi homeostasis will continue to be
important in understanding global regulatory mechanisms, as Pi is involved in so many
cellular processes. It will also be important in the engineering of organisms for improved Pi
bioremediation.

Figure 5. Model for Pi homeostasis in E. coli. Intracellular amounts of Pi are maintained within a modest range around 10
mM. The mechanisms for this homeostatic maintenance include the use of multiple Pi importers with variable affinities
and rates of Pi transport. Cells also utilize the sophisticated PhoBR two-component-signaling mechanism that directly
controls the expression of genes for high-affinity Pi acquisition and for the use of alternate sources of phosphorous. In
addition, when Pi levels become too high, the cells sequester Pi by accumulating polyP, which is produced from ATP by
the enzyme Ppk or they export it.
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5. Conclusion

Pi homeostasis is essential for life’s basic processes. Without the ability to control intracellu-
lar levels of Pi within optimal levels, cells would be unable to maintain energy stores,
synthesize nucleic acids and phospholipids, or carry out central metabolic pathways. The
molecular mechanisms by which E. coli cells maintain intracellular Pi levels include utilizing
multiple importers with characteristic patterns of expression, affinities for Pi and rates of Pi
import [4]. These cells also employ a highly characterized signal transduction system that
monitors extracellular Pi levels through the conformational states of the high-affinity Pi
importer to control gene expression for scavenging Pi and utilizing alternate phosphorous
sources. In addition, polyphosphate plays an important role in fine-tuning the amounts of
free intracellular Pi. Understanding these mechanisms is important because this knowledge
can be used to design organisms and pathways for the remediation of phosphate pollution.
Moreover, the expression of virulence genes in many organisms is controlled by the PhoBR
signal transduction system.
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Abstract

Disulfide bonds formed between a pair of oxidized cysteines are important to the structural 
integrity and proper folding of many proteins. Accordingly, Nature has evolved several sys-
tems for the genesis and maintenance of such bonds. Beginning with the discovery of protein 
disulfide isomerase, which provided the first evidence for enzyme-catalyzed disulfide-bond 
formation, many years of research have resulted in the explication of the complex network of 
electron transport pathways needed for this process. Herein, we take a historical approach in 
describing the elucidation of disulfide-bond formation in E. coli. We frame this topic in the 
context of genome sequencing eras. The first section describes the discovery of eukaryotic 
protein disulfide isomerase and the subsequent research that followed from the early 1960s 
to the early 1990s, a time period we have named the pre-genomic sequencing era. The second 
section details the renaissance in research on disulfide-bond formation in the periplasm of 
prokaryotes, fueled by bacterial genetic screens and the development of genomic sequenc-
ing technology. Accordingly, we have named this section the genomic sequencing era, which 
ranges from the early 1990s to approximately 2010. The final section outlines the use of bac-
terial genetic screens to select for new oxidoreductase enzymes and their potential uses in 
 biotechnological and pharmaceutical applications. This era we have dubbed the  post-genomic 
sequencing era, and we envision it to represent the future of research on oxidative folding.

Keywords: disulfide bond, thiol, redox, oxidation, reduction, Dsb, SHuffle

1. Introduction: covalent bonds in proteins

The amino acids comprising a protein are covalently linked by peptide bonds, which collec-
tively form the “backbone” of the protein. These bonds are the most prevalent covalent links 
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between amino acids in proteins and form the foundations that support protein secondary and 
tertiary structures. In addition to peptide bonds, disulfide bonds are the second most common 
covalent bonds between amino acids. Disulfide bonds are sulfur-sulfur bonds formed within a 
protein when the thiol (-SH) groups of two cysteine residues are each oxidized, resulting in the 
net loss of two electrons to an oxidizing agent. Other names for these bonds include S-S bonds, 
disulfide bridges, disulfide crosslinks, and simply disulfides/disulphides. Disulfide bonds 
play three main roles in proteins as signal relays (signaling disulfide bonds), as active site resi-
dues in enzymatic catalysis (catalytic disulfide bonds), and as structural supports (structural 
disulfide bonds). Signaling disulfide bonds act as environmental redox readouts, such as those 
observed in the OxyR transcription factor (reactive oxygen species sensing), the ArcAB system 
(senses changes in respiratory growth conditions), and the antisigma factor RsrA (activates 
cytoplasmic oxidative stress response) [1–3]. Catalytic disulfide bonds act as active site resi-
dues in oxidoreductases such as DsbA and DsbC, which catalyze the oxidation and isomeriza-
tion of disulfide bonds, respectively [4–6]. While signaling and catalytic disulfide bonds are 
important, the primary functions of structural disulfide bonds are to facilitate protein folding 
and to stabilize protein tertiary structure, which will be the focus of this chapter.

2. Disulfide-bond research during the pre-genomic sequencing era

The pre-genomic sequencing era focuses on the research surrounding disulfide-bond forma-
tion conducted in the early 1960s through the early 1980s. The work of Anfinsen, Straub, 
and others on the disulfide-bond formation in Ribonuclease A (RNase A) provided the initial 
impetus behind studying this process and is described below.

The roles of structural disulfide bonds in protein folding and stability are well exem-
plified and characterized in the protein RNase A, which contains a total of four disulfide 
bonds (Cys26-Cys84, Cys40-Cys95, Cys58-Cys110, and Cys65-Cys74) that contribute to the 
 “legendary” stability of RNase A [7]. Indeed, the classic isolation and purification protocol 
of active RNase A from bovine pancreas calls for extremely harsh conditions in the context 
of proteins: treatment of pancreatic tissue with 0.25 N sulfuric acid at 5°C for 1 day, followed 
by ammonium sulfate precipitation and boiling in 20% saturated ammonium sulfate at pH 
3.0 for 5–10 min [8]. While these purification conditions disrupt noncovalent interactions, the 
covalent nature of disulfide bonds allows them to survive such treatments, thereby imparting 
structural stability to the protein. Disulfide bonds also constrain the number of conformations 
an unfolded protein can adopt, which destabilizes the unfolded state relative to the folded 
state [9]. In fact, the stability of properly folded RNase A has been estimated to be 8 kcal/
mol greater than the unfolded state [10], and the four disulfide bonds collectively contribute 
an estimated 19 kcal/mol to this stability [11]. While it is clear that structural disulfide bonds 
play important roles in maintaining the overall integrity of a protein, especially in the case of 
RNase A, they also serve to aid in the initial folding and refolding of a protein.

Seminal experiments conducted in the early 1960s on RNase A led to the idea that all of the 
information required to form the correct structures and disulfide bonds of small, globular 
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 proteins is contained within its amino acid sequence [12–17]. Evidence supporting this idea—
now known as Anfinsen’s dogma—was obtained from in vitro experiments in which RNase A 
was denatured and completely reduced to yield an unstructured polypeptide chain containing 
eight cysteine residues. Removal of denaturant and reducing agent and subsequent incubation 
of the enzyme open to atmosphere resulted in relatively rapid and spontaneous formation of 
disulfide bonds—formed by oxidation via molecular oxygen—followed by much slower recov-
ery of RNase activity. Under optimized conditions, the halftime required for recovery of RNase 
activity was 20 min. This apparent lag phase between disulfide-bond formation and recovery 
of activity suggested that spontaneous disulfide-bond formation resulted in incorrect cysteine 
pairing and that the recovery of activity required additional time for disulfide interchange and 
proper formation to occur [16]. This also suggested that a system for oxidizing and reshuffling 
disulfide bonds existed in vivo, since the 20-min recovery of activity observed in vitro was far 
too slow to be operative in the cell.

Shortly after demonstrating the spontaneous formation of disulfide bonds in reduced RNase 
A, Anfinsen and colleagues identified an enzyme, isolated from rat liver microsomes, that 
stimulated RNase A reactivation, with recovery of activity requiring a halftime of 4.5 min. 
This discovery confirmed the existence of an in vivo system capable of catalyzing the  formation 
of the correct disulfide bonds to yield the active enzyme [18]. In addition to the rat liver, 
the same enzyme had been identified by Venetianer and Straub in chicken, pig, and pigeon 
pancreatic tissue [17]. Further studies in which the microsomal enzyme was incubated with 
reduced egg white lysozyme as a substrate—which contains four disulfide bonds required 
for its activity—demonstrated similar recovery of activity. Due to the recovery of activity in 
RNase A from both bovine pancreas and rat liver and in egg white lysozyme, the substrate 
specificity of the enzyme appeared to be rather low. As a result, this enzyme was speculated 
to be a general mediator of “sulfhydryl-disulfide exchange” in vivo. The catalyzed reaction is 
driven by the release of free energy attained upon folding substrates from unorganized con-
formations to their more stable native structures [18–20]. Furthermore, the enzyme catalyzing 
sulfhydryl-disulfide exchange enzyme was shown to possess a DTT-sensitive disulfide bond 
that was likely to be involved in catalysis [19]. In 1973, nearly 6 years after its identification, 
the microsome-associated enzyme that catalyzed sulfhydryl-disulfide exchange was given a 
name: protein disulfide isomerase (PDI).

In the early 1980s, several studies demonstrated a correlation between PDI activity and 
the synthesis of disulfide-bond containing proteins in specialized cells and tissues [21, 22]. 
However, it was not until 1983—nearly 10 years after its naming—that PDI was purified to 
homogeneity and biochemically characterized [23]. Homogenous PDI was shown to catalyze 
the reduction of disulfide bonds in insulin in vitro. This result demonstrated that PDI could 
catalyze both disulfide-bond formation and reduction, and led some to question whether the 
name ‘protein disulfide isomerase’ was a misnomer. Based on the physiological evidence sur-
rounding PDI—its distribution in tissue with great abundance of disulfide-bonded proteins 
[22]; its localization in the endoplasmic reticulum, where many disulfide-bonded proteins are 
synthesized; and its broad substrate specificity—in conjunction with findings showing PDI to 
be a relatively poor reductase, the name PDI was retained and is still in use [24].
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The advent of genome sequencing and PCR in the later 1980s caused a shift from eukaryotic 
PDI studies to research centered on bacterial disulfide-bond formation, which is detailed in 
the following section. It should be noted that Anfinsen’s idea that the amino acid sequence 
of a protein encodes all of the information necessary for its proper folding was not fully cor-
rect. Even though Anfinsen shared the 1972 Nobel Prize in Chemistry with Stanford Moore 
and William H. Stein, the following decades of his and others’ research showed that disul-
fide-bond formation and protein folding are, in fact, catalyzed processes in vivo. The work 
surrounding RNase A refolding and the elucidation of PDI serves as an example wherein 
the true answers to fundamental questions often require far more research to unravel their 
complexities.

3. Genome sequencing enables a great leap forward in bacterial redox 
biology research

The eponymous Sanger DNA sequencing method was developed by Frederick Sanger and 
colleagues in 1977 [25]. This method is based on selective incorporation of chain-terminat-
ing dideoxynucleotides by DNA polymerases during in vitro DNA replication [26]. Sanger 
sequencing was the most widely utilized DNA sequencing technology until relatively 
recently. Gene sequencing became reasonably attainable with the 1986 release of a fully auto-
mated DNA sequencer made by Applied Biosystems. Around the same time, Kary Mullis of 
Cetus Corporation developed polymerase chain reaction (PCR) technology, which led to the 
first commercial PCR enzyme and thermal cycler systems available to scientists in 1987 [27]. 
Together, Sanger sequencing and the development of PCR technology ushered in the gene 
sequencing era and revolutionized molecular biology.

With the ability to sequence genes, in conjunction with the already rich field of bacterial 
genetics and its corresponding techniques, the stage was set for identifying genes involved 
in redox biology. Along these lines, a genetic selection in Escherichia coli designed to identify 
factors involved in protein translocation led to the serendipitous discovery of mutations in 
the dsbA gene that affected disulfide-bond formation [28]. The DsbA protein was isolated and 
demonstrated to catalyze disulfide-bond reduction using insulin as a substrate in vitro [28, 
29]. Later studies revealed DsbA to be a potent and sequential oxidant [30]. Specifically, DsbA 
forms disulfide bonds between sequential cysteines in proteins as they are translocated to the 
periplasm [31] (Figure 1). Collectively, these studies identified DsbA as the first periplasmic 
protein involved in disulfide-bond formation and paved the way for elucidating the disulfide-
bond forming machinery in E. coli.

A second protein involved in disulfide-bond formation was identified through genetic screens 
of resistance or sensitivity to strong reducing agents. In these screens, Tn10 insertion mutants 
sensitive to DTT and benzylpenicillin were mapped to a second gene, which was named dsbB 
[30, 32]. The dsbB gene product was later confirmed to specifically oxidize DsbA [33]. Since 
then, research in several laboratories has elucidated the electron transfer pathway through 
which approximately 40% of cell envelope proteins in E. coli obtain disulfide bonds [34–38] 
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(see Figure 1). Specifically, the DsbA protein transfers disulfide bonds to substrate proteins 
in the periplasm by accepting electrons from the substrate’s cysteine residues. As a result, 
the cysteine residues of DsbA become reduced and the protein must be oxidized for it to 
 catalyze another round of disulfide bond transfer [28, 29]. This oxidation reaction is carried 
out by DsbB, an inner membrane protein with two pairs of redox-active cysteines [30, 32]. The 
 electrons received by DsbB in its oxidation of DsbA are transferred to the pool of quinones 
within the inner membrane [37, 39–43]. Then, the reduced quinones are recycled by cyto-
chrome and terminal oxidases of the electron transport chain [42, 44–46]. Together, DsbA and 
DsbB act as the oxidation system for disulfide-bond formation in the periplasm (Figure 1). 
These two proteins form one part of the periplasmic disulfide-bond forming pathway; addi-
tional proteins, DsbC and DsbD, among others, play downstream roles in the fidelity of native 
disulfide bonds.

Figure 1. The disulfide-bond-forming pathways in the periplasm of E. coli. A protein containing four cysteines in their 
reduced (free thiol) states is translocated into the periplasm by the SecYEG translocon. (1). Oxidized DsbA catalyzes 
disulfide-bond formation either as the protein is translocated or after, resulting in sequential disulfide bonds in this 
protein. DsbA is then oxidized to its active state by DsbB. DsbB is oxidized by ubiquinone or menaquinone under 
aerobic or anaerobic conditions, respectively (not shown). (2). If the disulfide bonds formed by DsbA are misoxidized, 
reduced DsbC catalyzes their isomerization to yield the properly folded protein. (3). DsbD then reduces DsbC to its 
active state. DsbD is reduced by an electron cascade originating from NADPH and mediated by thioredoxin reductase 
and thioredoxin in the cytoplasm (not shown).
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The misoxidation of substrates by DsbA necessitates the existence of a system capable of isom-
erizing incorrect disulfide bonds to their correct linkages in prokaryotes. In E. coli, the isom-
erization of disulfide bonds in proteins is catalyzed by DsbC. The dsbC gene was discovered 
in 1994, shortly after the discovery of the dsbB gene, using the same genetic selection approach 
[47]. The dsbC gene product was characterized and was shown to contain two cysteines that 
reside in the CXXC motif generally found in oxidoreductases. Subsequently, DsbC was dem-
onstrated to catalyze disulfide-bond isomerization of substrates containing nonconsecutive 
disulfide bonds [48–51] (Figure 1). This substrate preference of DsbC was illustrated with two 
nearly identical E. coli proteins, phytase (AppA) and  glucose-1-phosphatase (Agp), which 
differ by the former containing a nonconsecutive disulfide bond, while the latter has only con-
secutive disulfide bonds. AppA was shown to be dependent on DsbC for proper folding into 
its active conformation, whereas Agp exhibited no dependence on DsbC until a nonconsecu-
tive disulfide bond placed similarly as that found in phytase was introduced [48]. To date, 
no exceptions to the substrate preference of DsbC have been found. Taken together, these 
results suggested that DsbC is a protein disulfide isomerase that catalyzes the rearrangement 
of misoxidized disulfide bonds, in particular, the rearrangement of nonconsecutive disulfide 
bonds. Thus, DsbA and DsbC work in parallel in maintaining the correct disulfide bonds in 
the periplasmic E. coli proteome. DsbA catalyzes disulfide-bond formation as the protein is 
translocated into the periplasm, resulting in the formation of consecutive disulfide bonds. In 
those proteins requiring nonconsecutive disulfide bonds, DsbC catalyzes the isomerization of 
misoxidized bonds to yield active enzymes. The exact details of substrate recognition and the 
in vivo mechanism of isomerization catalyzed by DsbC have yet to be elucidated. However, 
preliminary evidence suggests that certain correctly oxidized proteins may result not only 
from oxidation and isomerization but also from iterative cycles of reduction and oxidation 
by DsbA and DsbC [52]. Another protein, DsbG, shares 28% sequence identity with DsbC 
and exhibits protein disulfide isomerase activity, albeit on a more narrow scope of yet-to-be-
identified substrates [5, 53, 54].

Like DsbA, DsbC has a dedicated redox protein partner, named DsbD, which is responsible 
for maintaining it in its reduced state (Figure 1). The dsbD gene was discovered using the same 
genetic screens that led to the discoveries of both DsbB and DsbC [55]. The dsbD gene product 
consists of three domains: an N-terminal periplasmic domain, a transmembrane domain, and 
a C-terminal periplasmic thioredoxin-like domain that shares approximately 45% sequence 
homology with eukaryotic PDIs [56]. Each of the domains of DsbD contains a pair of con-
served cysteine residues that are redox active and essential for its function [56]. To maintain 
DsbC in its reduced state, DsbD channels reducing equivalents that are mediated through a 
cascade of disulfide-bond reductions starting with the reduction of thioredoxin reductase by 
NADPH [57, 58]. Thioredoxin reductase reduces thioredoxin, which then reduces the cyste-
ine pair in the transmembrane domain of DsbD [58, 59]. This reduced cysteine pair initiates 
the sequential reduction of disulfide bonds in the C-terminal and N-terminal DsbD domains, 
respectively [59]. The reduced N-terminal domain cysteines then reduce DsbC (Figure 1). 
Reduction of DsbC occurs only when it is dimeric [60, 61]. This substrate preference likely 
stems from the tertiary structure of the N-terminal domain of DsbD, which adopts a immuno-
globulin-like fold and places the active site in the antigen-binding-like region [62]. The tertiary 
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structure promotes the binding of the DsbC dimer and occludes the binding of the monomeric 
DsbA and DsbB proteins, thereby separating the oxidative and reductive pathways [63].

The formation of disulfide bonds is essential to the structural integrity and folding of pro-
teins that are vital in many biological processes. E. coli and other prokaryotes have evolved 
a complex network of electron transport chains and quality control systems to facilitate and 
ensure proper disulfide-bond formation in the form of the Dsb proteins described above. 
The discovery of these Dsb proteins, and the subsequent revival of interest in disulfide-bond 
formation in eukaryotes, would not have been realized without the powerful combination of 
well-designed, selective genetic screens to produce mutants and the ability to sequence the 
resulting mutated genes. With the advent of next-generation sequencing, we should expect 
further elucidation of the biological and chemical processes that we do not yet understand or 
have yet to be discovered.

