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Preface

Escherichia coli is a bacterium of profound duality. As a commensal, it is an indispensable
resident of our gut, providing essential vitamins and helping maintain microbial
balance. As a scientific tool, it has revolutionized biology and medicine. However,
specific pathogenic strains lead to severe illness, ranging from mild diarrhea to
life-threatening complications. Understanding this difference between harmless gut
residents and dangerous pathogenic variants is crucial.

This book explores these phenomena, revealing how Escherichia coli mirrors the
complexities of life. Experts from all over the world shared their latest insights and
views. Section 1 contains two chapters which provide an overview of this bacterium.
For humans, Escherichia coli is far more than a passive resident. Within hours of birth,
it colonizes the infant’s gut, becoming a cornerstone of the intestinal microbiome.
This facultative anaerobe adapts effortlessly to oxygen-rich and oxygen-poor envi-
ronments, showcasing metabolic versatility that sustains its host.

Yet, lurking within this benign majority are rogue variants. When Escherichia coli
acquires virulence genes, often through plasmids or phages, it morphs into a formidable
pathogen. The World Health Organization recognizes different pathotypes with distinct
mechanisms of harm. Worse still, misuse of antibiotics makes them resistant and more
difficult to eradicate. The content on drug resistance of Escherichia coli can be found

in section 2 of this book.

Of course, scientists have never given up the fight against pathogens. From killing
planktonic Escherichia coli cells to destroying stubborn biofilm, new therapeutics are
constantly being proposed. This also gives us confidence in winning the war against
notorious germs. Section 3 describes existing approaches and also looks at future
prospects.

The academic editor would like to express sincere gratitude to Prof. Xing Gao (Qilu
Institute of Technology), Prof. Jibin Song (Beijing University of Chemical Technology)
and Prof. Sharon Shui Yee Leung (The Chinese University of Hong Kong) for their
generous guidance and assistance during book editing.

Ping Zeng

Qilu Institute of Technology,

College of Biological and Chemical Engineering,
Jinan, China
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Chapter1

Dual Nature of Escherichia coli:
Usetul Biological Tool versus
Notorious Pathogen

Hui Chen, Yaqi Zhao, Zixuan Yan, Tianvan Zhao, Yuge Liu,
Lanxi Zhang and Ping Zeng

Abstract

This introductory chapter provides a comprehensive overview of Escherichia coli
(E. coli), highlighting its dual nature as both a nonpathogenic and pathogenic micro-
organism. Nonpathogenic strains are crucial components of the intestinal microbiota.
Moreover, as a model species in modern biology, E. coli plays a central role in diverse
biomedical fields, such as genetic and molecular research, recombinant protein
expression, and metabolic engineering. In addition to its significance in the health
sector, E. coli possesses substantial biotechnological potential, with diverse applica-
tions spanning industrial synthesis, energy production, and environmental remedia-
tion, including power generation and wastewater treatment. On the contrary, by
investigating the epidemiological and clinical implications of pathogenic strains, this
chapter also underscores the significant public health threat posed by these strains
and highlights the urgent need to develop innovative therapeutic strategies to combat
resistance mechanisms, including drug-resistant plasmids. Overall, this chapter
elucidates the dual nature of E. coli and underscores its significance in advancing our
understanding of bacteriology, as well as in tackling global health and sustainability
challenges.

Keywords: intestinal flora, nonpathogenic strain, pathogenic microorganism, drug
resistance, novel therapeutics

1. Introduction

E. coli is an important model organism in modern biology, offering a range of
advantages and widespread applications [1]. As a gram-negative bacterium, E. coli
has a simple cellular structure and a rapid reproduction rate. Its small genome,
which been completely sequenced and annotated, facilitates genetic and physiologi-
cal research [2]. E. coli is widely used in the study of gene expression regulation,
translation processes, protein folding and modification, and can also help in the
study of microbial metabolic pathways and their regulation [3]. E. coli is a commonly
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used host bacterium, capable of introducing foreign genes to produce therapeutic
proteins or industrial enzymes [4]. The composition of the culture medium for E. coli
is simple and inexpensive, and the culture and experimental techniques are easy to
master, with high safety of the experimental strains. With these advantages, E. coli is
indispensable in various fields of modern biology and has effectively promoted the
progress of life sciences [5].

E. coli has a dual nature, including nonpathogenic and pathogenic aspects.
Nonpathogenic strains are members of normal flora of the human and animal
intestines, which can maintain the balance of intestinal microecology, participate
in the digestion and absorption of food, and synthesize vitamins [6]. For instance,
vitamin K and some B vitamins produced by E. coli are essential for normal physi-
ological functions. Vitamin K participates in the blood coagulation process, and B
vitamins play an important role in energy metabolism and nervous system function.
Furthermore, nonpathogenic strains enhance intestinal immune function, thus
preventing pathogenic bacteria from colonization [7].

E. coli is a commonly host bacterium in genetic engineering and is a gene engineer-
ing vector. Its genome is relatively small, which would be easy to perform genetic
manipulations and introduce foreign genes into E. coli, facilitating the expression of
required proteins, such as insulin, growth hormone, interferon, and other biophar-
maceuticals [8]. Moreover, E. coli cells are able to synthesize target proteins quickly
in large quantities. By optimizing expression system, it can achieve the expression
of different types of proteins, providing strong support for structure and function
research and vaccine development [9]. These could provide important means for the
treatment of diseases.

Since E. coli exists in large quantities in the intestines of humans and animals
and has a relatively short survival time in the environment, it is often used as an
indicator bacterium for fecal contamination of water bodies and soil. By detect-
ing the number of E. coli in environmental samples, we can indirectly analyze
whether the environment has been contaminated by feces and the extent of pollu-
tion, thereby providing a basis for environmental quality monitoring and public
health protection [10].

On the contrary, pathogenic strains have special virulence factors, such as produc-
ing toxins or having structures such as flagella, which can help them colonize, repro-
duce, and cause disease in the host body [11]. Pathogenic strains can be divided into
enterohaemorrhagic, enteropathogenic, enteroinvasive, and other types, leading to
various diseases. In severe cases, it can result in dehydration, electrolyte disturbances,
and even life-threatening conditions [12]. Additionally, pathogenic E. coli strains can
also cause extraintestinal infections, such as urinary tract, sepsis, meningitis, espe-
cially in people with weakened immune systems [13].

In summary, E. coli plays a crucial role in modern biological research. The study
of E. coli has been instrumental in elucidating fundamental principles of bacterial
physiology and gene regulation. For instance, E. coli research has provided a frame-
work for understanding bacterial gene regulation through operons, allostery, and
environmental sensing, while also shedding light on physiological adaptations in
metabolism, stress response, and host interactions. With the continuous deepening of
future life science research, the functions of E. coli will be further explored through
synthetic biology and multi-omics technologies. For example, engineered metabolic
pathways allow E. coli to produce non-native high-value compounds, and comparative
multi-omics quantifies strain-specific variations to match phenotypes with industrial
needs.
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The application prospects of E. coli in various fields will be broader, and the
research and utilization of E. coli will continue to promote the development of human
health and biotechnology industries, bringing more innovation to medical treatment,
green manufacturing, and other fields.

2. Nonpathogenic E. coli: Biology and applications
2.1Role in gut microbiota and gastrointestinal colonization

E. coli is widely distributed in the intestinal tracts of humans and animals and
can be classified into pathogenic and nonpathogenic strains based on its virulence.
Nonpathogenic E. coli was once overlooked, but in recent years, it has emerged as
aresearch hot spot due to its critical functions and potential in multiple fields [14].
In-depth exploration of nonpathogenic E. coli contributes to a better understanding
of gut microbiota ecology, genetic and molecular mechanisms, and the development
of industrial applications.

The gut microbiota is a complex microbial community that symbiotically
inhabits the human intestinal tract and plays a crucial role in host health. As a key
component of the normal microbiota, nonpathogenic E. coli helps suppress harmful
microorganisms and maintains the dominance of beneficial bacteria [15]. Adhesion
factors, like fimbriae on the bacterial surface, could facilitate its attachment to intesti-
nal epithelial cells, thus enabling colonization. Once established, it forms a biological
barrier against pathogen invasion while its metabolic activities stimulate intestinal
epithelial development and enhance mucosal immunity [16]. Studies indicated that
nonpathogenic E. coli can induce epithelial cells to secrete antimicrobial peptides and
cytokines, thereby strengthening immune defenses [17].

2.2 Applications as a model organism

Due to diverse growth phenotypes and adaptability of E. coli, it serves as an ideal
biological model for studying responses to varying growth conditions and ecologi-
cal niches. The genome of nonpathogenic E. coli is compact with well-characterized
regulatory mechanisms, facilitating genetic manipulation. Its simple culture require-
ments, rapid reproduction (doubling time ~ 20 minutes), and well-established
genetic tools, like gene knockout systems, make it a powerful platform for functional
genomics research [18].

As a widely used host for recombinant protein production, engineered E. coli
can efficiently synthesize biopharmaceuticals such as insulin. Strategies includ-
ing codon optimization and chaperone co-expression enhance protein yield and
solubility [19]. Additionally, genetic editing redirects metabolic fluxes to synthe-
size high-value compounds like biodiesel from fatty acid metabolism and food-
grade amino acids [20]. As a biocatalyst, E. coli enables sustainable synthesis of
natural products under mild conditions, reducing reliance on hazardous chemical
processes.

In medical application, genetically engineered E. coli is designed for targeted
delivery of anticancer drugs. Such kind of “bacterial robot” can accurately gather in
the tumor hypoxia area to release therapeutic agents [21]. There are also studies that
use E. coli as a living diagnosis system to generate color signals by sensing specific
metabolic markers, so as to realize early non-invasive diagnosis of diseases [22].
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Recently, an engineered probiotic E. coli was reported to deliver an aPD-L1-PE38
fusion toxin directly to tumors [23]. Another work designed an E. coli-quantum dots
biohybrid system for direct converting glycerol to H, production with a high rate [24].
These advancements demonstrate the wide-ranging application of E. coli in various
fields.