4. Disulfide-bond research in the post-genomic sequencing era

Since 2008, the cost of genome sequencing has declined faster than predicted by Moore’s Law 
[64]. Currently, the cost of sequencing a genome is ~$1500, and the lofty $1000/genome goal 
is within reach. Due to the radical drop in DNA sequencing costs, a multitude of laboratories 
and private and government institutions have completed the sequencing of approximately 
30,000 bacterial genomes [65]. This wealth of data is currently being used for a variety of 
biotechnological and clinical purposes including diagnostics, public health benefits, and bio-
surveillance/epidemiological studies [66, 67]. Accordingly, we have termed this time period 
as the “post-genomic sequencing era” to represent research that uses sequenced genomes, 
metagenomes, and environmental samples to search for novel enzymes and pathways and to 
predict the redox biology of bacteria.

4.1. Hunting for new disulfide-bond forming enzymes in the genomic landscape

One of the first examples of the use of sequenced genomes to predict and identify novel disul-
fide-bond forming pathways was conducted by Todd Yeates and colleagues [68–70]. They 
hypothesized that organisms rich in disulfide-bonded proteins would have a propensity to 
encode for proteins with an even number of cysteine residues, since an odd number might 
cause formation of aberrant disulfide bonds. This conjecture was based on the observation that 
the predicted open reading frames (ORFs) of the hyperthermophilic Pyrobaculum  aerophilum 
and Aeropyrum pernix species are strongly biased toward an even number of cysteines [70]. 
Since then, they have expanded their analysis to show that hyperthermophilic members of 
the Crenarchaeota branch all contain a multitude of disulfide-bonded proteins [68]. Mass 
spectrometric analysis of the proteome of Sulfolobus solfataricus revealed the majority of cyste-
ines to be disulfide bonded [71], and several disulfide-bonded proteins were  identified using 
2D gel analysis of lysates of P. aerophilum [72]. The presence of a high number of  disulfide 
bond-containing proteins in hyperthermophilic Crenarchaeota suggested these  bacteria 
 possess an undiscovered method of disulfide-bond maintenance. Indeed,  experimental 
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of misoxidized disulfide bonds, in particular, the rearrangement of nonconsecutive disulfide 
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those proteins requiring nonconsecutive disulfide bonds, DsbC catalyzes the isomerization of 
misoxidized bonds to yield active enzymes. The exact details of substrate recognition and the 
in vivo mechanism of isomerization catalyzed by DsbC have yet to be elucidated. However, 
preliminary evidence suggests that certain correctly oxidized proteins may result not only 
from oxidation and isomerization but also from iterative cycles of reduction and oxidation 
by DsbA and DsbC [52]. Another protein, DsbG, shares 28% sequence identity with DsbC 
and exhibits protein disulfide isomerase activity, albeit on a more narrow scope of yet-to-be-
identified substrates [5, 53, 54].

Like DsbA, DsbC has a dedicated redox protein partner, named DsbD, which is responsible 
for maintaining it in its reduced state (Figure 1). The dsbD gene was discovered using the same 
genetic screens that led to the discoveries of both DsbB and DsbC [55]. The dsbD gene product 
consists of three domains: an N-terminal periplasmic domain, a transmembrane domain, and 
a C-terminal periplasmic thioredoxin-like domain that shares approximately 45% sequence 
homology with eukaryotic PDIs [56]. Each of the domains of DsbD contains a pair of con-
served cysteine residues that are redox active and essential for its function [56]. To maintain 
DsbC in its reduced state, DsbD channels reducing equivalents that are mediated through a 
cascade of disulfide-bond reductions starting with the reduction of thioredoxin reductase by 
NADPH [57, 58]. Thioredoxin reductase reduces thioredoxin, which then reduces the cyste-
ine pair in the transmembrane domain of DsbD [58, 59]. This reduced cysteine pair initiates 
the sequential reduction of disulfide bonds in the C-terminal and N-terminal DsbD domains, 
respectively [59]. The reduced N-terminal domain cysteines then reduce DsbC (Figure 1). 
Reduction of DsbC occurs only when it is dimeric [60, 61]. This substrate preference likely 
stems from the tertiary structure of the N-terminal domain of DsbD, which adopts a immuno-
globulin-like fold and places the active site in the antigen-binding-like region [62]. The tertiary 
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structure promotes the binding of the DsbC dimer and occludes the binding of the monomeric 
DsbA and DsbB proteins, thereby separating the oxidative and reductive pathways [63].

The formation of disulfide bonds is essential to the structural integrity and folding of pro-
teins that are vital in many biological processes. E. coli and other prokaryotes have evolved 
a complex network of electron transport chains and quality control systems to facilitate and 
ensure proper disulfide-bond formation in the form of the Dsb proteins described above. 
The discovery of these Dsb proteins, and the subsequent revival of interest in disulfide-bond 
formation in eukaryotes, would not have been realized without the powerful combination of 
well-designed, selective genetic screens to produce mutants and the ability to sequence the 
resulting mutated genes. With the advent of next-generation sequencing, we should expect 
further elucidation of the biological and chemical processes that we do not yet understand or 
have yet to be discovered.

4. Disulfide-bond research in the post-genomic sequencing era

Since 2008, the cost of genome sequencing has declined faster than predicted by Moore’s Law 
[64]. Currently, the cost of sequencing a genome is ~$1500, and the lofty $1000/genome goal 
is within reach. Due to the radical drop in DNA sequencing costs, a multitude of laboratories 
and private and government institutions have completed the sequencing of approximately 
30,000 bacterial genomes [65]. This wealth of data is currently being used for a variety of 
biotechnological and clinical purposes including diagnostics, public health benefits, and bio-
surveillance/epidemiological studies [66, 67]. Accordingly, we have termed this time period 
as the “post-genomic sequencing era” to represent research that uses sequenced genomes, 
metagenomes, and environmental samples to search for novel enzymes and pathways and to 
predict the redox biology of bacteria.

4.1. Hunting for new disulfide-bond forming enzymes in the genomic landscape

One of the first examples of the use of sequenced genomes to predict and identify novel disul-
fide-bond forming pathways was conducted by Todd Yeates and colleagues [68–70]. They 
hypothesized that organisms rich in disulfide-bonded proteins would have a propensity to 
encode for proteins with an even number of cysteine residues, since an odd number might 
cause formation of aberrant disulfide bonds. This conjecture was based on the observation that 
the predicted open reading frames (ORFs) of the hyperthermophilic Pyrobaculum  aerophilum 
and Aeropyrum pernix species are strongly biased toward an even number of cysteines [70]. 
Since then, they have expanded their analysis to show that hyperthermophilic members of 
the Crenarchaeota branch all contain a multitude of disulfide-bonded proteins [68]. Mass 
spectrometric analysis of the proteome of Sulfolobus solfataricus revealed the majority of cyste-
ines to be disulfide bonded [71], and several disulfide-bonded proteins were  identified using 
2D gel analysis of lysates of P. aerophilum [72]. The presence of a high number of  disulfide 
bond-containing proteins in hyperthermophilic Crenarchaeota suggested these  bacteria 
 possess an undiscovered method of disulfide-bond maintenance. Indeed,  experimental 
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 evidence of such a system was obtained from the in vitro characterization of protein disulfide 
oxidoreductases (PDO) from Pyrococcus furiosus [73], Aquifex aeolicus [74], A. pernix [75], and 
S. solfataricus [76]. PDOs have been shown to be functional homologs of PDI and DsbC, that 
exhibit reduction, oxidation, and isomerization of disulfide bonds. Although there is growing 
evidence that the cytoplasm of Crenarchaeota is more amenable to disulfide-bond formation, 
the exact mechanism and the enzymes involved remain to be elucidated in vivo.

The method of predicting redox biology of organisms by simply analyzing the cysteine 
content of the predicted ORFs from sequenced genomes was expanded to all prokaryotic 
organisms with known genome sequences. By separating the predicted proteome into two 
subgroups—proteins predicted to be exported and those that remained in the cytoplasm—
this bioinformatic method was further developed to predict whether the periplasmic space 
was oxidizing or reducing [77]. This method led to the observation that some bacteria pre-
dicted to have an oxidizing periplasm encode a homolog of DsbA but lack a homolog of its 
partner DsbB. A closer look at these strains revealed that the DsbA homolog in Mycobacterium 
was a fusion protein to vitamin K epoxide reductase (VKOR) [77]. Characterization of bacte-
rial VKOR homologs confirmed that VKOR can indeed functionally replace DsbB in certain 
organisms [78, 79]. To our knowledge, this was the first use of genomic data to mine for new 
oxidoreductases, leading to the discovery of VKOR as a functional homolog of DsbB.

4.2. Selecting for new oxidoreductases using living bacteria

The advent of modern biomolecular tools, in conjunction with classical bacterial genetic 
screens, has led to the discovery of novel enzymes, yielded many new insights into biochemi-
cal pathways, and elucidated molecular mechanisms. The discovery that disulfide bonds are 
not formed spontaneously but are, in fact, formed catalytically by the enzyme DsbA was a 
serendipitous discovery using a blue/white screen for secretion defects [28]. The malF-lacZ 
fusion has been used to not only discover DsbA [28] but also mutants of DsbA with vari-
ous kinetic properties [31]. Since then, many other genetic screens have been developed to 
specifically detect the activity of an oxidoreductase in E. coli. These screens, described briefly 
below, allow for the selection of gene products whose activities permit the growth of strains 
in the absence of a dsb component. Characterization of mutant strains revealed insight into 
the molecular machinery of disulfide-bond formation and highlighted the plasticity of the dsb 
machinery. A few key mutations could convert a dedicated reductase into an oxidase or create 
novel pathways to maintain cell viability.

FlgI is a protein component of the flagellar machinery and requires a disulfide bond for 
its correct folding and activity [80]. Strains that have a functional disulfide-bond forming 
pathway are motile, while those with defects in disulfide-bond formation are not. By simply 
spotting bacteria incapable of forming disulfide bonds on dilute agar, researchers are able to 
screen and select for bacteria that have gained the ability to form disulfide bonds, since they 
become motile and swim away from the center. This phenotype has been used to characterize 
and select for new disulfide bond oxidases, such as selecting for mutant thioredoxins possess-
ing a new mechanism of disulfide-bond formation in the periplasm [81]. In another approach, 
researchers screened a multicopy plasmid library of E. coli and selected a  rhodanese protein 
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(PspE) with a single cysteine that can promote disulfide-bond formation in a strain completely 
lacking the dsb pathway [82].

Heavy metals such as copper or cadmium can oxidize thiol groups in periplasmic proteins, 
resulting in misfolding of proteins containing cysteines and, in some cases, leading to death 
[83]. DsbC can reduce and refold proteins that were misoxidized by such metals and is there-
fore necessary to protect cells from copper and cadmium-induced oxidative damage. This 
phenotype was used to select for strains containing mutant DsbG proteins that have gained 
the ability to isomerize misoxidized proteins [84]. In another heavy metal screen, cells lack-
ing the dsbA gene were screened for cadmium resistance to select for mutant DsbB that can 
bypass the need for DsbA [85]. The mutant DsbB proteins were able to oxidize DsbC and thus 
promote disulfide-bond formation.

A blue/white screen was developed using a mutant alkaline phosphatase (phoA*) that required 
DsbC for its correct folding and activity. Unlike DsbC, DsbG cannot isomerize misoxidized 
PhoA*. Mutants of dsbG were selected for their gained ability to isomerize PhoA*, resulting in 
the first in vivo screen that directly detected disulfide-bond isomerization of a single protein. 
This screen permitted the identification of key residues that converted a sulfenic acid reduc-
tase (DsbG) into a disulfide-bond isomerase whose activity increased the cells’ resistance to 
copper. Searching the genomes of sequenced prokaryotes, homologs of DsbG were discov-
ered to naturally have the key residues identified through the phoA* screen. Interestingly, 
these naturally existing homologs were also capable of protecting cells against copper toxic-
ity. Thus, through the identification of these key residues, activities of homologs can be pre-
dicted and tested [86].

The study of disulfide-bond formation has grown and matured significantly since the discovery of 
DsbA in 1991 [28]. Subsequently, the Dsb pathway in the model organism E. coli has been studied 
in great detail both in vivo and in vitro, and many novel and interesting mutants and suppressors 
have been identified using various in vivo screens. These new enzymes should have applications 
in both biotechnology and the pharmaceutical industry as detailed in the next section.

4.3. Biotechnological applications of disulfide-bonded proteins

Both the pharmaceutical and the biotechnological industries are extremely interested in disul-
fide-bonded proteins. Most eukaryotic cell surface and secreted proteins are rich in disulfide 
bonds due to the increased stability they confer, making these proteins attractive candidates 
as therapeutics (also known as biologics). For example, the first recombinant biologic was 
the hormone insulin, which was introduced by Eli Lilly in 1982, and the most profitable bio-
logic is the antibody Humira (adalimumab), both of which are disulfide-bonded proteins 
[87]. Between 1982 and 2013, approximately 100 recombinant protein therapeutics have been 
approved by the FDA, of which more than one-third are disulfide-bonded proteins (in par-
ticular monoclonal antibodies) [88].

Currently, antibodies represent the fastest growing category of biologics. Their specificity to 
therapeutic targets, ability to induce or inhibit immune response, and favorable pharmacoki-
netic profiles within the human body make them attractive therapeutics. The first therapeutic 
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oxidoreductases (PDO) from Pyrococcus furiosus [73], Aquifex aeolicus [74], A. pernix [75], and 
S. solfataricus [76]. PDOs have been shown to be functional homologs of PDI and DsbC, that 
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the exact mechanism and the enzymes involved remain to be elucidated in vivo.
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organisms with known genome sequences. By separating the predicted proteome into two 
subgroups—proteins predicted to be exported and those that remained in the cytoplasm—
this bioinformatic method was further developed to predict whether the periplasmic space 
was oxidizing or reducing [77]. This method led to the observation that some bacteria pre-
dicted to have an oxidizing periplasm encode a homolog of DsbA but lack a homolog of its 
partner DsbB. A closer look at these strains revealed that the DsbA homolog in Mycobacterium 
was a fusion protein to vitamin K epoxide reductase (VKOR) [77]. Characterization of bacte-
rial VKOR homologs confirmed that VKOR can indeed functionally replace DsbB in certain 
organisms [78, 79]. To our knowledge, this was the first use of genomic data to mine for new 
oxidoreductases, leading to the discovery of VKOR as a functional homolog of DsbB.
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The advent of modern biomolecular tools, in conjunction with classical bacterial genetic 
screens, has led to the discovery of novel enzymes, yielded many new insights into biochemi-
cal pathways, and elucidated molecular mechanisms. The discovery that disulfide bonds are 
not formed spontaneously but are, in fact, formed catalytically by the enzyme DsbA was a 
serendipitous discovery using a blue/white screen for secretion defects [28]. The malF-lacZ 
fusion has been used to not only discover DsbA [28] but also mutants of DsbA with vari-
ous kinetic properties [31]. Since then, many other genetic screens have been developed to 
specifically detect the activity of an oxidoreductase in E. coli. These screens, described briefly 
below, allow for the selection of gene products whose activities permit the growth of strains 
in the absence of a dsb component. Characterization of mutant strains revealed insight into 
the molecular machinery of disulfide-bond formation and highlighted the plasticity of the dsb 
machinery. A few key mutations could convert a dedicated reductase into an oxidase or create 
novel pathways to maintain cell viability.

FlgI is a protein component of the flagellar machinery and requires a disulfide bond for 
its correct folding and activity [80]. Strains that have a functional disulfide-bond forming 
pathway are motile, while those with defects in disulfide-bond formation are not. By simply 
spotting bacteria incapable of forming disulfide bonds on dilute agar, researchers are able to 
screen and select for bacteria that have gained the ability to form disulfide bonds, since they 
become motile and swim away from the center. This phenotype has been used to characterize 
and select for new disulfide bond oxidases, such as selecting for mutant thioredoxins possess-
ing a new mechanism of disulfide-bond formation in the periplasm [81]. In another approach, 
researchers screened a multicopy plasmid library of E. coli and selected a  rhodanese protein 
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(PspE) with a single cysteine that can promote disulfide-bond formation in a strain completely 
lacking the dsb pathway [82].

Heavy metals such as copper or cadmium can oxidize thiol groups in periplasmic proteins, 
resulting in misfolding of proteins containing cysteines and, in some cases, leading to death 
[83]. DsbC can reduce and refold proteins that were misoxidized by such metals and is there-
fore necessary to protect cells from copper and cadmium-induced oxidative damage. This 
phenotype was used to select for strains containing mutant DsbG proteins that have gained 
the ability to isomerize misoxidized proteins [84]. In another heavy metal screen, cells lack-
ing the dsbA gene were screened for cadmium resistance to select for mutant DsbB that can 
bypass the need for DsbA [85]. The mutant DsbB proteins were able to oxidize DsbC and thus 
promote disulfide-bond formation.

A blue/white screen was developed using a mutant alkaline phosphatase (phoA*) that required 
DsbC for its correct folding and activity. Unlike DsbC, DsbG cannot isomerize misoxidized 
PhoA*. Mutants of dsbG were selected for their gained ability to isomerize PhoA*, resulting in 
the first in vivo screen that directly detected disulfide-bond isomerization of a single protein. 
This screen permitted the identification of key residues that converted a sulfenic acid reduc-
tase (DsbG) into a disulfide-bond isomerase whose activity increased the cells’ resistance to 
copper. Searching the genomes of sequenced prokaryotes, homologs of DsbG were discov-
ered to naturally have the key residues identified through the phoA* screen. Interestingly, 
these naturally existing homologs were also capable of protecting cells against copper toxic-
ity. Thus, through the identification of these key residues, activities of homologs can be pre-
dicted and tested [86].

The study of disulfide-bond formation has grown and matured significantly since the discovery of 
DsbA in 1991 [28]. Subsequently, the Dsb pathway in the model organism E. coli has been studied 
in great detail both in vivo and in vitro, and many novel and interesting mutants and suppressors 
have been identified using various in vivo screens. These new enzymes should have applications 
in both biotechnology and the pharmaceutical industry as detailed in the next section.

4.3. Biotechnological applications of disulfide-bonded proteins

Both the pharmaceutical and the biotechnological industries are extremely interested in disul-
fide-bonded proteins. Most eukaryotic cell surface and secreted proteins are rich in disulfide 
bonds due to the increased stability they confer, making these proteins attractive candidates 
as therapeutics (also known as biologics). For example, the first recombinant biologic was 
the hormone insulin, which was introduced by Eli Lilly in 1982, and the most profitable bio-
logic is the antibody Humira (adalimumab), both of which are disulfide-bonded proteins 
[87]. Between 1982 and 2013, approximately 100 recombinant protein therapeutics have been 
approved by the FDA, of which more than one-third are disulfide-bonded proteins (in par-
ticular monoclonal antibodies) [88].