2.3 Industrial applications

Industrially, engineered E. coli produces diverse compounds, such as human milk
oligosaccharides including 2’-fucosyllactose, 3'-sialyllactose, and 6’-sialyllactose,
with scalable and automatable fermentation processes [25]. Under anaerobic condi-
tions, E. coli oxidizes organic matter to generate electrons and protons, producing
electric current. Optimizing strains and reactor designs improves power output [26].
In the field of biohydrogen production, genetic modifications enhance hydrogen yield
and substrate utilization efficiency, supporting scalable clean energy generation [27].

E. coli can be also applied to environmental remediation, including degrading
organic pollutants in wastewater by reducing the ratio of chemical oxygen demand
and biochemical oxygen demand (COD/BOD) and absorbing nitrogen and phospho-
rus to mitigate eutrophication. In addition, for soil remediation, modulating micro-
bial communities to degrade organic pollutants and immobilizing heavy metals by E.
coli will be beneficial for improving fertility and structure. Engineered strains show
improved degradation of recalcitrant contaminants [28].

Collectively, nonpathogenic E. coli holds immense value in gut ecology, molecular
research, and industrial biotechnology. However, challenges such as unclear microbial
interactions in the gut and suboptimal production efficiency in industrial settings
remain unsolved. Future research should integrate advanced technologies like multi-
omics and synthetic biology to expand its applications, offering solutions for health,
energy, and environmental sustainability.

3. Pathogenic E. coli: Prevalence and challenges
3.1 Overview of important strains

Pathogenic E. coli is capable of causing various diseases in humans and animals.
Certain pathogenic strains carrying specific virulence factors may cause intestinal
or extraintestinal infections through different mechanisms [29]. Based on their
pathogenic mechanisms, clinical manifestations, and epidemiological characteristics,
pathogenic E. coli in the gut can be primarily categorized into six types: enteropatho-
genic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC),
enterohemorrhagic E. coli (EHEC), enteroaggregative E. coli (EAEC), and diffuse
adherent E. coli (DAEC). Extraintestinal infections are mainly caused by uropatho-
genic E. coli (UPEC) and neonatal meningitis-causing E. coli (NMEC) [30]. These
pathogens spread through contaminated water sources, food, or human-to-human
contact, causing mild diarrhea to severe complications such as hemolytic uremic syn-
drome (HUS). In recent years, the emergence of drug-resistant pathogenic E. coli has
further exacerbated public health challenges. This section will systematically explore
the virulence factors, pathogenic mechanisms, epidemiological characteristics, and
clinical challenges of three most iconic pathogenic E. coli strains, EHEC, ETEC, and
UPEC.
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3.1.1EHEC

EHEC is a type of pathogenic E. coli that produces Shiga toxin (Stx), primar-
ily causing hemorrhagic colitis and HUS. The most representative serotype is
0157:H7, which has been the most common serotype responsible for human
disease both domestically and internationally in recent years [31]. However, other
serotypes such as 026:H11, 0104:H4, 045:H2, 0103:H2, O111:H8, and O121:H2 can
also cause disease.

Stx, as a protein toxin and also an exotoxin, possesses enterotoxicity, cytotoxicity,
and neurotoxicity. It is one of the most potent toxins known today and plays a crucial
role in the pathogenesis of EHEC [32]. The toxin can be divided into two categories:
Stx1, which can be neutralized by anti-Stx, and Stx2, which cannot be neutralized
by anti-Stx. Among them, Stx2 has a much higher cytotoxicity to human glomerular
microvascular endothelial cells than Stx1, with its half lethal dose (LDs,) being only
1/400 that of Stx1. In the development of hemorrhagic enteritis and hemolytic uremic
syndrome, the role of Stx2 is even more critical [33]. Stx-induced cytotoxicity begins
with ribosomal inactivation and free A-subunit toxicity, progressing to endothelial
damage in the gut and kidneys [34].

Due to the close association between Stx and EHEC pathogenesis, in scientific
literature, when discussing related strains, the terms Shiga toxin-producing E. coli
(STEC) and EHEC are frequently used interchangeably [35]. However, although they
appear similar, there are fundamental differences between the two. According to
the authoritative definition by the Food and Agriculture Organization of the United
Nations, STEC refers to strains containing the Stx gene (one or more) encoding
Stx but not necessarily carrying other virulence genes. EHEC, on the other hand, is
defined as strains that contain both the Stx gene and an adhesion factor [36]. In most
cases, once the human body ingests EHEC strains, it will trigger a series of symptoms.
When the condition is mild, it manifests as bloody diarrhea and hemorrhagic colitis.
If the condition worsens, it can even develop into a potentially fatal HUS [37].

3.1.2 ETEC

ETEC is one of the most common causes of diarrhea. It frequently occurs in the
colon of both domestic and wild animals, even humans, leading to the death of
newborn calves and piglets due to severe neonatal diarrhea, meanwhile posing a
significant health threat to people in low-income and middle-income countries [38].

ETEC produces various adhesins, such as CFA/I and CFA/II, which are flagellum-
like structures. These adhesins can specifically recognize and bind to receptors on the
surface of small intestinal epithelial cells, allowing bacteria to adhere tightly to the
intestinal mucosa [39]. This process helps ETEC resist the flushing action of intestinal
peristalsis and digestive fluids, enabling it to colonize the small intestine and create
conditions for subsequent pathogenic processes.

Exotoxins are crucial for the ability of ETEC to proliferate within the host and
spread to other potential hosts. Different ETEC strains have multiple combinations
of exotoxins, which determine their overall virulence, with the most significant being
heat-labile toxins and heat-stable toxins [40]. Heat-labile toxins bind to receptors on
the surface of small intestinal epithelial cells, activating adenylate cyclase, increasing
intracellular cyclic adenosine monophosphate levels, inhibiting the absorption of
sodium, chloride, and water by the intestinal mucosa, promoting secretion of intesti-
nal fluid, and causing diarrhea. Heat-stable toxins bind to guanylate cyclase receptors
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on small intestinal epithelial cells, increasing intracellular 3'-5'-cyclic guanosine
monophosphate levels, affecting ion transport, promoting secretion of intestinal
fluid, and triggering diarrhea [41].

3.1.3 UPEC

UPEC belongs to the extraintestinal pathogenic E. coli, rather than the traditional
intestinal pathogenic E. coli. UPEC is generally recognized as the primary pathogen
causing urinary tract infections [42].

The pili of UPEC assists in adhering to epithelial cells, allowing the bacteria to
firmly attach to urinary tract tissues and avoid being washed away by urine, thus
achieving colonization in the urinary system. Subsequently, periodic morphological
changes occur, such as filamentation. This process not only helps evade the body’s
immune system but can also lead to false-negative test results, playing a crucial role in
the development of urinary tract infections [43]. Additionally, UPEC has the ability
to secrete extracellular polysaccharides and other substances, which can aggregate to
form a biofilm that tightly encapsulates the bacteria. The microenvironment cre-
ated by the biofilm provides excellent protection for the bacteria, enhancing their
resistance to the host’s immune defense system, making it difficult for immune cells
to approach and eliminate them. On the other hand, the biofilm can impede antibiotic
penetration, preventing the complete eradication of bacteria, ultimately leading to
chronic infections with frequent recurrence, significantly increasing the difficulty of
treatment [44].

The virulence factors of UPEC mainly include a-hemolysin and cytotoxin-
associated protein. The a-hemolysin is encoded by the hlyA gene and secreted outside
the cell via the Type I secretion system. It acts as a pore-forming toxin by recognizing
and binding to host cell membrane receptors. It then inserts into the cell membrane
to form transmembrane pores, cause the leakage of intracellular ions and small
molecules, disrupt the ion and osmotic balance within the cell, and finally lead to cell
swelling and rupture [45].

Cytotoxin-associated protein consists of three subunits: CdtA, CdtB, and CdtC.
Among these, CdtB is the active subunit with nuclease activity. After binding to
surface receptors on the host cell, it enters the cell through endocytosis, and CdtB is
transported to the nucleus where it cleaves host DNA, inducing double-strand breaks
in DNA, activating signaling pathways that lead to cell cycle arrest and apoptosis. It
also disrupts the urinary tract mucosal barrier, interferes with immune cell function,
and facilitates the survival and proliferation of UPEC within the host [46].

3.2 Epidemiology and health effects of pathogenic E. coli

Pathogenic E. coli is widely prevalent globally, with its primary sources of
infection being carriers and patients. These individuals excrete large amounts of
bacteria through their feces, contaminating water sources, food, and everyday items.
Foodborne transmission is the most common route. For instance, consuming under-
cooked contaminated meat, eggs, dairy products, and other items can easily lead to
infection [47]. Additionally, close contact between people or touching contaminated
objects also facilitates the spread of pathogenic E. coli. Children, the elderly, and
individuals with weakened immune systems, are more susceptible and at higher
risk of infection [48]. Some strains may also be more likely to infect certain genders.
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For example, UPEC, due to anatomical factors such as a shorter urethra which
facilitates bacterial entry into the bladder, women have a significantly higher risk of
urinary tract infections [49].

Pathogenic E. coli is a type of intestinal bacterium that poses a serious threat
to human health. Based on their pathogenic mechanisms, they can be categorized
into several types, each causing varying degrees of health issues. In addition to the
three strains highlighted earlier, there are many other pathogenic E. coli strains.

For example, EIEC can invade the intestinal mucosal epithelial cells, proliferate
extensively within the cells, and destroy them, triggering inflammatory responses.
Patients may experience fever, tenesmus, abdominal pain, bloody stools, and other
symptoms similar to those of bacterial dysentery, severely affecting normal intestinal
function [50]. EAEC grows in clusters within the intestine, producing toxins and
invasive proteins that damage the microvilli structure of the intestine. They could
impact nutrient absorption and cause persistent diarrhea, vomiting, dehydration, and
long-term infection that can lead to delayed growth and development in children [51].
DAEC can adhere to intestinal epithelial cells in a diffuse manner, potentially associ-
ated with chronic diarrhea and urinary tract infections. Some strains may also cause
bacteremia, affecting the entire body [52].