Currently, antibodies represent the fastest growing category of biologics. Their specificity to 
therapeutic targets, ability to induce or inhibit immune response, and favorable pharmacoki-
netic profiles within the human body make them attractive therapeutics. The first therapeutic 
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monoclonal antibody product, Orthoclone OKT3 (muromonab-CD3), was FDA approved in 
1986. Since then, research and development of biologics has led to many successful therapeu-
tics, with projected sales expected to reach nearly $125 billion by 2020 [89] (see Table 1 for top 
11 best-selling biologics in 2013 [90]). The production of antibodies for therapeutic applica-
tions is a well-established pipeline dominated by the use of Chinese hamster ovary (CHO) 
cells or hybridomas. However, identifying, characterizing, and engineering therapeutic anti-
bodies are still expensive, time-consuming, and effortful endeavors, leaving room for these 
aspects of biologic development to be streamlined.

Name Lead  
company

Molecule  
type

Approved indication(s) 2013 worldwide 
sales  
($ millions)

Humira (adalimumab) AbbVie mAb RA, juvenile RA, Crohn’s disease, PA,  
psoriasis, ankylosing spondylitis, UC

10,659

Enbrel (etanercept) Amgen Protein RA, psoriasis, ankylosing spondylitis, PA 
juvenile RA

8739

Lantus (insulin 
glargine)

Sanofi Peptide Diabetes mellitus type I, diabetes mellitus  
type II

7593

Rituxan (rituximab) Roche mAb RA, chronic, lymphocytic leukemia/small 
cell lymphocytic lymphoma, non-Hodgkin’s 
lymphoma, antineutrophil cytoplasmic 
antibodies-associated vasculitis, indolent non-
Hodgkin’s lymphoma, diffuse large  
B-cell lymphoma

7500

Remicade (infliximab) Johnson & 
Johnson

mAb RA, Crohn’s disease, psoriasis, UC, ankylosing 
spondylitis, PA

6962

Avastin (bevacizumab) Roche mAb Colorectal cancer, non-small cell lung cancer, 
renal cell cancer, brain cancer (malignant 
glioma; AA and GBM)

6747

Herceptin 
(trastuzumab)

Roche mAb Breast cancer, gastric cancer 6558

Gleevec (imatinib) Novartis Small 
molecule

Chronic myelogenous leukemia, 
gastrointestinal stromal tumor, acute 
lymphocytic leukemia, hypereosinophilic 
syndrome, mastocytosis, dermatofibrosarcoma 
protuberans, myelodys plastic syndrome, 
myeloproliferative disorders

4693

Neulasta 
(pegfilgrastim)

Amgen Protein Neutropenia/leukopenia 4392

Copaxone (glatiramer 
acetate)

Teva Pharma-
ceutical

Peptide Multiple sclerosis 4356

Revlimid 
(lenalidomide)

Celgene Small 
molecule

Multiple myeloma, myelodysplastic syndrome, 
mantle cell lymphoma

4281

Abbreviations: mAb, monoclonal antibody; RA, rheumatoid arthritis; PA, psoriatic arthritis; UC, ulcerative colitis; AA, 
anaplastic astrocytoma; GBM, glioblastoma multiforme. Adapted from Ref. [90].

Table 1. The top 10 best selling biologics in 2013. Of these 11 biologics, five are antibody-based therapeutics, indicated 
by the mAb under molecule type.
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The use of E. coli as the most popular host for recombinant engineering of proteins stems 
from the bevy of powerful genetic tools available, its cost effectiveness, and the short time 
frames required for both its growth and genetic experiments. The periplasm, where condi-
tions favor oxidized proteins, was the clear compartment to express various antibody frag-
ments, including full-length antibodies, versus the reducing conditions of the cytoplasm [91, 
92]. The periplasmic space remains an attractive alternative for the production of disulfide-
bonded proteins whose presence/activities may be toxic when expressed in the cytoplasm 
[93]. However, translocation of the target protein across the inner membrane to the periplasm 
can be problematic and may require extensive optimization of both the expression conditions 
and the targeting signal sequence. Furthermore, the lack of ATP in the periplasm makes it 
an energy-poor environment for proteins that require ATP-dependent chaperones for their 
folding. The cytoplasm is therefore a more suitable compartment for high-yielding protein 
production. It also obviates the problem of crossing the membrane and is rich in ATP, chap-
erones, and folding factors.

With the introduction of the ΔtrxB, gor engineered strains of E. coli [94, 95], it is now possible to 
not only express various antibody fragments but also full-length antibodies in the cytoplasm 
[96]. Yet, the lack of N-linked glycosylation in E. coli has hampered its use in the production of 
therapeutic immunoglobulins (IgGs), although a few examples of E. coli-produced therapeutic 
antibody fragments can be found, such as the Fab’ fragment named Lucentis (ranibizumab) 
against age-related macular degeneration [97]. The discovery of mutations in the Fc portion of 
IgG that circumvent the dependency on glycosylation for effective interaction with its cognate 
Fcγ receptor [98] opened the path to potential therapeutic applications of E. coli-expressed IgG 
[96]. Though E. coli is currently not as established as CHO or hybridoma cell lines for the pro-
duction of therapeutic IgG, it is slowly becoming a more common host for the production of 
antibodies. Other E. coli-based technologies, such as phage display, have had extensive use in 
the discovery and engineering of antibodies, both for the biotech and the pharmaceutical indus-
tries. The use of phage display technology to identify novel antibodies of therapeutic targets, 
such as the HIV virus coat protein, was first described in 1991 [99]. Since then, phage display 
has been used to develop novel antibody-based applications. For example, the antibody Humira 
went through extensive engineering using this technique to create an effective biologic [100].

4.4. Engineering disulfide bonds

One key feature of disulfide bonds is their ability to increase the thermostability of proteins by 
decreasing the number of conformations a protein can attain and thus lowering the conforma-
tional entropy of a protein. Secreted proteins leave the protective environment of the cell cyto-
plasm, and they are rich in disulfide bonds which help to increase their extracellular half-lives. 
These enzymes are of significant utility in the biotech industry where high-temperature pro-
cesses are often used. In some cases, disulfide bonds have been introduced into such enzymes 
to increase their thermostability [101]. Early investigations into the effects of engineered disul-
fide bonds were performed on phage lambda repressor [102], T4 lysozyme [103], and subtilisin 
[104], and later were expanded to antibodies [105] and other proteins used in the biotechnol-
ogy industry. For example, the disulfide bond engineered into the extracellular ribonuclease 
(barnase) from Bacillus amyloliquefaciens unfolds 20 times slower than wild type and 170 times 
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monoclonal antibody product, Orthoclone OKT3 (muromonab-CD3), was FDA approved in 
1986. Since then, research and development of biologics has led to many successful therapeu-
tics, with projected sales expected to reach nearly $125 billion by 2020 [89] (see Table 1 for top 
11 best-selling biologics in 2013 [90]). The production of antibodies for therapeutic applica-
tions is a well-established pipeline dominated by the use of Chinese hamster ovary (CHO) 
cells or hybridomas. However, identifying, characterizing, and engineering therapeutic anti-
bodies are still expensive, time-consuming, and effortful endeavors, leaving room for these 
aspects of biologic development to be streamlined.
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The use of E. coli as the most popular host for recombinant engineering of proteins stems 
from the bevy of powerful genetic tools available, its cost effectiveness, and the short time 
frames required for both its growth and genetic experiments. The periplasm, where condi-
tions favor oxidized proteins, was the clear compartment to express various antibody frag-
ments, including full-length antibodies, versus the reducing conditions of the cytoplasm [91, 
92]. The periplasmic space remains an attractive alternative for the production of disulfide-
bonded proteins whose presence/activities may be toxic when expressed in the cytoplasm 
[93]. However, translocation of the target protein across the inner membrane to the periplasm 
can be problematic and may require extensive optimization of both the expression conditions 
and the targeting signal sequence. Furthermore, the lack of ATP in the periplasm makes it 
an energy-poor environment for proteins that require ATP-dependent chaperones for their 
folding. The cytoplasm is therefore a more suitable compartment for high-yielding protein 
production. It also obviates the problem of crossing the membrane and is rich in ATP, chap-
erones, and folding factors.

With the introduction of the ΔtrxB, gor engineered strains of E. coli [94, 95], it is now possible to 
not only express various antibody fragments but also full-length antibodies in the cytoplasm 
[96]. Yet, the lack of N-linked glycosylation in E. coli has hampered its use in the production of 
therapeutic immunoglobulins (IgGs), although a few examples of E. coli-produced therapeutic 
antibody fragments can be found, such as the Fab’ fragment named Lucentis (ranibizumab) 
against age-related macular degeneration [97]. The discovery of mutations in the Fc portion of 
IgG that circumvent the dependency on glycosylation for effective interaction with its cognate 
Fcγ receptor [98] opened the path to potential therapeutic applications of E. coli-expressed IgG 
[96]. Though E. coli is currently not as established as CHO or hybridoma cell lines for the pro-
duction of therapeutic IgG, it is slowly becoming a more common host for the production of 
antibodies. Other E. coli-based technologies, such as phage display, have had extensive use in 
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slower than the reduced protein [106]. It is also possible to engineer an interchain disulfide 
bond within two subunits to bring together the activities of two distinct enzymes [107].

In addition to engineering disulfide bonds into proteins, the reactivity of disulfide-bond form-
ing proteins can also be altered to provide new functionalities. For example, chimeras were 
created by fusing the disulfide-bond oxidase DsbA to the dimerization domain and α-helical 
linker derived from the bacterial proline cis/trans isomerase FkpA. These chimeras were 
capable of catalyzing the in vivo isomerization of misoxidized disulfide bonds with similar 
efficiency as that of DsbC [108]. The DsbA-FkpA chimeras also conferred modest resistance 
to CuCl2, which is dependent on disulfide-bond isomerization. This resistance allowed for the 
selection of DsbA-FkpA mutants which were found to contain a single amino acid variation 
in the active site of DsbA from CPHC to CPYC. Substitution of histidine with tyrosine made 
the active site more DsbC-like (CGYC), which could partially explain the gain of DsbC-like 
isomerization activity. Interestingly, DsbC is not a substrate for the DsbA-DsbB oxidation sys-
tem and does not exhibit disulfide-bond oxidase activity. However, the DsbA-FkpA chime-
ras exhibited both oxidase and isomerization functionalities, and dsbA deletion strains were 
partially complemented by the presence of the DsbB-dependent DsbA-FkpA chimeras [108].

4.5. Dsb enzymes as novel antimicrobial targets

Many pathogenic bacteria, including Vibrio cholerae, Pseudomonas aeruginosa, Salmonella 
enterica, Helicobacter pylori, Bordetella pertussis, and E. coli, among others, make use of periplas-
mic disulfide-bonded proteins that act as virulence factors or function in processes related to 
their pathogenicity [109–114]. These virulence factors and pathogenic functions rely on the 
Dsb proteins, in particular DsbA, for proper folding. As a consequence, disruptions in the 
redox and isomerization activities of the dsb system partially or fully attenuate the pathoge-
nicity of these bacterial species [115]. Specifically, maturation of toxins of V. cholerae, B. pertus-
sis, and E. coli requires the formation of DsbA-dependent disulfide bonds [109, 113, 116, 117]. 
Strains of these bacteria lacking dsbA synthesize misfolded, misassembled, and/or unstable 
toxin proteins that are severely impaired or nonfunctional. Along these lines, ΔdsbA strains of 
S. enterica and E. coli lack the flagellin (FliC) protein, which is a primary constituent of the fila-
ments of their flagella. FliC does not contain any disulfide bonds. However, due to the hier-
archical assembly of the flagellum machinery, which requires several proteins with disulfide 
bonds to precede FliC in its biogenesis, it is thought that FliC simply is not translated or that 
it cannot be assembled into the organelle due to the missing disulfide bonds and/or disulfide-
bonded proteins [50, 118]. As a result, these ΔdsbA strains of S. enterica and E. coli bacteria are 
nonmotile and their pathogenicity is severely attenuated. Additionally, the loss of disulfide 
bonds in ΔdsbA strains of V. cholerae and E. coli affects their ability to adhere to eukaryotic cells 
and/or form biofilms due to defects in their pili, thereby limiting their infectivity [109, 119, 
120]. All together, these studies showed that the Dsb enzymes, especially DsbA, play crucial 
roles in the pathogenicity of several species of bacteria, making these enzymes logical targets 
for novel antibiotic development.

Indeed, some research has focused on the development of small molecule inhibitors of Dsb 
enzymes and their homologs (reviewed in Refs. [121, 122]). In humans, blood coagulation 
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involves the activity of the enzyme vitamin K epoxide reductase (VKOR), which is inhib-
ited by the anticoagulant drug warfarin (Coumadin). Interestingly, Mycobacterium tuberculosis 
(Mtb) and other bacteria do not encode for a DsbB protein, but instead encode a homolog 
of VKOR. Although DsbB and VKOR exhibit little sequence similarity, they appear to be 
functionally similar, since VKOR can replace DsbB in both E. coli and cyanobacterial ΔdsbB 
strains [77, 123]. Warfarin was shown to both inhibit MtbVKOR activity and bacterial growth. 
Furthermore, mutations in the VKOR protein from warfarin-resistant Mtb mutants were 
mapped to nearly identical locations in mutant VKORs from patients who require higher 
effective doses of warfarin, indicating the drug likely inhibits bacterial and human VKORs in 
similar manners [34]. These findings, in conjunction with the severe growth defects observed 
in MtbVKOR homolog deletion strains, suggested that stronger inhibitors of MtbVKOR could 
be used as effective antituberculosis agents [34].

Promising small molecule inhibitors of bacterial Dsb proteins have been identified using frag-
ment-based lead discovery (FBLD) [124]. FBLD identifies small molecule fragments that weakly 
bind to a target of interest. Through many rounds of iterative combinations of such fragments 
and high-throughput screening, candidate molecules with higher binding affinities for the 
target are created, leading to possible drug candidates. Using a detergent-solubilized EcDsbB 
immobilized onto sepharose resin and 1H NMR, 1071 fragments were tested for both binding 
to and inhibition of EcDsbB, yielding eight fragments exhibiting IC50 values of 7–170 μM. The 
eight fragments were divided into two groups based on their molecular scaffolds and hypoth-
esized mechanisms of inhibition: blocking of quinone binding and blocking of both quinone 
and EcDsbA binding to DsbB [124]. A further study improved the IC50 value of a candidate 
molecule to 1.1 μM through additional rounds of FBLD. This molecule inhibited both EcDsbA 
and DsbB through covalent modification of active site cysteine residue in each protein with a 
propionyl group, thereby abrogating their ability to form disulfide bonds. The molecule also 
exhibited a degree of selectivity for DsbA and DsbB proteins, since it was shown to have no 
effect on human thioredoxin activity [125].

Through the use of high-throughput blue/white screening, six additional small molecule 
inhibitors of EcDsbB were identified from a pool of approximately 52,000 compounds. 
These six molecules all contained a pyridazinone ring and exhibited a degree of selectiv-
ity for EcDsbB, since they were unable to inhibit the MtbVKOR homolog described above. 
Interestingly, the molecules inhibited DsbB enzymes from other Gram-negative pathogens, 
including V. cholerae, Haemophilus influenzae, Salmonella typhimurium, Klebsiella pneumoniae, 
Francisella tularensis, Acinetobacter baumannii, and P. aeruginosa, to varying degrees [126].

In addition to small molecules, larger peptides capable of inhibiting the formation of the 
DsbA-DsbB complex have been developed. Using the crystal structure of the DsbA-DsbB 
complex [127], a peptide of seven amino acids corresponding to a loop of DsbB involved 
in docking with DsbA was identified and found to bind to EcDsbA with low micromolar 
affinity (Kd = 13.1 ± 0.4 μM). Further engineering of this peptide resulted in a new pep-
tide with greater affinity (Kd = 5.7 ± 0.4 μM) that also exhibited fairly potent inhibition of 
EcDsbA oxidase activity (IC50 = 8.8 ± 1.1 μM) [128]. The studies described herein clearly show 
that the  DsbA-DsbB protein system is an attractive and tractable target for novel antibiotic 
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 development. While the inhibitors described above exhibit relatively weak binding affinities, 
the resulting phenotypes observed support their disruption of disulfide-bond formation in 
the cell. These “first-generation” molecules can serve as a foundation from which more potent 
compounds can be identified and developed.

5. Future directions

There are 4306 predicted E. coli K12 protein sequences present in the UniProt proteome data-
base (http://www.uniprot.org/proteomes/) [129]. An initial analysis of their compartmental-
ization within the cell using the prediction software TOPCONS2 (http://topcons.cbr.su.se/
pred/) [130] allowed us to putatively assign each of these proteins to one of three subcellular 
compartments: cytoplasmic, transmembrane in the inner membrane (referred to as trans-
membrane hereafter), or secreted. To hone in on proteins exhibiting possible oxidoreductase 
activity, the CXXC motif was used as a signature to identify 406 proteins, which showed that 
approximately 10% of all predicted E. coli proteins contain this motif, thereby demonstrating 
its relative ubiquity. Of these 406 proteins, ~75% are cytoplasmic, ~18% are transmembrane, 
and ~7% are secreted (see Table 2). The pool of non-CXXC-containing proteins comprises the 
remaining 3900 proteins, of which ~63% are cytoplasmic, ~23% are transmembrane, and ~14% 
are secreted (omitted from Table 2). The transmembrane and secreted compartments have a 
lower fraction of CXXC-containing proteins in keeping with the exclusion of cysteine residues 
from these compartments in aerobes [77]. A comparison of the non-CXXC sequence pool with 
the CXXC sequence pool shows a slight enrichment of CXXC proteins in the cytoplasm (~75%) 
versus non-CXXC cytoplasmic proteins (~63%). The distribution of CXXC and non-CXXC 
proteins in the transmembrane is similar (18 and 23%, respectively); however, about twice 
as many non-CXXC proteins are secreted (14%) compared to CXXC proteins. Approximately 
22% (90 of 406) of CXXC proteins are annotated in the UniProt data as binding metal ions or as 
iron-sulfur cluster-containing proteins. While 46% of all CXXC proteins have been function-
ally characterized, the remaining majority (54%) should be characterized to develop a better 
understanding of the reactions they catalyze, how those identified to be oxidoreductases may 
contribute to the redox biology of bacteria, and to identify novel targets for therapeutics.

Compartment Number of proteins Contain CXXC Known function Unknown function Metal binding

Cytoplasm 2755 64% 305 75% 147 78% 158 72% 79 88%

Transmembrane 970 23% 72 18% 33 18% 39 18% 7 8%

Secreted 581 13% 29 7% 8 4% 21 10% 4 4%

Total 4306 100% 406 100% 188 100% 218 100% 90 100%

Secreted refers to proteins in the periplasm and secreted outside of the cell. Compartment location was predicted using 
topological and signal sequence input data on the TOPCONS server. Gene ontology (GO) codes EXP and IDA were used 
to identify proteins with experimentally verified function from the UniProt database; those lacking these codes were 
defined as having unknown function. GO codes were also used to identify CXXC proteins annotated to bind metals 
[129].

Table 2. The E. coli proteome separated by compartment, the presence of CXXC motifs, and known function.
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6. Conclusions

While more than 20 years of research have elucidated many of the Dsb proteins and their 
functions, more questions surrounding these proteins remain to be answered: What are the 
precise mechanisms by which PDI and DsbC catalyze disulfide-bond isomerization in vivo? 
How are electrons transported across the inner membrane by DsbD? What are the redox 
states and midpoint potentials of the cytoplasm of Crenarchaeota? Additionally, most of the 
characterization of Dsb proteins has been done in E. coli, which is not an appropriate model 
for all bacteria, e.g., M. tuberculosis, Staphylococcus aureus, and Listeria monocytogenes, so further 
characterization of the Dsb protein networks in other organisms is needed. Along these lines, 
Dsb proteins from pathogenic bacteria represent possible targets for antibiotic/vaccine devel-
opment. Since several Dsb proteins have been structurally characterized, it is now possible to 
develop antibiotics by structure-guided design. While broad-spectrum antibiotic molecules 
are unlikely to be developed, again due to the diversity of Dsb proteins/networks within bac-
terial species, those targeting specific pathogenic species are not out of reach.

As more disulfide-bonded proteins are characterized, our knowledge of the stability and 
structures these bonds confer, their likelihood of scrambling in mulitply disulfide-bonded 
proteins, and their relative redox potentials will grow. This will allow researchers to better 
predict native disulfide bonds from sequence data and better engineer disulfide bonds in pro-
teins for desirable physicochemical properties, which will benefit both the biotechnological 
and pharmaceutical industries, especially in the development and production of antibodies. 
Ideally, both industries should aim to produce antibodies as quickly, cheaply, and effectively 
as possible. The engineering of bacterial strains to overproduce correctly folded antibodies 
and/or engineering antibodies themselves for desired properties represents a technically 
challenging but incredibly useful advancement in the field of oxidative protein folding. 
Future research in these areas should lead to great innovations in both the biotechnological 
and pharmaceutical industries that will improve the health and increase the knowledge of 
humankind.
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Abstract

In a natural habitat, microbes respond to alterations in the amounts of nutrients or to 
stresses such as osmotic stress and stresses caused by low or high pH, salt, heat, and 
antibiotics by changing their mode for proliferation or survival. Similarly, Escherichia coli 
cells in a test tube change the growth mode according to environmental conditions when 
they enter a stationary phase. Until a sufficient supply of nutrients, the organism survives 
under such stressful and nutrient-limited conditions by altering gene expression to be 
more protective against such conditions. The definite trigger of the onset of stationary 
phase is still unclear, but several lines of evidence indicate that the regulation mecha-
nism is very complicated and involves several transcriptional factors including alterna-
tive sigma factors, σE and σS. In addition, E. coli cells behave as a community of species 
and give rise to programmed cell death (PCD) for ensuring survival by controlling the 
cell number and supplying nutrients to sibling cells in long-term stationary phase (LTSP). 
The main PCD is probably performed by σE in E. coli. In this chapter, physiological func-
tions of σE and PCD are introduced and reviewed and their possible involvement in sur-
vival mechanisms in stationary phase, especially LTSP, is shown.

Keywords: survival mechanism, envelop stress, σE, programmed cell death, long-term 
stationary phase

1. Introduction

1.1. Brief introduction of σE

Living Escherichia coli cells are constantly suffering from various stresses. The bacterium thus 
possesses mechanisms to sense stresses and deal with them by changing gene expression 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

In a natural habitat, microbes respond to alterations in the amounts of nutrients or to 
stresses such as osmotic stress and stresses caused by low or high pH, salt, heat, and 
antibiotics by changing their mode for proliferation or survival. Similarly, Escherichia coli 
cells in a test tube change the growth mode according to environmental conditions when 
they enter a stationary phase. Until a sufficient supply of nutrients, the organism survives 
under such stressful and nutrient-limited conditions by altering gene expression to be 
more protective against such conditions. The definite trigger of the onset of stationary 
phase is still unclear, but several lines of evidence indicate that the regulation mecha-
nism is very complicated and involves several transcriptional factors including alterna-
tive sigma factors, σE and σS. In addition, E. coli cells behave as a community of species 
and give rise to programmed cell death (PCD) for ensuring survival by controlling the 
cell number and supplying nutrients to sibling cells in long-term stationary phase (LTSP). 
The main PCD is probably performed by σE in E. coli. In this chapter, physiological func-
tions of σE and PCD are introduced and reviewed and their possible involvement in sur-
vival mechanisms in stationary phase, especially LTSP, is shown.

Keywords: survival mechanism, envelop stress, σE, programmed cell death, long-term 
stationary phase

1. Introduction

1.1. Brief introduction of σE

Living Escherichia coli cells are constantly suffering from various stresses. The bacterium thus 
possesses mechanisms to sense stresses and deal with them by changing gene expression 
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levels and metabolisms. σE, one of the seven sigma factors existing in E. coli [1], is associated 
with the core RNA polymerase complex and initiates transcription by directly recognizing 
a promoter consisting of specific elements. σE was found for the time as a heat shock sigma 
factor due to reduction in the expression level of heat shock proteins at 50 °C in mutants of 
rpoE, encoding σE [2] and it is thought to be one of heat shock sigmas like σH. σE has been 
recognized as an envelope stress-responsive sigma factor [3] that senses an abnormality of 
the outer membrane integrity. Under the control of this sigma, several important genes are 
governed, for example, σH and genes for protein folding and degradation [4]. In addition, σE 
represses the synthesis of outer membrane proteins (OMPs). We show ingenious mechanisms 
of σE management of its molecule and activity and functions of genes under the control of σE 
in Section 2.

1.2. Brief introduction of PCD

PCD is conserved for all genetically encoded processes that lead to cell suicide. This con-
ceptual word was first proposed in 1964 [5]. PCD that is observed in development, aging, 
and pathology in eukaryotic multicellular organisms is classified into three categories based 
on morphological characteristics such as apoptosis, autophagy, and necrosis. Among these, 
apoptosis, first described in 1972 [6], is the most well-characterized PCD. The morphologi-
cal manifestations associated with apoptosis include chromatin condensation, chromosomal 
DNA fragmentation, membrane blebbing, cell shrinkage, and disassembly of the cell into 
membrane-enclosed vesicles. Apoptosis is highly regulated, and proteases called caspases 
play key roles in the induction of DNA fragmentation in the activation cascade [7]. Autophagy 
is the process by which a vesicle called an autophagosome is constructed for atrophy of the 
nucleus but with no DNA fragmentation [7]. Necrosis is triggered by activation of various 
receptors for loss of cell membrane integrity and uncontrollable release of intracellular con-
tents into the extracellular space [7]. The physiological importance of these PCDs in the devel-
opment of an animal has been well defined. For example, during embryonic development, the 
earliest form of the human hand resembles a paddle due to the elimination of excess cells by 
apoptosis. PCD mechanisms are also responsible for the homeostasis of multicellular organ-
isms by the elimination of damaged cells that may become a source of cancer cells in the body.

It was thought that PCD only exists in eukaryotic cells, but several scientists have consid-
ered the possibility of the existence of bacterial PCD resembling eukaryotic PCD mechanisms. 
Indeed, a growing body of evidence has shown that PCD is indispensable for bacterial devel-
opment and is closely associated with bacterial survival mechanisms [8, 9]. Bacterial communi-
ties utilize PCD for survival of their population when suffering from oxidative stress, nutrient 
deprivation, phage infections, or other problems. The cell survival mechanism is a response 
to stresses outside cells and inside cells, but excessive damage turns on the PCD mechanism 
of some cells to help sibling cells. In the development processes of bacteria, PCD provides 
nutrients to sibling cells, releases components, and promotes special aspects. Indeed, biofilm 
formation, sporulation, and other multiple cell-like developments have been shown to bear 
PCD mechanisms in these processes. In biofilm development, cell death and lysis are required 
for the release of genomic DNA (known as extracellular DNA), which becomes incorporated 
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into the biofilm matrix and serves as an adherence molecule [10]. For the development of 
sporulation, sporulating cells produce a killing factor for nonsporulating cells, from which 
released nutrients support sporulation. Moreover, the mother cell in the sporulating popula-
tion undergoes PCD to release the mature spore via its autolysis [11]. As other mechanisms, 
Fratricide behavior during its genetic transformation, autolysis in Myxococcus xanthus devel-
opment, developmental cycle in Streptomyces, and coccoid formation in Helicobacter pylori also 
include PCD in their processes [9].

Many bacterial PCDs are induced through the toxin-antitoxin (TA) system. Five types of TA 
systems have been found and characterized [9, 12]. Type I has an antisense RNA that pairs 
with its corresponding toxin mRNA. The difference in transcription between toxin RNA and 
antitoxin RNA controls the toxin activity. Type II has a protein antitoxin that detoxifies its 
corresponding toxin protein by their protein-protein interaction. This type of TA system is 
most abundant. Type III has an antitoxin RNA that interacts directly with the target toxin 
protein to form an antitoxin RNA-toxin inactive complex. Type IV has a protein antitoxin 
that stabilizes the target of the toxin by direct binding. Type V has an endoribonuclease that 
cleaves the target toxin mRNA. These TA systems play important roles in several cellular 
processes such as plasmid stabilization, formation of persistent cells, peptidoglycan synthe-
sis, resistance to bacteriophages and antibiotics, and inhibition of macromolecule and biofilm 
formation [9, 12]. PCD via a TA system is executed by the role of toxin proteins. mazEF in the 
type II TA system in E. coli has been the most intensively investigated and it has been shown 
to play a key role in the PCD process.

It has been suggested that the bacterial strategy for survival against DNA damage resembles 
the PCD mechanisms in eukaryotes [13]. The PCD mechanisms characterized in both prokary-
otic and eukaryotic cells indicate that DNA damage leads to cell death when the damage is 
irreparable. Bayles reported that the death pathway also leads to apoptosis-like processes or 
autolysis [13]. The similarity of cell death systems in eukaryotes and bacteria suggests that the 
common origin of this system is derived from endosymbiotic bacteria [9]. Therefore, PCD is a 
basic mechanism for organisms in all kingdoms for the maintenance of communities, and this 
system has been acquired at a very early stage of appearance of life on earth. In Section 3, we 
summarize PCDs in E. coli and show σE-dependent cell lysis as one of the PCDs and its physi-
ological roles, which our group has discovered.

1.3. Brief introduction of LTSP

In nutrient-sufficient media in the laboratory, E. coli exhibits a typical growth curve consist-
ing of five phases: lag phase, log phase, stationary phase, death phase, and LTSP (Figure 1) 
[14, 15]. Among these phases, characteristics of first three phases have been described in detail 
elsewhere [15]. It has been thought that cells in the death phase gradually die, and it is known 
that 99.9% of the cells are not viable in that phase. However, Finkel reported that E. coli is 
able to survive for 5 years in LB medium without any additional nutrients if the volume and 
osmolarity of the medium are maintained [14]. The transition of viable (colony-forming) cell 
number from 109 cells/ml at the stationary phase to 106 CFU/ml at the LTSP [14] is accom-
plished by a rapid decrease in an exponential fashion in the death phase. Then the viable cell 
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to stresses outside cells and inside cells, but excessive damage turns on the PCD mechanism 
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tion undergoes PCD to release the mature spore via its autolysis [11]. As other mechanisms, 
Fratricide behavior during its genetic transformation, autolysis in Myxococcus xanthus devel-
opment, developmental cycle in Streptomyces, and coccoid formation in Helicobacter pylori also 
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with its corresponding toxin mRNA. The difference in transcription between toxin RNA and 
antitoxin RNA controls the toxin activity. Type II has a protein antitoxin that detoxifies its 
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protein to form an antitoxin RNA-toxin inactive complex. Type IV has a protein antitoxin 
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formation [9, 12]. PCD via a TA system is executed by the role of toxin proteins. mazEF in the 
type II TA system in E. coli has been the most intensively investigated and it has been shown 
to play a key role in the PCD process.

It has been suggested that the bacterial strategy for survival against DNA damage resembles 
the PCD mechanisms in eukaryotes [13]. The PCD mechanisms characterized in both prokary-
otic and eukaryotic cells indicate that DNA damage leads to cell death when the damage is 
irreparable. Bayles reported that the death pathway also leads to apoptosis-like processes or 
autolysis [13]. The similarity of cell death systems in eukaryotes and bacteria suggests that the 
common origin of this system is derived from endosymbiotic bacteria [9]. Therefore, PCD is a 
basic mechanism for organisms in all kingdoms for the maintenance of communities, and this 
system has been acquired at a very early stage of appearance of life on earth. In Section 3, we 
summarize PCDs in E. coli and show σE-dependent cell lysis as one of the PCDs and its physi-
ological roles, which our group has discovered.
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In nutrient-sufficient media in the laboratory, E. coli exhibits a typical growth curve consist-
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[14, 15]. Among these phases, characteristics of first three phases have been described in detail 
elsewhere [15]. It has been thought that cells in the death phase gradually die, and it is known 
that 99.9% of the cells are not viable in that phase. However, Finkel reported that E. coli is 
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plished by a rapid decrease in an exponential fashion in the death phase. Then the viable cell 
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number is maintained around 106 CFU/ml by unknown mechanisms for a very long period. 
Interestingly, in the LTSP, viable cells show a growth advantage against parent strains [16]. 
The phenotype of these cells is called growth advantage in stationary phase (GASP). In addi-
tion, GASP mutants consecutively occur every 10 days in the same culture [17]. Therefore, 
cells in the LTSP are not static and a dramatic population change occurs for adapting to the 
environmental perturbation of nutrients and conditions for survival.

What factors can lead E. coli cells from the stationary phase to the LTSP? The onset and 
course of the stationary phase have been summarized well in other reviews [15, 18]. Briefly, 
at the beginning of the stationary phase, the abundance of specific sigma factors is known to 
change: σE and σS molecules are increased by fivefold and by threefold to fourfold, respec-
tively [19–21]. The physiological roles of σE and σS suggest that these factors enable cells to 
adapt to environments in the stationary phase by changing expression of 10% of the genes 
of E. coli. However, it has not been clarified how the death phase and LTSP start. Since pro-
tein expression level is kept low for several days in the stationary phase [22], cells may have 
some activity to accomplish preparation for the coming phases. These activities are  probably 
related to PCD mechanisms [14] as described below. Several factors have been considered 
for the transition to the LTSP. One of these factors is reactive oxygen species (ROS). Indeed, 
mutants of genes for NADH dehydrogenase in the respiratory chain, which is a primary 
source of ROS, exhibited no GASP phenotype [23]. In addition, GASP phenotypes are altered 
by vessel volume of cultures, probably affecting dissolved oxygen concentrations in the 
medium [24]. On the other hand, we have revealed that σE-dependent PCD is essential for 

Figure 1. Transition model of viable cells until the LTSP in E. coli. The LTSP is created presumably by the sequential 
alteration of the expression of regulators. The sigma factors σE and σS are important regulators for onset of the stationary 
phase and the consequent death phase. PCD and SOS-induced DNA polymerases, Pol II, Pol IV, and Pol V, are thought 
to be important factors for maintenance of the LTSP. Adapted from Finkel [14].
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the GASP phenotype [25], indicating the responsibility of PCDs for the LTSP transition. We 
describe the possible survival mechanism of E. coli in the LTSP and the importance of σE-
dependent PCD in Section 4.

2. Functions of σE

2.1. Mechanisms of membrane stress responses for σE activation

Bacteria have mechanisms for rapid responses to environmental stresses, especially on the 
envelope because cell structure is maintained by integrity of the membrane. There have been 
many studies on membrane stress responses. In Gram-negative bacteria, such responses are 
known as envelope stress responses (ESRs). There are five known ESRs, Cpx, σE, Bae, Rcs, 
and Psp ESRs, that are induced by a variety of envelope stresses and alter the expression of 
adaptive functions to modify the envelope, rid cells of a toxic entity, and/or repair substan-
tial damage [3]. Of these ESRs, σE ESR, a subset first found in E. coli, is known to respond to 
stresses such as stresses from heat and alkali due to damage of the outer membrane [26]. The 
σE ESR detects perturbations in biogenesis of the outer membrane or lipopolysaccharide (LPS) 
due to protein-folding problems in the periplasmic space and outer membrane (Figure 2). 
The key protein in this response is a transmembrane protein of RseA as an anti-σE protein 
capturing σE to inactivate it under nonstress conditions. Under stress conditions, σE activation 
is accomplished by the stepped degradation of RseA via three proteases, DegS, RseP (YaeL), 
and ClpXP. Senescing of the integrity of OMPs, which causes the activation of DegS by bind-
ing with unfolded OMPs, is the first key mechanism of σE activation [26]. In addition, DegS 
cleavage of RseA is physiologically inhibited by RseB binding to a conserved region near 
the C-terminus of the poorly structured RseA domain [27]. Therefore, RseB can negatively 
regulate the RseA degradation [27, 28]. RseB senses LPS integrity for binding with released 
LPS, and LPS displaces RseA from RseB due to antagonization of binding [29]. The subse-
quent intramembrane proteolysis of RseA by RseP is not performed when RseB is bound to 
RseA due to blockage through the side filtering function of the two PDZ domains of RseP 
[30]. Under stress conditions, the exposed periplasmic domain of RseA is cleaved by DegS 
between V148 and S149 [26]. Consequently, specific recognition of cleaved RseA is performed 
by the PDZ tandem domains of RseP [30], and specific cleavage of the transmembrane region 
of RseA1–148 is also executed at A108 and C109 [31]. Finally, the cleaved cytoplasmic region of 
RseA1–108 is recognized by SspB, and RseA1–108/σE complex is delivered to cytoplasmic AAA+ 
proteinases such as ClpXP [32, 33]. Destruction of the RseA fragment allows σE liberation and 
activation to cause the transcription of stress-responsive genes under the control of σE [28, 34].

These dual molecular signals (unfolded OMPs and LPS) are key factors for the σE ESR to 
sense outer membrane stresses [29]. For cell formation, OMPs and LPS are transported from 
the cytoplasm to the outer membrane in E. coli. The transport of OMPs as a beta-barrel struc-
ture is performed by the Sec-SurA-BAM system [35]. DegS is activated by binding of a pep-
tide bearing a YxF motif at the C-terminus of an OMP, which is exposed by envelope stress, 
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the GASP phenotype [25], indicating the responsibility of PCDs for the LTSP transition. We 
describe the possible survival mechanism of E. coli in the LTSP and the importance of σE-
dependent PCD in Section 4.