Such infections exhibit significant differences across regions. In developing
countries, ETEC, EPEC, and EAEC strains often cause severe diarrhea in infants and
young children, which can be fatal without timely medical intervention, whereas
cases in developed countries typically have milder symptoms and are easier to manage
[53]. Notably, recent trends show a new distribution of infection types, with EHEC
and EAEC gradually becoming the primary pathogenic strains. Infections caused
by these pathogens are significantly associated with foodborne disease outbreaks in
industrialized nations [54].

3.3 Clinical challenges of pathogenic E. coli

Pathogenic E. coli presents numerous challenging issues in clinical practice. In
terms of diagnosis, due to the varied pathogenic mechanisms and clinical manifesta-
tions of different types of pathogenic E. coli, watery diarrhea caused by enterotoxi-
genic E. coli can resemble symptoms of other viral infections. Hemorrhagic diarrhea
caused by enterohemorrhagic E. coli is also easily confused with other intestinal
diseases [55].

Moreover, some strains grow slowly or are difficult to culture under routine
conditions, making rapid and accurate diagnosis extremely challenging. In treat-
ment, antibiotics were once the primary means of therapy, but in recent years, the
problem of antibiotic resistance has become increasingly severe, especially with the
emergence of extended-spectrum f-lactamase (ESBL) and carbapenemase, which
render common antibiotics ineffective [56]. The misuse of antibiotics may also
induce enterohemorrhagic E. coli to release more toxins, increasing the risk of severe
complications such as hemolytic uremic syndrome. Once cross-infection occurs in
public places like hospitals, it can spread rapidly. Additionally, some patients carry
the bacteria for extended periods without showing symptoms, making asymptomatic
carriers difficult to detect, all of which pose significant challenges in controlling the
source of infection [57].

Evaluating how to use vaccines to control E. coli would not be an easy task. Specific
toxins and colonization factors may lead to ineffective prevention [58]. Accurately
identifying enterotoxins and colonization factors is hard to achieve mainly due to the
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extensive antigenic diversity of pathogenic strains and host-specific variations, which
complicate broad-spectrum protection [59].

4. Emergence of drug-resistant E. coli
4.1 Global threat of carbapenem-resistant E. coli

Carbapenem antibiotics, such as imipenem and meropenem, are crucial in treat-
ing infections caused by multidrug-resistant Gram-negative bacteria, which were
often considered the “last line of defense” due to their broad-spectrum activity [60].
However, the global dissemination of carbapenem-resistant Enterobacteriaceae began
following the initial detection of New Delhi metallo-p-lactamase (NDM)-producing
bacteria in India in 2009. The rapid spread of the NDM gene via mobile genetic
elements, such as plasmids, has led to a surge in resistant strains within healthcare
settings [61]. The proliferation of carbapenem-resistant E. coli has compelled clini-
cians to increasingly rely on alternative agents, including polymyxins and tigecycline.
However, resistance to these drugs is also escalating, potentially leading to a “no-
drug-available” scenario [62].

Resistance genes like blaxpm and blaoxa_ss are typically located on transferable
plasmids which spread to different bacterial species through direct bacterial contact.
NDM requires zinc ions for activity and rapidly degrades the structure of carbapen-
ems, penicillins, and other drugs, rendering them ineffective [63]. These genes can
even be transmitted from animals to humans via environmental vectors such as flies
and sewage. Furthermore, NDM genes are constantly mutating (blanpm.1 to blanpm.o
for instance), making bacteria more resistant to newly developed antibiotics and
increasing the difficulty of treatment [64].

Within hospital settings, intensive care units and surgical wards represent high-risk
areas. The transmission of antimicrobial-resistant bacteria occurs through medical
devices, hand contact by healthcare personnel, or patient transfer [65]. E. coli cells readily
accumulate multiple resistance genes, serving as a primary transmission vector [66].
Currently, variants of the NDM gene have been identified in many countries worldwide,
and international travel, medical activities, and food trade accelerate the transnational
spread of resistant bacteria, posing a threat to both human and animal health [67].

Carbapenem-resistant E. coli infections lead to prolonged hospital stays and
increased treatment costs. To address these challenges, a global antimicrobial resis-
tance gene surveillance system should be established to track transmission pathways
using genomic sequencing technologies [68]. In addition, developing inhibitors which
target NDM enzymes [69] or utilize novel therapies like phage, antibacterial peptides
would also be alternative strategies [70].