2. Functions of σE

2.1. Mechanisms of membrane stress responses for σE activation

Bacteria have mechanisms for rapid responses to environmental stresses, especially on the 
envelope because cell structure is maintained by integrity of the membrane. There have been 
many studies on membrane stress responses. In Gram-negative bacteria, such responses are 
known as envelope stress responses (ESRs). There are five known ESRs, Cpx, σE, Bae, Rcs, 
and Psp ESRs, that are induced by a variety of envelope stresses and alter the expression of 
adaptive functions to modify the envelope, rid cells of a toxic entity, and/or repair substan-
tial damage [3]. Of these ESRs, σE ESR, a subset first found in E. coli, is known to respond to 
stresses such as stresses from heat and alkali due to damage of the outer membrane [26]. The 
σE ESR detects perturbations in biogenesis of the outer membrane or lipopolysaccharide (LPS) 
due to protein-folding problems in the periplasmic space and outer membrane (Figure 2). 
The key protein in this response is a transmembrane protein of RseA as an anti-σE protein 
capturing σE to inactivate it under nonstress conditions. Under stress conditions, σE activation 
is accomplished by the stepped degradation of RseA via three proteases, DegS, RseP (YaeL), 
and ClpXP. Senescing of the integrity of OMPs, which causes the activation of DegS by bind-
ing with unfolded OMPs, is the first key mechanism of σE activation [26]. In addition, DegS 
cleavage of RseA is physiologically inhibited by RseB binding to a conserved region near 
the C-terminus of the poorly structured RseA domain [27]. Therefore, RseB can negatively 
regulate the RseA degradation [27, 28]. RseB senses LPS integrity for binding with released 
LPS, and LPS displaces RseA from RseB due to antagonization of binding [29]. The subse-
quent intramembrane proteolysis of RseA by RseP is not performed when RseB is bound to 
RseA due to blockage through the side filtering function of the two PDZ domains of RseP 
[30]. Under stress conditions, the exposed periplasmic domain of RseA is cleaved by DegS 
between V148 and S149 [26]. Consequently, specific recognition of cleaved RseA is performed 
by the PDZ tandem domains of RseP [30], and specific cleavage of the transmembrane region 
of RseA1–148 is also executed at A108 and C109 [31]. Finally, the cleaved cytoplasmic region of 
RseA1–108 is recognized by SspB, and RseA1–108/σE complex is delivered to cytoplasmic AAA+ 
proteinases such as ClpXP [32, 33]. Destruction of the RseA fragment allows σE liberation and 
activation to cause the transcription of stress-responsive genes under the control of σE [28, 34].

These dual molecular signals (unfolded OMPs and LPS) are key factors for the σE ESR to 
sense outer membrane stresses [29]. For cell formation, OMPs and LPS are transported from 
the cytoplasm to the outer membrane in E. coli. The transport of OMPs as a beta-barrel struc-
ture is performed by the Sec-SurA-BAM system [35]. DegS is activated by binding of a pep-
tide bearing a YxF motif at the C-terminus of an OMP, which is exposed by envelope stress, 
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releasing from SurA or misfolding in BAM [28]. LPS is also transported by the aid of Ltp 
proteins, and LptA is a key component of the transenvelope complex to shuttle LPS to the 
outer membrane [36]. LptA less efficiently binds to LPS against RseB at 45°C [29], suggest-
ing that LPS is easily caught by RseB under heat shock conditions. In addition, RseB can 
sense many mislocalized LPS species [29]. Therefore, both DegS activation and RseB detach-
ment are essential for the initiation of RseA proteolysis for σE liberation. However, σE activity 
increases when either OMP or LPS mutations have accumulated [26, 29, 37], suggesting that 
a crosstalk between OMP and LPS biogeneses might be an additional regulation that can 
induce σE activation [28, 29].

This kind of proteolytic signal transduction and regulator-activating mechanism provides dis-
tinctive features for σE regulon as a transient expression. In the σE ESR, the initial signal-sensing 
cleavage of RseA is a rate-limiting step but the degradation of cytoplasmically fragmented 
RseA by AAA+ proteinase is relatively fast. Whereas, RseA is in excess over σE under normal 
conditions and the expression level of rseA is higher than that of rpoE [38]. Consequently, acti-
vated σE is rapidly deactivated, resulting in a short-period response to envelope stresses [33].

2.2. σE regulon genes

Activated σE forms a holo-RNA polymerase with the core RNA polymerase complex to initi-
ate transcription by recognizing consensus sequences located upstream from coding genes 

Figure 2. Schematic diagram of the σE signaling pathway and the σE regulon cascade. RseA is a key protein for σE 
activation. RseA, which is an antisigma factor, captures σE and neutralizes its activity. Two types of signaling molecules, 
OMPs and LPSs, are key activators of the proteinase DegS because the binding of the C-terminus of an OMP is 
required for DegS activation and the binding of LPS to RseB is required for deblocking of the RseA cleavage by DegS. 
Consequently, RseA is sequentially digested by RseP, and the RseA-N terminus is degraded by AAA+ proteinase, by 
which σE is released and activated to form a holo-RNA polymerase complex. Expressed σE-regulon members consist of 
LPS- and OMP-related proteins. sRNAs play key roles in the prevention of overproduction of LPSs and OMPs and in 
elimination of OMPs in σE-dependent cell lysis. Adapted from Lima et al. [29].
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called promoters. Several experiments have been carried out in E. coli to find consensus 
sequences of promoters and σE-regulating genes, σE regulon genes. Attempts were made to 
identify consensus sequences for σE by several procedures, and genomic information and 
a search algorithm predicted a conserved −35 motif (GGAACTTTT) and a conserved −10 
motif (T/CGGTCAAAA) [39–41]. σE regulon members in E. coli have been found by pro-
teomics [4, 39], genetic strategies, [39, 40] and microarray analysis [4, 41]. Results of those 
studies showed that σE-holo RNA polymerase transcribes two kinds of RNAs, mRNAs for 
several genes and antisense sRNAs that repress the expression of several genes. Analysis of 
σE regulon genes showed that the regulon consists of 19 transcription units and 23 proteins. 
At least 60% of the regulon members are responsible for the synthesis and assembly of LPS 
and OMPs or regulatory proteins for these two key elements of the outer membrane [41]. 
The majority of σE regulon genes in E. coli are genes encoding periplasmic folding factors, 
periplasmic proteases, OMP assembly proteins, LPS translocation and assembly proteins, 
proteins for synthesis of phospholipids and lipid A, and a heat shock sigma factor coded 
by rpoH [39, 42]. One of most important operons under the control of σE is the rpoE-rseABC 
operon coding σE itself, RseA as an anti-σE, RseB repressor, and a soxR-influencing protein, 
respectively [43]. This operon is induced by two σE promoters, one upstream of rpoE and the 
other upstream of rseA. Therefore, σE activation causes a negative feedback loop by double 
transcriptions from the two promoters for rapid repression of σE activity. On the other hand, 
it has been revealed that small RNAs (sRNAs) are controlled by σE and work as repressors 
for gene expression. There are two distinct σE-inducible sRNAs, MicA and RybB, that bind 
to Hfq, an RNA chaperone protein required for the function and/or stabilization of sRNAs, 
and target mRNAs from 31 genes for major porins, metabolism, ribosome biosynthesis, 
toxin-antitoxin, and transcriptional factor PhoP [44]. In addition, MicL (SlrA) targets only 
one mRNA, which encodes the outer membrane lipoprotein Lpp, the most abundant protein 
of the cell [45]. Taken together, MicA, RybB and MicL allow σE to prevent the synthesis of 
abundant outer membrane proteins in response to stresses.

3. σE-dependent PCD

3.1. PCD in E. coli

PCD in E. coli is also closely associated with the strategy for sensing damage in DNA and the 
envelope structure. Three PCD mechanisms, a TA system, apoptosis-like death (ALD) and σE-
dependent cell lysis, have been found in E. coli (Figure 3). Of these, the most intensively inves-
tigated PCD is mazEF, a TA system in which mazF encodes a stable toxin, sequence-specific 
endoribonuclease, and mazE encodes a labile MazF-antitoxin that is degraded in vivo by ATP-
dependent ClpPA serine protease [46–48]. Toxicity of MazF is attributable to its endoribonu-
clease activity, specific for the trinucleotide sequence of ACA in mRNA, including the 3′-end 
fragment of 16S rRNA, to block protein synthesis and to synthesize specific proteins [49]. 
Specifically expressed proteins are classified into “survival proteins” and “death proteins” 
including SlyD, YfiD, YgcR, and ClpX [50]. Death proteins induce the DNA fragmentation 
and membrane depolarization [48]. In addition, mazEF-mediated PCD is regulated by a 
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releasing from SurA or misfolding in BAM [28]. LPS is also transported by the aid of Ltp 
proteins, and LptA is a key component of the transenvelope complex to shuttle LPS to the 
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ment are essential for the initiation of RseA proteolysis for σE liberation. However, σE activity 
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2.2. σE regulon genes

Activated σE forms a holo-RNA polymerase with the core RNA polymerase complex to initi-
ate transcription by recognizing consensus sequences located upstream from coding genes 

Figure 2. Schematic diagram of the σE signaling pathway and the σE regulon cascade. RseA is a key protein for σE 
activation. RseA, which is an antisigma factor, captures σE and neutralizes its activity. Two types of signaling molecules, 
OMPs and LPSs, are key activators of the proteinase DegS because the binding of the C-terminus of an OMP is 
required for DegS activation and the binding of LPS to RseB is required for deblocking of the RseA cleavage by DegS. 
Consequently, RseA is sequentially digested by RseP, and the RseA-N terminus is degraded by AAA+ proteinase, by 
which σE is released and activated to form a holo-RNA polymerase complex. Expressed σE-regulon members consist of 
LPS- and OMP-related proteins. sRNAs play key roles in the prevention of overproduction of LPSs and OMPs and in 
elimination of OMPs in σE-dependent cell lysis. Adapted from Lima et al. [29].
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it has been revealed that small RNAs (sRNAs) are controlled by σE and work as repressors 
for gene expression. There are two distinct σE-inducible sRNAs, MicA and RybB, that bind 
to Hfq, an RNA chaperone protein required for the function and/or stabilization of sRNAs, 
and target mRNAs from 31 genes for major porins, metabolism, ribosome biosynthesis, 
toxin-antitoxin, and transcriptional factor PhoP [44]. In addition, MicL (SlrA) targets only 
one mRNA, which encodes the outer membrane lipoprotein Lpp, the most abundant protein 
of the cell [45]. Taken together, MicA, RybB and MicL allow σE to prevent the synthesis of 
abundant outer membrane proteins in response to stresses.

3. σE-dependent PCD

3.1. PCD in E. coli

PCD in E. coli is also closely associated with the strategy for sensing damage in DNA and the 
envelope structure. Three PCD mechanisms, a TA system, apoptosis-like death (ALD) and σE-
dependent cell lysis, have been found in E. coli (Figure 3). Of these, the most intensively inves-
tigated PCD is mazEF, a TA system in which mazF encodes a stable toxin, sequence-specific 
endoribonuclease, and mazE encodes a labile MazF-antitoxin that is degraded in vivo by ATP-
dependent ClpPA serine protease [46–48]. Toxicity of MazF is attributable to its endoribonu-
clease activity, specific for the trinucleotide sequence of ACA in mRNA, including the 3′-end 
fragment of 16S rRNA, to block protein synthesis and to synthesize specific proteins [49]. 
Specifically expressed proteins are classified into “survival proteins” and “death proteins” 
including SlyD, YfiD, YgcR, and ClpX [50]. Death proteins induce the DNA fragmentation 
and membrane depolarization [48]. In addition, mazEF-mediated PCD is regulated by a 
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quorum-sensing factor as a linear pentapeptide Asn-Asn-Trp-Asn-Asn (NNWNN), called an 
extracellular death factor (EDF) [51]. The EDF directly binds to MazF dimers to release MazF 
from the MazF–MazE complex, leading to cell death [52]. Moreover, mazEF-mediated PCD is 
activated under various stressful conditions including extreme amino acid starvation, inhibi-
tion of transcription and/or translation by antibiotics including rifampicin, chlorampheni-
col, and spectinomycin, an inhibitor protein of translation, DNA damage caused by thymine 
starvation as well as by mitomycin C, nalidixic acid and UV irradiation, and oxidative stress 
[47]. Notably, 28 other putative TA systems including DinJ-DafQ, DinP-YafN, RelB-RelE, and 
ChpS-ChpB have been identified in the E. coli K12 genome [12].

An SOS response-mediated PCD pathway was recently identified in E. coli is called apoptosis-
like death (ALD) pathway [48]. The ALD pathway is activated by an extreme SOS response 
under severe DNA damage conditions [53] and follows apoptosis-like characteristics includ-
ing rRNA degradation by the endoribonuclease YbeY [54], upregulation of a unique set of 
extensive damage-induced genes, decrease in respiration activity, and formation of high lev-
els of OH⁻, resulting in cell death [53]. Analysis of the relationship between mazEF-EDF and 
ALD revealed that the ALD pathway is inhibited by the mazEF-EDF–mediated PCD pathway 
[48].

In addition to DNA damage, envelope damage has been shown to be a trigger of PCD in E. 
coli. Envelope damage is caused by various factors including antibiotics, toxic metabolites, 
bacteriocins, osmotic, pH, and salt. In Gram-negative bacteria, the damage is sensed and 
transduced via ESRs. The ESRs alter the expression of specific genes related to functions 
that modify the envelope, rid cells of the toxic entity and/or repair the envelope damage 
[3]. σE-dependent PCD, which is one of envelope damage related PCDs, was first reported 

Figure 3. Activation pathways of PCD in E. coli. Several stresses affect cellular components including envelopes, DNA, 
and proteins, and these damaged materials become a signal for each stress response directly or indirectly. If the damage 
is excessive, PCD is triggered by several mechanisms. In E. coli, three mechanisms for PCD including TA systems, SOS-
response–dependent cell lysis and σE-dependent cell lysis have been reported. SOS mainly responds to DNA damage 
and σE mainly responds to envelope damage. These three responses can directly induce PCD, but they are weakly 
connected to each other [46, 48].

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications390 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

in 2000 [19]. This PCD occurs as an autolysis mechanism, which is a growth phase-specific 
cell lysis [19], and removes only viable but nonculturable (VBNC) cells [19]. The molecular 
mechanism of the PCD is described below in detail. Interestingly, rpoE coding σE is an essen-
tial gene [55] because the absence of σE causes a cell death-signaling pathway including hicB 
(ydcQ) that encodes for an antitoxin of the HicA toxin proteinase [56, 57].

3.2. Mechanism of σE-dependent PCD

At the early stationary phase, E. coli cells undergo a decrease in viable cell number and almost all 
of the cells become VBNC cells [16, 58]. Elevation of the activate intracellular σE level, due to dis-
ruption of rseA for anti-σE or rpoE-increased expression, causes cell lysis at the beginning of the 
stationary phase, and this lysis occurs in wild-type cells at a low level [19, 59]. This mechanism 
may contribute to the removal of VBNC cells that have accumulated at a specific phase prob-
ably due to the accumulation of intracellular oxidative stress, and it is called σE-dependent PCD. 
Murata et al. showed that σE-dependent PCD is mediated by MicA, RybB, and PpiD [59]. MicA 
and RybB are transencoded sRNAs, and their expression is positively regulated by σE [60–62]. 
When misfolded OMPs or periplasmic proteins have accumulated, the expression of their sRNAs 
is induced by active σE, and MicA and RybB cause reduction in the levels of mRNAs of ompA and 
both ompC and ompW, respectively, via interaction between the sRNAs and the corresponding 
mRNA by assisting Hfq as an RNA chaperon and degradation of the mRNAs by ribonucleases 
[63]. Some OMPs are known to be physiologically and structurally crucial for cell activity [64]. 
OmpA as a structure protein is involved in the maintenance of cell shape and the passage of 
hydrophilic compounds through the outer membrane [65]. OmpC is the major porin protein that 
functions as a cation-selective porin [66]. However, no physiological function of OmpW has yet 
been determined [67]. These OMPs are greatly decreased in σE-activated cells [4, 19], and micA- or 
rybB-disrupted mutants and micA- or rybB-overexpressed cells repress and induce σE-dependent 
PCD, respectively [59]. Therefore, σE-dependent PCD is caused by the reduction of OMPs via 
posttranscriptional regulation including MicA and RybB. Recently, MicL has been found as the 
third σE-dependent sRNA that targets an mRNA for lipoprotein Lpp [45]. Since Lpp is the most 
abundant protein in the outer membrane [64], MicL may also be involved in σE-dependent PCD.

The level of PpiD is greatly reduced in σE-activated cells, though its regulation mechanism is 
unknown [68]. PpiD is a peptidyl-prolyl cis-trans isomerase as a periplasmic folding catalyst 
that catalyzes the rapid interconversion between the cis and trans forms of the peptide bond 
Xaa-Pro [69]. PpiD recognizes the early OMP folding intermediates and suppresses OMP bio-
genesis defects. Indeed, overexpression of PpiD represses σE-dependent cell lysis probably 
due to the acceleration of OMP folding [68]. Thus, the reduction of PpiD ensures the elimina-
tion of OMPs after the degradation of OMP mRNAs by sRNAs.

As shown in the model in Figure 4, when cells are exposed to some stresses as signals, mainly 
oxidative stress [19, 70], unfolded proteins accumulate in the outer membrane or periplasmic 
space, in turn causing the elevation of active σE in the cytoplasm. Active σE induces the expres-
sion of sRNAs, leading to the reduction of OMPs including Lpp. Furthermore, the reduction 
of PpiD via active σE enhances the disintegration of OMPs, resulting in collapse of the integ-
rity of the outer membrane and finally lysis of cells.
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in 2000 [19]. This PCD occurs as an autolysis mechanism, which is a growth phase-specific 
cell lysis [19], and removes only viable but nonculturable (VBNC) cells [19]. The molecular 
mechanism of the PCD is described below in detail. Interestingly, rpoE coding σE is an essen-
tial gene [55] because the absence of σE causes a cell death-signaling pathway including hicB 
(ydcQ) that encodes for an antitoxin of the HicA toxin proteinase [56, 57].

3.2. Mechanism of σE-dependent PCD

At the early stationary phase, E. coli cells undergo a decrease in viable cell number and almost all 
of the cells become VBNC cells [16, 58]. Elevation of the activate intracellular σE level, due to dis-
ruption of rseA for anti-σE or rpoE-increased expression, causes cell lysis at the beginning of the 
stationary phase, and this lysis occurs in wild-type cells at a low level [19, 59]. This mechanism 
may contribute to the removal of VBNC cells that have accumulated at a specific phase prob-
ably due to the accumulation of intracellular oxidative stress, and it is called σE-dependent PCD. 
Murata et al. showed that σE-dependent PCD is mediated by MicA, RybB, and PpiD [59]. MicA 
and RybB are transencoded sRNAs, and their expression is positively regulated by σE [60–62]. 
When misfolded OMPs or periplasmic proteins have accumulated, the expression of their sRNAs 
is induced by active σE, and MicA and RybB cause reduction in the levels of mRNAs of ompA and 
both ompC and ompW, respectively, via interaction between the sRNAs and the corresponding 
mRNA by assisting Hfq as an RNA chaperon and degradation of the mRNAs by ribonucleases 
[63]. Some OMPs are known to be physiologically and structurally crucial for cell activity [64]. 
OmpA as a structure protein is involved in the maintenance of cell shape and the passage of 
hydrophilic compounds through the outer membrane [65]. OmpC is the major porin protein that 
functions as a cation-selective porin [66]. However, no physiological function of OmpW has yet 
been determined [67]. These OMPs are greatly decreased in σE-activated cells [4, 19], and micA- or 
rybB-disrupted mutants and micA- or rybB-overexpressed cells repress and induce σE-dependent 
PCD, respectively [59]. Therefore, σE-dependent PCD is caused by the reduction of OMPs via 
posttranscriptional regulation including MicA and RybB. Recently, MicL has been found as the 
third σE-dependent sRNA that targets an mRNA for lipoprotein Lpp [45]. Since Lpp is the most 
abundant protein in the outer membrane [64], MicL may also be involved in σE-dependent PCD.