4.2 Mechanisms of antimicrobial resistance

The primary mechanism of bacterial resistance to carbapenem antibiotics involves
the production of carbapenemases. These enzymes are categorized into three main
types. Type 1 enzymes (KPC, IMI) exhibit resistance to inhibition by clavulanic acid
or tazobactam, but are susceptible to novel inhibitors such as boronic acid deriva-
tives. These enzymes are prevalent in the United States, Europe, and China. Type 2
enzymes are metallo-f-lactamases (NDM, VIM, IMP) that require zinc ions for activ-
ity. They hydrolyze carbapenems but do not affect aztreonam. For instance, NDM-1
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has spread extensively in India and Southeast Asia, while VIM is common in several
European countries. Type 3 enzymes, exemplified by OXA-48, are predominantly
found in Turkey and the Middle East. These enzymes demonstrate robust activity
against penicillins and are generally insensitive to most inhibitors [71].

Antimicrobial resistance (AMR) genes are horizontally transferred between
bacterial species via mobile genetic elements. For instance, plasmids, such as IncF
and IncP1 types, carrying genes like blaxpc , and blanpw.1, facilitate direct bacterial
conjugation [72]. Global surveillance indicates that NDM-producing strains have
disseminated through international travel and healthcare activities.

4.3 Innovative therapies and strategies

A recent study in Chinese neonatal intensive care units has revealed that E. coli
exhibits an uppermost 56.36% resistance rate to f-lactam antibiotics, primarily due
to the widespread dissemination of blacrx.m and blargm genes [73]. Consequently,
stringent restrictions on the overuse of carbapenems are warranted, alongside the
promotion of antimicrobial stewardship programs.

Researchers are actively developing adjunctive therapies to augment the efficacy
of existing antibiotics. For example, nitazoxanide enhances the bactericidal effect
of polymyxin B against resistant E. coli through the inhibition of bacterial fimbriae
formation [74]. Furthermore, novel B-lactamase inhibitors, such as ebselen derivates,
in combination with meropenem, significantly improve the clearance of NDM-1- pro-
ducing Enterobacteriaceae strains [75]. New strategies such as antimicrobial peptides,
fecal transplantation, and CRISPR-Cas system-mediated drug-resistant gene knock-
out have also entered the preclinical research stage [76].

Broad-spectrum antibiotics disrupt the normal gut microbiota, predisposing
individuals to colonization by carbapenem-resistant Enterobacteriaceae. Research
indicates that probiotic supplementation or modulation of gut microbiota may
mitigate resistant E. coli proliferation [77]. Probiotics were believed to increase short-
chain fatty acids, thereby inhibiting E. coli replication. Animal studies suggest that
microbiome therapy is able to reduce the abundance of antibiotic-resistant bacteria in
the gut, offering novel strategies for infection prevention [78].

Finally, enhanced surveillance and stewardship are crucial for controlling the
dissemination of antimicrobial resistance. Whole-genome sequencing (WGS) can
track the transmission pathways of resistance genes. During the outbreak of EHEC
0104:H4 in Germany in 2011, WGS technology determined the source of the epi-
demic in a short time, which provided a key basis for the formulation of prevention
and control measures [79]. The concept of “One Health” emphasizes the coordinated
intervention of human beings, animals, and the environment, which is particularly
important for controlling the spread of drug-resistant E. coli.

5. Conclusion

As a model organism of microbiology research, E. coli shows unique dual char-
acteristics in nature and host. In the intestines of healthy mammals, symbiotic
E. coli plays an indispensable ecological function. These strains participate in the
biosynthesis of various vitamins, competitively inhibit the colonization of pathogenic
microorganisms, and promote the development and maturity of the host immune sys-
tem through continuous antigen stimulation [80]. They also participate in the energy
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metabolism process of the host, helping to decompose complex polysaccharides and
produce beneficial metabolites such as short-chain fatty acids [81]. In the field of
biotechnology, E. coli maintains the status of “microbial workhorse”. After decades

of optimization, its protein expression system has become the preferred platform for
industrial production of recombinant proteins. In recent years, more complex pro-
teins such as antibody fragment, vaccine antigen, and enzyme preparation have also
been industrialized [82]. Additionally, by introducing exogenous metabolic pathways,
engineered strains can produce high value-added compounds like amorphadiene,
greatly reducing the production cost of this antimalarial drug [83].

The environmental adaptability of E. coli is an important basis for its dual charac-
teristics. It can survive in a variety of environmental conditions, and this metabolic
flexibility makes it an ideal model for studying bacterial environmental adaptation
[84]. On the other hand, this adaptability has also brought severe public health chal-
lenges. Pathogenic E. coli strains with specific virulence factors can lead to serious
infectious diseases. Among them, EHEC 0157:H7 and UPEC are of greatest concern,
because of their high prevalence rate and mortality rate. The emergence and spread
of resistant E. coli strains has become a global health threat [85]. Through horizontal
gene transfer, E. coli can quickly acquire new characters. The evolution of EHEC is a
typical example, whose virulence genes mainly come from phage and virulence plas-
mid. This genomic plasticity not only explains its pathogenic variation, but also makes
it an ideal platform for genetic engineering and synthetic biology research [86].

In the future, research regarding E. coli will focus on in-depth analysis of pathogenic
mechanism with the help of single-cell sequencing and spatial transcriptomics, and the
development of safer tools for gene manipulation. By leveraging cutting-edge technolo-
gies, research can transition to dynamic, spatially resolved, and single-cell mechanistic
maps of E. coli pathogenesis, accelerating precision antimicrobials and host-directed
therapies. Particularly, protein design assisted by artificial intelligence will optimize
enzyme activity produced by E. coli. Moreover, engineered E. coli may become a “living
drug”, which colonize the intestine and continuously secrete therapeutic proteins [87].

To sum up, the dual characteristics of E. coli bring both challenges and oppor-
tunities. Global cooperation is needed to monitor drug resistance. While we should
also continue to tap its potential in biotechnology. Interdisciplinary integration will
promote its greater contribution in the fields of environment, health, and industry
(Table1).

Useful biological A key component of the normal microbiota
tool

Biological model for studying responses to varying growth conditions and ecological
niches

Biopharmaceuticals synthesis

Biocatalyst for biodiesel production

Targeted delivery of drugs

Environmental remediation

Notorious pathogen Intestinal or extraintestinal infection

Urinary tract infection

Severe complications such as hus

Table 1.
Dual nature of E. coli.
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Abstract

Escherichia coli (E. coli), earlier considered a harmless resident of gut microbiota,
has evolved into a global threat. It typically establishes itself in the gastrointestinal
tract shortly after birth, forming part of the normal intestinal flora. Commensal
E. coli reside in the mucus layer of the colon. However, under certain circumstances,
such as in the presence of foreign bodies, anatomical or functional abnormalities, or
a large and diverse bacterial load, these otherwise harmless strains can contribute to
extraintestinal infections. The acquisition of virulence factors over time has led to the
advent of various pathotypes of E.coli, such as intestinal and extraintestinal patho-
genic E.coli (InPEC and EXPEC). InPEC is mainly responsible for foodborne illness,
and ExPEC causes urinary tract infections, sepsis, and neonatal meningitis. The rise
of antimicrobial-resistant strains is an alarming aspect of the evolution of E.coli,
complicating treatment and increasing mortality. Food contamination, agricultural
antibiotic overuse, and transcontinental travel facilitate its spread. Genomic research,
antibiotic stewardship, continuous AMR surveillance, vaccines, promotion of alterna-
tive treatment approaches (e.g., bacteriophage, CRISPR-based therapy, probiotics,
etc.), and hand hygiene and sanitation practice are the cornerstones in curbing its
impact.

Keywords: commensal Escherichia coli, intestinal and extraintestinal pathogenic E. Coli
(InPEC and ExPEC), AMR surveillance, genomic research, new treatment approaches

1. Introduction

Escherichia coli (E. coli), a forerunner of the human gut and often colonizes new-
borns shortly after birth. E. coli is almost exclusively a nonpathogenic bacterium,
and it constitutes the intestinal microbiome of over 90% of individuals [1]. Itisa
facultative anaerobe and may help in reducing oxygen levels inside the mucosa of
the gastrointestinal (GI) tract, mucosal, and thus it creates a friendly environment
for colonization by anaerobic bacteria. Escherichia coli is one of the most extensively
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explored bacterial species. Escherichia coli (E. coli), once a harmless commensal of gut
microbiota, has evolved into a global health threat through genetic adaptation and
acquisition of antimicrobial resistance (AMR). However, the acquisition of virulence
factors over time has led to the emergence of various pathotypes of E.coli, such as intes-
tinal and extraintestinal pathogenic E.coli (InPEC and ExPEC). While InPEC is mainly
responsible for foodborne illness, ExPEC causes meningitis among neonates, sepsis,
and urinary tract infections. The rise of antimicrobial-resistant strains (ESBL, CRE) is
another alarming aspect of the evolution of E.coli, complicating treatment and increas-
ing mortality. Food contamination, agricultural antibiotic overuse, and transcontinen-
tal travel facilitate its spread. Genomic research, antibiotic stewardship, continuous
AMR surveillance, vaccines, promotion of alternative treatment approaches (e.g.,
bacteriophage, CRISPR-based therapy, probiotics, etc.), hand hygiene, and sanitation
practice are the cornerstones in curbing its impact. Strangely, there is a paucity of
information about the dynamics of the evolution of E.coli available in the literature.