The level of PpiD is greatly reduced in σE-activated cells, though its regulation mechanism is 
unknown [68]. PpiD is a peptidyl-prolyl cis-trans isomerase as a periplasmic folding catalyst 
that catalyzes the rapid interconversion between the cis and trans forms of the peptide bond 
Xaa-Pro [69]. PpiD recognizes the early OMP folding intermediates and suppresses OMP bio-
genesis defects. Indeed, overexpression of PpiD represses σE-dependent cell lysis probably 
due to the acceleration of OMP folding [68]. Thus, the reduction of PpiD ensures the elimina-
tion of OMPs after the degradation of OMP mRNAs by sRNAs.

As shown in the model in Figure 4, when cells are exposed to some stresses as signals, mainly 
oxidative stress [19, 70], unfolded proteins accumulate in the outer membrane or periplasmic 
space, in turn causing the elevation of active σE in the cytoplasm. Active σE induces the expres-
sion of sRNAs, leading to the reduction of OMPs including Lpp. Furthermore, the reduction 
of PpiD via active σE enhances the disintegration of OMPs, resulting in collapse of the integ-
rity of the outer membrane and finally lysis of cells.
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3.3. Function of σE-dependent PCD

Cell lysis in E. coli occurs under a general cultivation condition and remarkably increases 
after the early stationary phase. Most of the lysis seems to be σE-dependent because enhanced 
expression of rseA for anti-σE diminished the lysis [68]. The lysis level was significantly 
reduced when plasmid clones of sodA and katE for superoxide dismutase and catalase, respec-
tively, were introduced [70]. Consistent with the level of lysis, the amounts of ROS are small 
in the exponential phase and large with a peak at the early stationary phase. The introduction 
of antioxidative stress genes eliminated about 80% of ROS. These findings suggest that oxida-
tive stress is a trigger for the lysis [70]. The lysis is greatly enhanced in a katE-disrupted back-
ground, indicating that intracellular oxidative stress is involved in the lysis. Considering the 
signal transduction cascade to provide active σE [28], it is assumed that intracellular oxidative 
stress causes damage of OMPs by a modification such as carbonylation [71].

The trigger for σE-dependent cell lysis seems to be not only oxidative stress but also other 
stresses. The proposed signal transduction cascade for active σE [28] indicates the possibil-
ity that extracellular stress evokes σE-dependent cell lysis. Indeed, a disrupted mutation of 
rpoS for σS enhanced σE-dependent cell lysis at the early stationary phase [72]. Consistent 
with this, extracellular stress like toxic materials increases in a medium at the early stationary 
phase [14, 18]. Since σS functions as a general stress-response sigma factor to protect cells from 
various stresses [73], rpoS mutation results in the elevation of extracellular stress. It is known 
that σE becomes active through the σE activation cascade, which is initiated by conformation 
change of OMPs caused by a high temperature or ethanol as an extracellular stress [26, 29, 61]. 
Therefore, accumulation of extracellular and/or intracellular stresses beyond the elimination 
capacity by the stress response mechanism may cause conformation change of outer mem-
brane proteins, which activates σE, resulting in σE-dependent cell lysis.

Figure 4. A model of σE-dependent PCD. When cells are exposed to stresses such as oxidative stress, σE is activated in 
response to damaged OMPs and increases and decreases the amounts of sRNAs (MicA and RybB) and PpiD as a folding 
catalyst protein, respectively. The expression of ppiD is greatly reduced under the condition of accumulation of active 
σE. The relationship between σE and ppiD, however, has not been clarified yet. MicA and RybB repress the expression of 
mRNAs of ompA and both ompC and ompW, respectively. The biosynthesis and repair of damaged OMPs are repressed 
by reduction in the PpiD level. As a result, the integrity of the outer membrane collapses and cell lysis progresses and 
finally causes cell death. MicL sRNA, which represses the expression of lpp mRNA, may also participate in σE-dependent 
PCD. Adapted from Murata et al. [59].

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications392 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

As shown in Figure 4, active σE determines the direction to either the repair or cell lysis 
pathway, presumably reflecting the level of damage of OMPs. If only a few OMPs are dam-
aged, the number of active σE molecules may be not enough to express sRNAs such as micA 
and rybB, which may be insufficient to cause cell lysis but can express genes for the repair 
pathway. On the other hand, damage of OMPs over a certain threshold evokes the cascade of 
σE-dependent cell lysis. The coincidence of the fact that OMPs are monitoring proteins for cell 
damage and/or σE-dependent cell lysis and the fact that σE-dependent cell lysis is induced by 
reduction in the amount of OMPs is highly notable. OMP-damaged cells may be much more 
sensitive than undamaged cells to σE-dependent cell lysis.

σE-dependent cell lysis seems to eliminate some of the VBNC cells that have been damaged by 
some kinds of stress. The amount of cell lysis increases in parallel with increase in VBNC cells 
in the stationary phase, and most of the lysis was suppressed by enhanced expression of rseA 
[68]. An rseA-disrupted mutant that constitutively expresses active σE shows a phenotype that 
is characterized by decrease in cell density without a significant influence on colony-forming 
unit (CFU) but with protein accumulation in the medium [19]. This phenotype suggests that 
VBNC cells or some of the VBNC cells are subjected to σE-dependent cell lysis. This limited 
cell lysis might reflect the existence of a mechanism to distinguish damaged and undamaged 
cells. It is hypothesized that VBNC cells to be lysed have damaged OMPs to some extent and 
thus are susceptible to σE-dependent cell lysis. Notably, sRNAs such as MicA and RybB play 
crucial roles in σE-dependent cell lysis in the LTSP because mutation rate drastically increases 
in micA- and rybB-disrupted mutants [25].

Taken together, the findings have shown that E. coli has developed an ingenious mechanism 
for elimination of damaged cells in order to suppress the accumulation of mutated cells, and 
this mechanism might contribute to the preservation of the species. Since oxidative stress 
causes damage to DNA molecules in addition to other macromolecules including RNA, pro-
tein and phospholipid, it is assumed that the degree of damage of OMPs is consistent with 
that of DNA and that an abnormality of OMPs is a signal for removal of cells that have dam-
aged DNA molecules from the cell population.

4. Contribution of PCD for LTSP

4.1. Survival mechanisms in LTSP

In the LTSP, E. coli cells can survive for several years [14, 17]. For survival, the cells induce 
specific sets of genes that support maintenance of their viability and protection against envi-
ronmental stresses such as an oxidative stress [74]. However, there are potentials for genetic 
alteration in most cells in the LTSP. It was reported that 10-day-old cells, GASP mutants, 
were able to compete against 1-day-old cells when they were mixed together [14, 16, 17, 75]. 
It has been proposed that population exchange continuously occurs in the LTSP (Figure 1). 
Interestingly, the GASP phenotype is mediated by stable genomic mutations that provide 
benefits to cells for survival. The first mutant exhibiting a GASP phenotype was obtained 
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capacity by the stress response mechanism may cause conformation change of outer mem-
brane proteins, which activates σE, resulting in σE-dependent cell lysis.

Figure 4. A model of σE-dependent PCD. When cells are exposed to stresses such as oxidative stress, σE is activated in 
response to damaged OMPs and increases and decreases the amounts of sRNAs (MicA and RybB) and PpiD as a folding 
catalyst protein, respectively. The expression of ppiD is greatly reduced under the condition of accumulation of active 
σE. The relationship between σE and ppiD, however, has not been clarified yet. MicA and RybB repress the expression of 
mRNAs of ompA and both ompC and ompW, respectively. The biosynthesis and repair of damaged OMPs are repressed 
by reduction in the PpiD level. As a result, the integrity of the outer membrane collapses and cell lysis progresses and 
finally causes cell death. MicL sRNA, which represses the expression of lpp mRNA, may also participate in σE-dependent 
PCD. Adapted from Murata et al. [59].

Escherichia coli - Recent Advances on Physiology, Pathogenesis and Biotechnological Applications392 Escherichia coli -  Recent Advances on Physiology, Pathogenesis and Biotechnological Applications

As shown in Figure 4, active σE determines the direction to either the repair or cell lysis 
pathway, presumably reflecting the level of damage of OMPs. If only a few OMPs are dam-
aged, the number of active σE molecules may be not enough to express sRNAs such as micA 
and rybB, which may be insufficient to cause cell lysis but can express genes for the repair 
pathway. On the other hand, damage of OMPs over a certain threshold evokes the cascade of 
σE-dependent cell lysis. The coincidence of the fact that OMPs are monitoring proteins for cell 
damage and/or σE-dependent cell lysis and the fact that σE-dependent cell lysis is induced by 
reduction in the amount of OMPs is highly notable. OMP-damaged cells may be much more 
sensitive than undamaged cells to σE-dependent cell lysis.

σE-dependent cell lysis seems to eliminate some of the VBNC cells that have been damaged by 
some kinds of stress. The amount of cell lysis increases in parallel with increase in VBNC cells 
in the stationary phase, and most of the lysis was suppressed by enhanced expression of rseA 
[68]. An rseA-disrupted mutant that constitutively expresses active σE shows a phenotype that 
is characterized by decrease in cell density without a significant influence on colony-forming 
unit (CFU) but with protein accumulation in the medium [19]. This phenotype suggests that 
VBNC cells or some of the VBNC cells are subjected to σE-dependent cell lysis. This limited 
cell lysis might reflect the existence of a mechanism to distinguish damaged and undamaged 
cells. It is hypothesized that VBNC cells to be lysed have damaged OMPs to some extent and 
thus are susceptible to σE-dependent cell lysis. Notably, sRNAs such as MicA and RybB play 
crucial roles in σE-dependent cell lysis in the LTSP because mutation rate drastically increases 
in micA- and rybB-disrupted mutants [25].

Taken together, the findings have shown that E. coli has developed an ingenious mechanism 
for elimination of damaged cells in order to suppress the accumulation of mutated cells, and 
this mechanism might contribute to the preservation of the species. Since oxidative stress 
causes damage to DNA molecules in addition to other macromolecules including RNA, pro-
tein and phospholipid, it is assumed that the degree of damage of OMPs is consistent with 
that of DNA and that an abnormality of OMPs is a signal for removal of cells that have dam-
aged DNA molecules from the cell population.

4. Contribution of PCD for LTSP

4.1. Survival mechanisms in LTSP

In the LTSP, E. coli cells can survive for several years [14, 17]. For survival, the cells induce 
specific sets of genes that support maintenance of their viability and protection against envi-
ronmental stresses such as an oxidative stress [74]. However, there are potentials for genetic 
alteration in most cells in the LTSP. It was reported that 10-day-old cells, GASP mutants, 
were able to compete against 1-day-old cells when they were mixed together [14, 16, 17, 75]. 
It has been proposed that population exchange continuously occurs in the LTSP (Figure 1). 
Interestingly, the GASP phenotype is mediated by stable genomic mutations that provide 
benefits to cells for survival. The first mutant exhibiting a GASP phenotype was obtained 
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from cells cultured for 10 days in LB medium, and its mutation, which was identified in 
rpoS coding σS, causes reduction of σS activity [16]. In addition, such σS activity-attenuated 
GASP mutants frequently appeared in nonbuffered media and basic media, but not so many 
appeared in acid and neutral media [76]. The relationship between the attenuation of σS activ-
ity and the GASP phenotype has not been clarified yet. The effect of the attenuation might be 
due to the misregulation of members of σS regulon. σS competes with other sigma factors to 
bind to the core RNA polymerase complex, and the attenuation of σS activity may change the 
balance in the competition among sigma factors [16].

Using the rpoS mutant as a starting strain, subsequent mutants with GASP phenotypes have 
been isolated. The additional mutations to the rpoS mutation have been mapped to lrp, cod-
ing the leucine-responsive regulator protein as a global regulator [77], or to the ybeJ–gltJKL 
cluster, encoding a high-affinity aspartate, and glutamate transporter [78]. A mutation in the 
DNA-binding domain of lrp has been shown to cause a GASP phenotype by increase in amino 
acid catabolism during carbon starvation, and mutants having mutation of ybeJ–gltJKL also 
show GASP phenotypes by increase in amino acid utilization [77]. Therefore, although these 
mutations are involved in different metabolic processes, it is likely that the enhancement of 
catabolic activity of amino acids for carbon and energy sources is responsible for these GASP 
phenotypes. Similarly, sgaA, sgaB, and sgaC mutants have been isolated as GASP mutants but 
have not been characterized yet [77]. Notably, non-rpoS mutation-related GASP mutants have 
also been reported [79].

The mechanism of GASP acquisition has been investigated and two interesting aspects have 
been shown. One is the reproducibility of GASP mutants and the other is a relatively high 
mutation rate in the LTSP. Since the speed of cell proliferation is very low in the LTSP, ben-
eficial mutations for the GASP phenotype can appear only under high mutation conditions. 
It is thus assumed that there are some molecular mechanisms to generate genetic diversity in 
the LTSP.

Involvement of the methyl-directed mismatch repair (MMR) system and SOS-induced DNA 
polymerases has been considered for GASP mutations (Figure 1). It is known that when E. 
coli enters the stationary phase, the expression of MMR is reduced [80]. On the other hand, 
SOS DNA polymerases (Pols II, IV, and V) contribute to the generation of GASP mutations. 
These polymerases work during DNA replication when DNA polymerase III encounters a 
lesion and cannot proceed further in DNA synthesis. SOS polymerases are error-prone DNA 
polymerases and are thus responsible for the generation of adaptive mutations. Pol V Mut is 
a stand-alone DNA polymerase that is able to perform translesion synthesis, and polymeriza-
tion of the polymerase is regulated by its intrinsic ATP hydrolase activity [81]. The occurrence 
of the GASP phenotype is highly related to the presence of SOS polymerases. Indeed, when 
grown in competition with the wild-type strain, mutants lacking one or more of the SOS 
polymerases suffer from a severe reduction in fitness to the LTSP. These mutants also fail to 
express the GASP phenotype as do wild-type strains, instead expressing two additional new 
types of GASP phenotype [82]. In addition, Pol IV and Pol V confer greater relative fitness 
than does Pol II during the LTSP, but Pol II can express the GASP phenotype faster than can 
Pol IV or Pol V [83]. Moreover, genes for the SOS polymerases and other SOS genes, especially 
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genes for Pol IV and Pol V, are induced during the stationary phase [83]. These facts suggest 
that there are some mechanisms for the expression of these alternative polymerases and that 
the mechanisms contribute to the relative high mutation rate in the LTSP.

4.2. Importance of σE-dependent PCD for survival in the LTSP

E. coli can maintain living cells to some extent for several years (LTSP) in the same medium 
without supplementation of any nutrients during the cultivation. On the basis of results of 
recent studies and the discovery of mutants that had gained growth advantages in the begin-
ning of the LTSP [16], it has been proposed that the LTSP consists of a number of distinct 
populations that continuously appear one after another as shown in Figure 1 [14]. One of the 
big questions is how nutrients are supplied to support the formation of each new population 
in such a closed environment. One possible answer is a simple mechanism by which nutri-
ents are supplied from existing cells. Nagamitsu et al. suggested that σE-dependent PCD is 
involved in the mechanism [25].

σE-dependent PCD lyses damaged cells but not undamaged cells or cells with little damage 
and thus has no influence on viable and culturable (VAC) cells [19]. This PCD is responsible 
for major cell lysis under general cultivation conditions and is enhanced in the stationary 
phase due to accumulation of stresses including oxidative stress as described above, and 
forms ghost cells that discharge cytosolic contents to the outside [59]. This lysis thus appears 
to be different from explosive cell lysis for the biogenesis of membrane vesicles [84]. As in 
the stationary phase, it is assumed that cells in the LTSP are exposed to metabolically accu-
mulated stresses including oxidative stress, which trigger σE-dependent PCD. Therefore, 
σE-dependent PCD may provide nutrients that are indispensable for the formation and main-
tenance of new populations in the LTSP.

As mentioned in the previous section, disrupted mutations of micA and rybB, which are essen-
tial factors for σE-dependent PCD, caused serious problems such that they were unable to 
keep VAC cells at the very early period in the LTSP. These mutations give rise to a sudden 
increase in the mutation rate just before the disappearance of VAC cells [25]. σE-dependent 
PCD thus seems to play an important role in the elimination of DNA-damaged cells in the 
LTSP in addition to the provision of nutrients. Its role appears to resemble that of PCD, so-
called apoptosis in multicellular organisms, by which abnormal cells or DNA-damaged cells 
are removed.

Although we still have no evidence that dynamic cell population changes continuously 
occur in the LTSP, results of studies [14, 16, 17] and results of preliminary experiments in 
its early phase suggest that cells acquiring mutations for GASP become dominant to form a 
new population and that new GASP mutations constantly appear and displace the preexisting 
population. σE-dependent PCD may contribute to the alteration of populations by the lysis 
of preexisting populations and the provision of nutrients during the LTSP. For the emer-
gence of GASP mutations, a large number of mutations should be present in addition to 
them under such nutrient-limited conditions. A hypermutable state might exist in the LTSP 
as mentioned above [14]. In order for hypermutation and σE-dependent PCD to take place, 

Survival Strategy of Escherichia coli in Stationary Phase: Involvement of σE-Dependent Programmed Cell Death
http://dx.doi.org/10.5772/67672

395
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ity and the GASP phenotype has not been clarified yet. The effect of the attenuation might be 
due to the misregulation of members of σS regulon. σS competes with other sigma factors to 
bind to the core RNA polymerase complex, and the attenuation of σS activity may change the 
balance in the competition among sigma factors [16].

Using the rpoS mutant as a starting strain, subsequent mutants with GASP phenotypes have 
been isolated. The additional mutations to the rpoS mutation have been mapped to lrp, cod-
ing the leucine-responsive regulator protein as a global regulator [77], or to the ybeJ–gltJKL 
cluster, encoding a high-affinity aspartate, and glutamate transporter [78]. A mutation in the 
DNA-binding domain of lrp has been shown to cause a GASP phenotype by increase in amino 
acid catabolism during carbon starvation, and mutants having mutation of ybeJ–gltJKL also 
show GASP phenotypes by increase in amino acid utilization [77]. Therefore, although these 
mutations are involved in different metabolic processes, it is likely that the enhancement of 
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mutation rate in the LTSP. Since the speed of cell proliferation is very low in the LTSP, ben-
eficial mutations for the GASP phenotype can appear only under high mutation conditions. 
It is thus assumed that there are some molecular mechanisms to generate genetic diversity in 
the LTSP.

Involvement of the methyl-directed mismatch repair (MMR) system and SOS-induced DNA 
polymerases has been considered for GASP mutations (Figure 1). It is known that when E. 
coli enters the stationary phase, the expression of MMR is reduced [80]. On the other hand, 
SOS DNA polymerases (Pols II, IV, and V) contribute to the generation of GASP mutations. 
These polymerases work during DNA replication when DNA polymerase III encounters a 
lesion and cannot proceed further in DNA synthesis. SOS polymerases are error-prone DNA 
polymerases and are thus responsible for the generation of adaptive mutations. Pol V Mut is 
a stand-alone DNA polymerase that is able to perform translesion synthesis, and polymeriza-
tion of the polymerase is regulated by its intrinsic ATP hydrolase activity [81]. The occurrence 
of the GASP phenotype is highly related to the presence of SOS polymerases. Indeed, when 
grown in competition with the wild-type strain, mutants lacking one or more of the SOS 
polymerases suffer from a severe reduction in fitness to the LTSP. These mutants also fail to 
express the GASP phenotype as do wild-type strains, instead expressing two additional new 
types of GASP phenotype [82]. In addition, Pol IV and Pol V confer greater relative fitness 
than does Pol II during the LTSP, but Pol II can express the GASP phenotype faster than can 
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genes for Pol IV and Pol V, are induced during the stationary phase [83]. These facts suggest 
that there are some mechanisms for the expression of these alternative polymerases and that 
the mechanisms contribute to the relative high mutation rate in the LTSP.

4.2. Importance of σE-dependent PCD for survival in the LTSP

E. coli can maintain living cells to some extent for several years (LTSP) in the same medium 
without supplementation of any nutrients during the cultivation. On the basis of results of 
recent studies and the discovery of mutants that had gained growth advantages in the begin-
ning of the LTSP [16], it has been proposed that the LTSP consists of a number of distinct 
populations that continuously appear one after another as shown in Figure 1 [14]. One of the 
big questions is how nutrients are supplied to support the formation of each new population 
in such a closed environment. One possible answer is a simple mechanism by which nutri-
ents are supplied from existing cells. Nagamitsu et al. suggested that σE-dependent PCD is 
involved in the mechanism [25].

σE-dependent PCD lyses damaged cells but not undamaged cells or cells with little damage 
and thus has no influence on viable and culturable (VAC) cells [19]. This PCD is responsible 
for major cell lysis under general cultivation conditions and is enhanced in the stationary 
phase due to accumulation of stresses including oxidative stress as described above, and 
forms ghost cells that discharge cytosolic contents to the outside [59]. This lysis thus appears 
to be different from explosive cell lysis for the biogenesis of membrane vesicles [84]. As in 
the stationary phase, it is assumed that cells in the LTSP are exposed to metabolically accu-
mulated stresses including oxidative stress, which trigger σE-dependent PCD. Therefore, 
σE-dependent PCD may provide nutrients that are indispensable for the formation and main-
tenance of new populations in the LTSP.

As mentioned in the previous section, disrupted mutations of micA and rybB, which are essen-
tial factors for σE-dependent PCD, caused serious problems such that they were unable to 
keep VAC cells at the very early period in the LTSP. These mutations give rise to a sudden 
increase in the mutation rate just before the disappearance of VAC cells [25]. σE-dependent 
PCD thus seems to play an important role in the elimination of DNA-damaged cells in the 
LTSP in addition to the provision of nutrients. Its role appears to resemble that of PCD, so-
called apoptosis in multicellular organisms, by which abnormal cells or DNA-damaged cells 
are removed.

Although we still have no evidence that dynamic cell population changes continuously 
occur in the LTSP, results of studies [14, 16, 17] and results of preliminary experiments in 
its early phase suggest that cells acquiring mutations for GASP become dominant to form a 
new population and that new GASP mutations constantly appear and displace the preexisting 
population. σE-dependent PCD may contribute to the alteration of populations by the lysis 
of preexisting populations and the provision of nutrients during the LTSP. For the emer-
gence of GASP mutations, a large number of mutations should be present in addition to 
them under such nutrient-limited conditions. A hypermutable state might exist in the LTSP 
as mentioned above [14]. In order for hypermutation and σE-dependent PCD to take place, 
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active metabolisms should be maintained in fractions of the cell population. These active 
metabolisms are thought to lead to the selection of a dominant mutant and generate genetic 
diversity.

Further analysis of the LTSP in vitro seems to be important for understanding the life cycles of 
bacterial flora or biofilms and for elucidating the mechanisms of bacterial evolution. In addi-
tion, fundamental mechanisms for LTSP formation might be targets for drug design.
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Abstract

In the aquatic ecosystems, microorganisms are exposed to seasonal and circadian cycles. 
Abiotic factors (e.g. low temperature, nutrient deprivation) can cause morphological 
and physiological changes in bacteria, thereby facilitating cell survival. While repre-
senting the interface between the cells and external environment, the cell envelope 
plays a major role in bacterial response to stress and characterization of the changes it 
undergoes can help to understand the adaptation process. In this study, analysis of the 
morphological and physiological changes as well as variations in protein composition 
of the Escherichia coli cell envelope was carried out for populations maintained for 21 
days under nutrient deprivation and suboptimal temperatures (4°C and 20°C). It was 
found that the absence of nutrients led to a temperature-dependent reduction of cell 
culturability but had no effect on cell viability and integrity. The concentration of mem-
brane proteins playing the key roles in cellular transport, maintenance of cell structure 
or bioenergetics processes remained mainly unchanged. In contrast, the level of several 
proteins such as the elongation factor EFTu 1, components of Bam complex or proteins 
implicated in chemotaxis was altered, thus indicating that cells were readily responding 
and adapting to stress.

Keywords: starvation, suboptimal temperature, cell envelope subproteome

1. Introduction

In their natural environments, including aquatic ecosystems, microorganisms are usu-
ally exposed to seasonal and circadian cycles significantly dependent on environmental 
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 conditions. Moreover, during transfer from their natural environments to other ecosystems, 
bacteria can change their status from autochthonous to allochthonous one. This scenario is 
very typical for enteric bacteria, which are regularly transferred from their hosts to aquatic 
systems, a process accompanied by changes in the temperature and nutrient content of their 
habitats.

Escherichia coli (allochthonous, copiotroph, mesophile bacterium) is an indicator of fecal 
 pollution and, therefore, its detection, quantification, as well as assessment of its ability to 
survive in aquatic environments are important subjects of the study and monitoring pursued 
by both public administrations and the scientific community.

Many bacteria, including E. coli, can cope with adverse conditions and successfully thrive in 
new environments by adjusting their physiology and metabolism. E. coli survival in a  hostile 
aquatic environment depends on both biotic and abiotic factors [1–3]. Several abiotic  factors 
including suboptimal temperature [4, 5], limitation of nutrients [6–8], and exposure to solar 
radiation [9–11] can lead to the loss of culturability. Barcina and Arana [12], Lothigius et al. [13], 
and others have demonstrated that, under these conditions, cells still remain  physiologically 
active and intact. Transition from culturable to non-culturable state is known to involve con-
siderable changes in the biochemical content of the cells [14–16].

To learn more about E. coli adaptation in aquatic systems, we undertook the present study 
to focus on adaptation changes affecting the composition of cell envelope and appearance 
of E. coli cells. While representing the interface between the cytoplasm and external environ-
ment, the cell envelope plays a major role in how bacteria sense and respond to stress [17] 
during its adaptation to changing environments [18, 19]. These functions of the cell envelope 
prompted us to characterize the morphological and physiological changes undertaken by 
E. coli populations during their permanence at suboptimal temperatures and under limitation 
of nutrients. Moreover, we have analyzed the variations in the subproteome of cell envelopes 
accompanying this survival process.

2. Materials and methods

To prepare experimental samples, E. coli ATCC 27325 cells were cultured aerobically in 
Tryptone soy broth (TSB) at 37°C with shaking (120 rpm) until they reached the stationary 
growth phase (24 h). The cells were harvested by centrifugation (4000 g, 4°C, 20 min) and 
washed three times with sterile saline solution (0.9% NaCl, w/v). All the glass flasks used for 
handling E. coli cultures were cleaned with H2SO4 (96%, v/v) beforehand, rinsed with deion-
ized water, and kept at 250°C for 24 h to get rid of residual organic compounds.

Cells were inoculated in Erlenmeyer flasks containing sterile saline solution (absence of nutri-
ents) to obtain a final density of 108 cells ml−1 and further incubated for 21 days at 4 and 20°C 
(suboptimal temperatures) with shaking (120 rpm) in darkness.

Subsamples were collected at the beginning of the experiments and after 3, 6, 12, and 21 days 
of nutrient deprivation to determine the number of total, viable, and culturable cells and to 
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estimate the size of the cells (see below). Subsamples were also collected at 0 (P0), 6 (P1), 
12 (P2), and 21 days (P3) to extract membrane proteins further analyzed by mass spectroscopy 
(see below).

The results from survival experiments are presented as the means of three independent 
 experiments, with coefficient of variation between replicates less than 12%. The one-way 
analysis of variance (ANOVA) was used to determine the differences between the means. 
Probabilities less than (or equal to) 0.05 were considered significant.

The total number of bacteria was determined according to the procedure described by Hobbie 
et al. [20]. Namely, aliquots of cell suspensions from survival assays were filtered  throughout 
0.22 μm pore size black polycarbonate filters, stained with acridine orange (0.01%, w/v), 
and examined through epifluorescence microscopy. Viable bacteria, estimated as bacteria 
with intact cytoplasmic membranes (MEMB+), were counted with Live/Dead BacLight™ 
kit (Invitrogen) as described by Joux et al. [21]. The bacteria with intact (green fluorescence, 
MEMB+) and permeabilized (red fluorescence) cytoplasmic membranes were enumerated 
separately. The number of culturable bacteria was determined by the spread plate method on 
Tryptone soy agar (TSA) followed by their incubation for 24 h at 37°C.

The length variations of E. coli cells during their survival at 4 and 20°C were estimated 
through image analysis of epifluorescence preparations [22] by using an image analysis 
system, which included a high-resolution video camera (Hamamatsu 2400). Images of 
microscopic fields with enough bacteria were selected to be digitized and analyzed by Scion 
Image 1.62ᵃ  software. For each subsample, 200 bacteria were measured. The values of mean 
size (x = 1.45 μm) and standard deviation (SD = 0.32) of initial population were used to 
establish three size categories (≤ x−SD, > x−SD – ≤ x + SD, > x + SD). Therefore, according to 
their length, the cells fell into one of the following size ranges: ≤ 1.12 μm, >1.12–≤1.77 μm, 
or >1.77 μm.

Membrane protein preparations were obtained according to the method described by Molloy 
et al. [23] with minor variations [24]. Subsequent analysis of these proteins was performed 
by the Proteomics Core Facility-SGIKER at the University of the Basque Country, using the 
protocol previously described by Gonzalez-Fernandez et al. [25]. Briefly, after protein pre-
cipitation by using a 2D Clean-Up Kit (GE Healthcare), the pellet was suspended in RapiGest 
solution (0.2%) (Waters Corporation) and heated at 85°C for 15 min. Then, the preheated 
suspension was reduced with DTT (5 mM), alkylated with iodoacetamide (15 mM), and 
digested with trypsin (2 μg per sample) overnight. MassPREP Enolase Digestion Standard 
(Waters Corporation) was added to the supernatants collected after centrifugation (16,000 g, 
10 min) of HCl-treated samples (inactivation of RapiGest) and was used as a standard for pro-
tein absolute quantification. A nanoACQUITY UPLC System coupled to a SYNAPT HDMS 
(Waters Corporation) was used for data-independent acquisition analyses. Subsamples with 
tryptic peptides and MassPREP Enolase Digestion Standard were loaded onto a Symmetry300 
C18, 180 μm × 20 mm precolumn (Waters Corporation) connected to a BEH130 C18 column 
(75 μm × 200 mm, 1.7 μm [Waters Corporation]). Peptides were eluted with a linear gradient 
of acetonitrile (120 min from 3 to 40% and 15 min from 40 to 60% [v/v]). Mass spectra were 
acquired using a data-independent acquisition mode (MSE) [26] as previously described by 
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Gonzalez-Fernandez et al. [25] and processed with ProteinLynx Global SERVER v2.4 Build 
RC7 (Waters Corporation). Protein identification was carried out using the database search 
algorithm of the program [27] and the parameters specified by Parada et al. [24]. The absolute 
protein quantification based on peak area intensity of peptide precursors was calculated by 
the program using enolase peptides as an internal standard [28].

Among proteins confirmed by the presence of at least three protein-derived peptides in the 
tryptic digests, those detected in two or three of the biological replicates were considered for 
further analysis. Quantification values of individual proteins were normalized versus the total 
protein in the samples. Only those proteins showing a 1.5-fold increase or a 0.6-fold decrease 
in their relative abundance (with respect to the previous sampling time) were considered dif-
ferentially affected by survival conditions.

UniProt and KEGG databases were used to verify the identity and function of proteins. For 
the prediction of the bacterial protein subcellular localization, the PSORTb 3.0 program [29] 
was used. According to their main biological functions specified in UniProt database, selected 
proteins were further grouped to form the categories of proteins that (i) play structural roles 
involved in (ii) transport, (iii) bioenergetics, (iv) synthesis, degradation, and turnover of 
 protein, (v) stress response, or (vi) have miscellaneous functions.

3. Results and discussion

Consistent with the results of previous studies [4, 11, 30, 31], the total number of E. coli cells 
remained unchanged throughout the experimentation time under nutrient deprivation. The 
percentages of viable and culturable cells were calculated with respect to the total bacteria for 
each analyzed time (Figure 1A and C). Although the viable population did not show signifi-
cant variations throughout the survival period, the culturable fraction declined progressively. 
Moreover, the loss of culturability of the cells incubated at 20°C occurred faster (already 
after 6 days of incubation). This result agrees with those obtained in previous works [4, 32] 
in which it was established that, in the absence of natural microbiota, the survival of E. coli 
reduces at higher temperatures.

Cellular dwarfing has been described as a typical response of bacteria exposed to adverse 
conditions. However, our work did not reveal any significant changes in the size of starved 
E. coli cells during 21 days (Figure 1C and D). For the main fraction of starved E. coli cells 
(63.5–73.5%), the cell length was preserved within the same range (>1.1–≤1.8 μm) during the 
incubation time. Similar results were obtained by Muela et al. [33], who found no changes in 
the cell size throughout the long-term survival of E. coli in sterile river water.

Thus, analysis of cell physiology and morphology revealed that, although E. coli cells remained 
active and maintained their integrity and size, starvation led to a decrease in the number of 
culturable cells. Moreover, these changes were temperature dependent. Similar behavior has 
been previously described for this bacterium [4], and it was attributed to the differences in 
metabolic activities of cells cultured at low and normal temperatures [34, 35].
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From survival assays carried out under starvation conditions, the samples for membrane sub-
proteome analysis were collected at different incubation times: 0 (P0), 6 (P1), 12 (P2), and 21 days 
(P3). Despite the use of membrane fraction for mass spectrometry analysis, the PSORTb 3.0 pro-
gram revealed that the resulting dataset potentially contained predicted cytosolic  proteins (22%), 
including cytosolic subunits of ATP synthase or proteins that can conditionally be associated with 
the membrane (Tables 1 and 2). The fortuitous presence of cytoplasmic proteins in the membrane 
fractions was somewhat anticipated, as it was also observed in previous studies [24, 31].
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Figure 1. Escherichia coli ATCC 27325 survival in the absence of nutrients at 4°C (A, C) and 20°C (B, D). (A and B) Variations 
in the percentages of viable ( ) and culturable ( ) bacteria obtained with respect to the total count at each period. 
(C and D) Variations in cell size distribution (  ≤ 1.12 μm;   >1.12–≤1.77 μm;  >1.77 μm). The data are mean values 
from three independent experiments with error bars representing the standard deviations calculated. Pannels  (E and F), 
images of E. coli preparations stained with acridine orange (E) or Live/Dead BacLight™ kit (F) and examined through 
epifluorescence microscopy.
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Gonzalez-Fernandez et al. [25] and processed with ProteinLynx Global SERVER v2.4 Build 
RC7 (Waters Corporation). Protein identification was carried out using the database search 
algorithm of the program [27] and the parameters specified by Parada et al. [24]. The absolute 
protein quantification based on peak area intensity of peptide precursors was calculated by 
the program using enolase peptides as an internal standard [28].

Among proteins confirmed by the presence of at least three protein-derived peptides in the 
tryptic digests, those detected in two or three of the biological replicates were considered for 
further analysis. Quantification values of individual proteins were normalized versus the total 
protein in the samples. Only those proteins showing a 1.5-fold increase or a 0.6-fold decrease 
in their relative abundance (with respect to the previous sampling time) were considered dif-
ferentially affected by survival conditions.

UniProt and KEGG databases were used to verify the identity and function of proteins. For 
the prediction of the bacterial protein subcellular localization, the PSORTb 3.0 program [29] 
was used. According to their main biological functions specified in UniProt database, selected 
proteins were further grouped to form the categories of proteins that (i) play structural roles 
involved in (ii) transport, (iii) bioenergetics, (iv) synthesis, degradation, and turnover of 
 protein, (v) stress response, or (vi) have miscellaneous functions.

3. Results and discussion

Consistent with the results of previous studies [4, 11, 30, 31], the total number of E. coli cells 
remained unchanged throughout the experimentation time under nutrient deprivation. The 
percentages of viable and culturable cells were calculated with respect to the total bacteria for 
each analyzed time (Figure 1A and C). Although the viable population did not show signifi-
cant variations throughout the survival period, the culturable fraction declined progressively. 
Moreover, the loss of culturability of the cells incubated at 20°C occurred faster (already 
after 6 days of incubation). This result agrees with those obtained in previous works [4, 32] 
in which it was established that, in the absence of natural microbiota, the survival of E. coli 
reduces at higher temperatures.

Cellular dwarfing has been described as a typical response of bacteria exposed to adverse 
conditions. However, our work did not reveal any significant changes in the size of starved 
E. coli cells during 21 days (Figure 1C and D). For the main fraction of starved E. coli cells 
(63.5–73.5%), the cell length was preserved within the same range (>1.1–≤1.8 μm) during the 
incubation time. Similar results were obtained by Muela et al. [33], who found no changes in 
the cell size throughout the long-term survival of E. coli in sterile river water.

Thus, analysis of cell physiology and morphology revealed that, although E. coli cells remained 
active and maintained their integrity and size, starvation led to a decrease in the number of 
culturable cells. Moreover, these changes were temperature dependent. Similar behavior has 
been previously described for this bacterium [4], and it was attributed to the differences in 
metabolic activities of cells cultured at low and normal temperatures [34, 35].
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From survival assays carried out under starvation conditions, the samples for membrane sub-
proteome analysis were collected at different incubation times: 0 (P0), 6 (P1), 12 (P2), and 21 days 
(P3). Despite the use of membrane fraction for mass spectrometry analysis, the PSORTb 3.0 pro-
gram revealed that the resulting dataset potentially contained predicted cytosolic  proteins (22%), 
including cytosolic subunits of ATP synthase or proteins that can conditionally be associated with 
the membrane (Tables 1 and 2). The fortuitous presence of cytoplasmic proteins in the membrane 
fractions was somewhat anticipated, as it was also observed in previous studies [24, 31].
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Figure 1. Escherichia coli ATCC 27325 survival in the absence of nutrients at 4°C (A, C) and 20°C (B, D). (A and B) Variations 
in the percentages of viable ( ) and culturable ( ) bacteria obtained with respect to the total count at each period. 
(C and D) Variations in cell size distribution (  ≤ 1.12 μm;   >1.12–≤1.77 μm;  >1.77 μm). The data are mean values 
from three independent experiments with error bars representing the standard deviations calculated. Pannels  (E and F), 
images of E. coli preparations stained with acridine orange (E) or Live/Dead BacLight™ kit (F) and examined through 
epifluorescence microscopy.
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Category Protein accession number Locationa Protein name

Cell structure LPP_ECOLI OM Major outer membrane lipoprotein Lpp

PAL_ECOLI OM Peptidoglycan-associated lipoprotein

SLP_ECOLI OM Slp

METQ_ECOLI CM D-Methionine-binding lipoprotein MetQ

DACC_ECOLI CM D-Alanyl-D-alanine carboxypeptidase DacC

SLYB_ECOLI OM Outer membrane protein SlyB

YDGA_ECOLI CM YdgA

Transport OMPA_ECOLI OM OmpA

OMPC_ECOLI OM OmpC

OMPW_ECOLI OM OmpW

OMPX_ECOLI OM OmpX

TOLC_ECOLI OM TolC

GLPT_ECOLI CM Glycerol 3 phosphate transporter

PTNAB_ECOLI Cyt PTS system mannose-specific EIIAB component

PTND_ECOLI CM Mannose permease IID component

COPA_ECOLI CM Copper-exporting P-type ATPase A

ACRA_ECOLI CM Multidrug efflux pump subunit AcrA

YHII_ECOLI CM Uncharacterized protein YhiI

DCUA_ECOLI CM Anaerobic C4-dicarboxylate transporter DcuA

Bioenergetics ATPA_ECOLI Cyt ATP synthase, subunit alpha

ATPB_ECOLI; 
ATPL_ECOLI

CM ATP synthase, subunits beta and c

CYDA_ECOLI; 
CYDB_ECOLI

CM Cytochrome bd-I ubiquinol oxidase, subunits 1 and 2

FRDB_ECOLI; 
FRDA_ECOLI

CM Fumarate reductase iron-sulfur subunit and 
flavoprotein subunit

DHSA_ECOLI
DHSB_ECOLI

CM Succinate dehydrogenase flavoprotein subunit and 
iron-sulfur subunit

NARG_ECOLI CM Respiratory nitrate reductase 1 alpha chain

Synthesis, 
degradation, 
and turnover of 
proteins

HFLK_ECOLI Cyt Modulator of FtsH protease HflK

HFLC_ECOLI CM Modulator of FtsH protease HflC

Stress responses YQJD_ECOLI ? Uncharacterized protein YqjD

ELAB_ECOLI ? ElaB

Others MIND_ECOLI CM Septum site-determining protein MinD

aOM, outer membrane; CM, cytoplasmic membrane; Cyt, cytosolic protein; ?, unknown.

Table 1. Membrane proteins that did not show significant changes in their level after 0, 6, 12, and 21 days of E. coli 
starvation in saline solution (NaCl 0.9%).
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Category Protein accession number Locationa Protein name

Cell structure LPP_ECOLI OM Major outer membrane lipoprotein Lpp

PAL_ECOLI OM Peptidoglycan-associated lipoprotein

SLP_ECOLI OM Slp

METQ_ECOLI CM D-Methionine-binding lipoprotein MetQ

DACC_ECOLI CM D-Alanyl-D-alanine carboxypeptidase DacC

SLYB_ECOLI OM Outer membrane protein SlyB

YDGA_ECOLI CM YdgA

Transport OMPA_ECOLI OM OmpA

OMPC_ECOLI OM OmpC

OMPW_ECOLI OM OmpW

OMPX_ECOLI OM OmpX

TOLC_ECOLI OM TolC

GLPT_ECOLI CM Glycerol 3 phosphate transporter

PTNAB_ECOLI Cyt PTS system mannose-specific EIIAB component

PTND_ECOLI CM Mannose permease IID component

COPA_ECOLI CM Copper-exporting P-type ATPase A

ACRA_ECOLI CM Multidrug efflux pump subunit AcrA

YHII_ECOLI CM Uncharacterized protein YhiI

DCUA_ECOLI CM Anaerobic C4-dicarboxylate transporter DcuA

Bioenergetics ATPA_ECOLI Cyt ATP synthase, subunit alpha

ATPB_ECOLI; 
ATPL_ECOLI

CM ATP synthase, subunits beta and c

CYDA_ECOLI; 
CYDB_ECOLI

CM Cytochrome bd-I ubiquinol oxidase, subunits 1 and 2

FRDB_ECOLI; 
FRDA_ECOLI

CM Fumarate reductase iron-sulfur subunit and 
flavoprotein subunit

DHSA_ECOLI
DHSB_ECOLI

CM Succinate dehydrogenase flavoprotein subunit and 
iron-sulfur subunit

NARG_ECOLI CM Respiratory nitrate reductase 1 alpha chain

Synthesis, 
degradation, 
and turnover of 
proteins

HFLK_ECOLI Cyt Modulator of FtsH protease HflK

HFLC_ECOLI CM Modulator of FtsH protease HflC

Stress responses YQJD_ECOLI ? Uncharacterized protein YqjD

ELAB_ECOLI ? ElaB

Others MIND_ECOLI CM Septum site-determining protein MinD

aOM, outer membrane; CM, cytoplasmic membrane; Cyt, cytosolic protein; ?, unknown.

Table 1. Membrane proteins that did not show significant changes in their level after 0, 6, 12, and 21 days of E. coli 
starvation in saline solution (NaCl 0.9%).
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A large group of proteins (Table 1) did not show any significant upregulation (>1.5-fold) or 
downregulation (<0.6-fold) during the survival experiments. This group included proteins 
related to the maintenance of cell structure (some lipoproteins, YdgA, and other) and/or the 
transport (porins such as OmpA, OmpW, OmpC, and TolC) (Table 1). Noteworthy, some of 
these proteins (namely, Lpp lipoprotein and OmpA and OmpC porins) belong to the group 
of the most abundant polypeptides detected in all samples. The above data suggest a role for 
these proteins in the maintenance of cell integrity observed here and in previous  studies [12, 15, 
16, 36, 37] upon E. coli exposure to adverse conditions. While some of them (e.g.,  lipoproteins) 
may be critical for maintaining the lipid bilayer, others (e.g., OmpA and OmpW) are likely 
involved in sustaining the integrity of the outer membrane [38–40]. No changes in protein 
level were also observed for different proteases implicated in synthesis, degradation, and 
turnover of membrane proteins (HflK and HflC) (Table 1). It seems that their presence is criti-
cal for preservation of cell stability as these proteases might degrade damaged or unnecessary 
proteins that could potentially accumulate in the lipid bilayer, thus restricting membrane 
permeability [41, 42], which is one of the fundamental functions of  biological membranes [41]. 
This idea is supported by the results of staining with the Live/Dead BacLight™ kit used to 
differentiate live and dead cells (Figure 1A and B), demonstrating that the membranes of the 
starved cells remain intact and preserve their selective permeability.

We also observed that the level of numerous proteins implicated in bioenergetics (namely, 
different subunits of ATP synthase, cytochromes, and reductases) and transport (porins, 
mannose permease, components of PTS systems, or glycerol 3 phosphate transporter) was 
nearly the same in the control sample (P0) and samples (P3) mainly containing  non- culturable 
 bacteria (Figure 1 and Table 1). Despite the constant presence of these proteins in cell enve-
lope,  several studies suggested that starving cells likely preserve a minimal level of  metabolic 
activities. For instance, Ozkanca and Flint [43] indicated that respiration rates greatly 
decreased to almost undetectable levels in E. coli cells exposed to starvation during their incu-
bation in sterile lake water. Likewise, Barcina et al. [44] detected a decrease of glucose uptake 
for populations maintained in freshwater. Thus, the constant presence of the energy- and 
sugar metabolism-related proteins seems to indicate that starving cells still stay alarmed and 
prepared to quickly respond to favorable environmental conditions. Indeed, analysis of glu-
cose uptake by the starving cells revealed a quick response and, as a result, an increase in 
the respiration rate [44]. Consistently, several authors have demonstrated the function of the 
electron transport chains in non-culturable bacteria by showing their ability to reduce intra-
cellularly tetrazolium salts [31, 45, 46]. Moreover, in a previous work, Arana et al. [30] found 
that some E. coli cells could release nutrients (mainly monomeric carbohydrates and amino 
acids) into the surrounding medium under stress conditions. The released nutrients are taken 
up by other cells, thus could aid in the survival of remaining culturable cells and, therefore, 
ensure the persistence of the species in adverse environments.

Other constantly present proteins include YqjD and its paralogous protein ElaB, known to 
be abundant in the stationary growth phase. These proteins seem to be involved in inhibi-
tion of ribosomal activity and in localization of ribosomes on the inner membrane during the 
stationary phase of growth. In cells exposed to some stress conditions (e.g., starvation), both 
ribosomal biogenesis and protein synthesis are known to be suppressed. Thus, the negative 
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A large group of proteins (Table 1) did not show any significant upregulation (>1.5-fold) or 
downregulation (<0.6-fold) during the survival experiments. This group included proteins 
related to the maintenance of cell structure (some lipoproteins, YdgA, and other) and/or the 
transport (porins such as OmpA, OmpW, OmpC, and TolC) (Table 1). Noteworthy, some of 
these proteins (namely, Lpp lipoprotein and OmpA and OmpC porins) belong to the group 
of the most abundant polypeptides detected in all samples. The above data suggest a role for 
these proteins in the maintenance of cell integrity observed here and in previous  studies [12, 15, 
16, 36, 37] upon E. coli exposure to adverse conditions. While some of them (e.g.,  lipoproteins) 
may be critical for maintaining the lipid bilayer, others (e.g., OmpA and OmpW) are likely 
involved in sustaining the integrity of the outer membrane [38–40]. No changes in protein 
level were also observed for different proteases implicated in synthesis, degradation, and 
turnover of membrane proteins (HflK and HflC) (Table 1). It seems that their presence is criti-
cal for preservation of cell stability as these proteases might degrade damaged or unnecessary 
proteins that could potentially accumulate in the lipid bilayer, thus restricting membrane 
permeability [41, 42], which is one of the fundamental functions of  biological membranes [41]. 
This idea is supported by the results of staining with the Live/Dead BacLight™ kit used to 
differentiate live and dead cells (Figure 1A and B), demonstrating that the membranes of the 
starved cells remain intact and preserve their selective permeability.

We also observed that the level of numerous proteins implicated in bioenergetics (namely, 
different subunits of ATP synthase, cytochromes, and reductases) and transport (porins, 
mannose permease, components of PTS systems, or glycerol 3 phosphate transporter) was 
nearly the same in the control sample (P0) and samples (P3) mainly containing  non- culturable 
 bacteria (Figure 1 and Table 1). Despite the constant presence of these proteins in cell enve-
lope,  several studies suggested that starving cells likely preserve a minimal level of  metabolic 
activities. For instance, Ozkanca and Flint [43] indicated that respiration rates greatly 
decreased to almost undetectable levels in E. coli cells exposed to starvation during their incu-
bation in sterile lake water. Likewise, Barcina et al. [44] detected a decrease of glucose uptake 
for populations maintained in freshwater. Thus, the constant presence of the energy- and 
sugar metabolism-related proteins seems to indicate that starving cells still stay alarmed and 
prepared to quickly respond to favorable environmental conditions. Indeed, analysis of glu-
cose uptake by the starving cells revealed a quick response and, as a result, an increase in 
the respiration rate [44]. Consistently, several authors have demonstrated the function of the 
electron transport chains in non-culturable bacteria by showing their ability to reduce intra-
cellularly tetrazolium salts [31, 45, 46]. Moreover, in a previous work, Arana et al. [30] found 
that some E. coli cells could release nutrients (mainly monomeric carbohydrates and amino 
acids) into the surrounding medium under stress conditions. The released nutrients are taken 
up by other cells, thus could aid in the survival of remaining culturable cells and, therefore, 
ensure the persistence of the species in adverse environments.

Other constantly present proteins include YqjD and its paralogous protein ElaB, known to 
be abundant in the stationary growth phase. These proteins seem to be involved in inhibi-
tion of ribosomal activity and in localization of ribosomes on the inner membrane during the 
stationary phase of growth. In cells exposed to some stress conditions (e.g., starvation), both 
ribosomal biogenesis and protein synthesis are known to be suppressed. Thus, the negative 
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regulation of these processes by YqjD and ElaB could be important for bacterial adaptation 
and survival in harsh environments [47].

Table 2 shows the membrane proteins (accounted for 17–19% of the total analyzed 
 polypeptides) that became less or more abundant upon starvation of E. coli in sterile saline 
solution. Some of these proteins underwent variations dependent on nutrient status and/or 
incubation  temperature. For example, the level of two proteins (namely, BamA and BamB) 
belonging to the outer membrane complex Bam (additionally containing BamB, BamC, 
BamD, and BamE [48, 49]) as well as the membrane protein insertase YidC sharply declined 
and became undetectable in the starved cells (Table 2). Since the β-barrel assembly machinery 
(BAM) is essential for maintaining the bacterial cell envelope and is involved in OMP recogni-
tion, folding, and assembly [48, 50, 51], its depletion with BamA, one of the key components of 
the E. coli Bam complex, after 3 days of incubation under starvation conditions could indicate 
the reduction in the production and/or active assembly of proteins in the outer membrane. 
Volokhina et al. [48] suggested that loss of activity of this protein promotes accumulation of 
proteins in the outer membrane that cannot be inserted therein. This accumulation could be 
lethal for the bacterium since aggregates would be formed in the periplasmic space. Moreover, 
this could lead to the incorporation of these OMPs into inner bacterial membranes, which 
would dissipate the proton-motive force and kill bacteria [52]. However, in this study, we 
have not detected dead cells (Figure 1). This fact could indicate that the Bam complex might 
become redundant in the nondividing E. coli cells due to reduction of production and matura-
tion of OMPs in bacterial cells exposed to starvation.

Similar to BamA and BamB, the membrane protein insertase YidC also was not detectable 
after 21 days of starvation. This protein has been proposed to mediate the transfer of trans-
membrane segments of hydrophilic polypeptide chains from the Sec-translocon into the lipid 
bilayer and can assist folding of inner membrane proteins [53] including ATP synthase sub-
unit c [17]. This finding together with the data obtained for BamA and BamB (see above) 
suggests that limitation of nutrients leads to the overall reduction of cell envelope biogenesis.

Other proteins that became undetectable in starved cells were the methyl-accepting chemo-
taxis protein I and the flagellin FLIC_ECOLI. Chen and Chen [54] demonstrated that under 
starvation, Vibrio vulnificus populations exhibited reduced motility. Lemke et al. [55] and 
Chandrangsu et al. [56] concluded that DksA (protein required for the regulation of certain 
promoters) and the alarmone ppGpp inhibit expression of the flagellar cascade during cells’ 
entry into the stationary phase or during their starvation. This mechanism could prevent 
unnecessary waste of energy on synthesis of macromolecular complexes and generation of 
proton-motive force used to rotate the flagella apparatus [57] and, therefore, would free more 
energy to sustain the survival process.

Unlike chemotaxis protein I and the flagellin FLIC_ECOLI, the elongation factor Tu 1 became 
one of the most abundant proteins in populations maintained 6 days at 20°C. This elongation 
factor is known as a cytoplasmic chaperone implicated in protein synthesis, growth regulation, 
and stress responses [58, 59]. The high level of this protein in starving cells is consistent with 
the data presented by Muela et al. [31]. They observed an increase in the level of EFTu in E. coli 
populations under starvation conditions and its subsequent localization on the membrane.
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As shown in Figure 1, E. coli response to starvation was temperature dependent. We iden-
tified several proteins whose level was differently affected by temperature. Namely, the 
protein translocase subunit SecD and bacterioferritin became undetectable in starved 
cells maintained at 20°C, whereas PTS system N-acetylglucosamine-specific EIICBA 
component was gradually lost in populations maintained at 4°C (Table 2). Unlike above 
examples, the temperature-dependent regulation of osmotically inducible lipoprotein 
E (OSME_ECOLI) and ATP-dependent zinc metalloprotease FtsH did not reveal a clear 
regulation pattern.

Interestingly, the levels of three proteins were below detection at the starting point (P0), but 
their level was increased afterward. This group of proteins includes the structural protein 
MreB (MREB_ECOLI), putative porin NmpC, and the cytosolic universal stress protein F 
(USPF_ECOLI). MreB is a homolog of eukaryotic actin, which has been found to be associ-
ated with the membrane in several bacteria [60–62]. Shih et al. [63] stated that the MreB 
system is required for establishment of the rod shape of cells. MreB proteins form actin-like 
cables lying beneath the inner cell membrane. The cables are required to guide longitudinal 
cell wall synthesis. Chiu et al. [64] demonstrated that, in non-culturable Vibrio parahaemolyti-
cus populations appeared upon starvation, MreB protein was located near the cytoplasmic 
membrane. Moreover, these authors reported a reduction in cellular size associated with the 
increase in the expression of the mreB gene. However, Ben Abdallah et al. [65] and Parada 
et al. [24] described the decline in the expression of the mreB gene and MreB protein con-
tent, respectively, in Vibrio species undergoing morphological changes in response to stress. 
Kruse et al. [66] demonstrated that a decrease of MreB concentration leads to merodiploid 
spherical and inflated E. coli cells prone to cell lysis. Moreover, Defeu Soufo et al. [67] dem-
onstrated a relationship between MreB and EFTu for E. coli and Bacillus subtilis cells, and they 
suggested that EFTu could affect the cellular morphology through interaction with MreB. 
EFTu improves the ability of MreB to form filaments functioning as a basal structure. Our 
work suggests that both proteins could interact, as both of them are present during the cell 
response to stress.

Thus, the present study showed that, although incubation in the absence of nutrients reduced 
cell culturability in a temperature-dependent manner, the cells still remained active and pre-
served their integrity and size. In addition, proteome analysis of the cell’s envelope revealed 
that the concentration of membrane proteins playing the key roles in cellular transport, main-
tenance of cell structure, as well as bioenergetic processes remained almost unchanged, indi-
cating their crucial roles in E. coli survival under nutrient-limiting conditions. Moreover, some 
of the proteins critical for preservation of cell stability and membrane permeability (such as 
the modulators of FtsH protease, HflK, and HflC) appeared to be steadily present in the popu-
lations of mainly non-culturable cells. We also found the continuous increase in the level 
of elongation factor EFTU1 along the survival process, thus suggesting its essential role in 
the adaptation process. Interestingly, the level of some proteins (e.g., bacterioferritin) was 
differently affected by temperature (see above). Finally, the observed depletion of the key 
components of the Bam complex, insertase YidC, and/or proteins implicated in chemotaxis 
suggested their redundancy for preserving cell integrity and therefore allowed to save energy 
during E. coli adaptation and survival.
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