2. E. coliresidency in human gut

The human gastrointestinal tract contains approximately 10" microorganisms
consisting of more than 10 bacterial species, viruses, and fungi that form our gut
microbiota. The complex interaction between these organisms maintains the integrity
of gut health. In the human gut microbiota, the Enterobacteriaceae family commonly
constitutes less than 1%. Different bacteria, such as Escherichia, Enterobacter,
Klebsiella, etc., are present in the family, among which E. coli is shown to be, by
far, the most dominant Enterobacteriaceae in healthy humans [2]. E.coli is the first
bacterial species that colonizes the infant intestine. It starts appearing in the feces of
newborns only after a few days of birth, indicating the establishment of the intestinal
microflora. The source of E. coli is typically the maternal fecal flora during delivery;
other plausible sources may be the maternity ward—particularly through nursing
staff during high loads of patients—and the formula feed given to the infant. Some
of these E. coli strains remain in the intestine of individuals for months to years and
behave as resident strains, while the transient strains disappear within a few weeks
[3]. The inhabitant E. coli strains have certain properties that help them to survive
in the gut, such as expression of P fimbriae and adherence capabilities to the lumen
of the intestine. The structure of P fimbriae comprises a fimbrial rod with an adhesin
tip of one of three varieties, namely papG classes I, II, and III. The class II variety is
linked to intestinal persistence. In addition, the inhabitant E. coli strains more com-
monly possess other virulent genes like capsular K1 and K5, aerobactin, and hemoly-
sin compared to the transient flora. The symbiosis between the resident microflora of
the GI tract and the host leads to several important consequences for human health
and physiology. On one end, the positive interactions can have beneficial nutritional,
developmental, and immunological effects, while on the other hand, various condi-
tions such as cystic fibrosis, Crohn’s disease (CD), metabolic diseases like diabetes,
obesity, etc. cause dysbiosis in the gut microbiota leading to various detrimental
effects on host like expansion of pathogenic strains of E. coli [4].

2.1 Spectrum of E. coli in human host/pathotypes

The widespread presence of E. coli and commensalism in gut microbiota
often leads to clinical ambiguity. While it typically exists symbiotically within the
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gastrointestinal tract, it is one of the prominent etiological agents responsible for
human and animal infections. Pathogenic strains of E. coli are implicated in various
intestinal disorders acute watery and/or bloody diarrhea in both adult and pedi-

atric groups, persistent diarrhea, colitis, and hemolytic uremic syndrome (HUS).
Approximately 11 different diarrheagenic strains of E. coli, such as Enterotoxigenic
E. coli (ETEC), Enteropathogenic E. coli (EPEC), Enterohemorrhagic E. coli (EHEC),
Enteroinvasive E. coli (EIEC), Enteroaggregative E. coli (EAEC), Diffuse adhering E.
coli (DAEC), and Adherent-invasive E. coli (AIEC). It also causes numerous extraint-
estinal diseases such as urinary tract infections (UTI), attributed to uropathogenic E.
coli (UPEC), bacteremia and sepsis, neonatal meningitis, and is one of the foremost
causes of both community and healthcare-acquired invasive bacterial disease. Details
of the pathotypes causing intestinal and extraintestinal disease manifestations are
depicted in Table 1 and Figure 1 [5]. Apart from this, the presence of thermogenic E.
coli in the water samples is a biological indicator of fecal contamination while testing
the quality of the supply water. E. coli is also commonly used as a surrogate organism

Pathotypes

Genetic markers/virulence markers

Clinical features

Intestinal pathogenic E.coli (IPEC/InPEC); diarrheagenic E. coli (DEC)

Enterotoxigenic E. coli
[ETEC]

Heat-labile enterotoxin (LT) and/or heat-
stable enterotoxin (ST) (mechanism is
similar to cholera toxin);

Different colonization factors (Example-
CFA/1, CS30, CS6, etc.)

Travelers’ diarrhea, mild to severe
diarrhea, is frequently seen in children in
developing countries.

Enteropathogenic E. coli
[EPEC]

Locus for enterocyte effacement (LEE)—
intimin (eae);

Bundle-forming pilus (BFP)—present in
typical EPEC (tEPEC); absent in atypical
EPEC (aEPEC)

Lesions are described as attaching and
effacing on the surfaces of intestinal
epithelial cells; diarrhea is frequently
associated with fever, vomiting, and
dehydration, mainly in children.

Enteroinvasive E. coli

[EIEC]

Invasion plasmid pINV,
Enterotoxin present on the chromosomal
pathogenicity island, Shiga toxin

Highly invasive; causes bacillary
dysentery/shigellosis is associated with
fever, damages the walls of the intestine,
and may

lead to hemolytic uremic syndrome
(HUS).

Enterohemorrhagic E. coli
(EHEC),
Verocytotoxin-producing
E. coli (VTEC), Shiga
toxin-producing E. coli
(STEC)

Shiga toxin 1 or 2 (stx1 or stx2),
LEE (in very few lineages)

Hemorrhagic colitis (mild to bloody
diarrhea) along with fever, vomiting, or
abdominal cramps, can result in HUS.

Enteroaggregative E. coli
(EAEC)

Virulence plasmids carrying pAA genes
for aggregative adherence fimbriae
(AAF)

Persistent diarrhea, which may be watery,
mucoid, or sometimes bloody, can be
accompanied by other symptoms like
nausea, abdominal pain, and low-grade
fever (may progress to HUS). Travelers’
diarrhea may occur. Aggregative adhesion
lesion is described as a stacked-brick
adherence pattern in HEp-2 cells.

Diffuse adhering E. coli
(DAEC)

Afa/Dr. adhesins

Persistent watery diarrhea with
abdominal pain, fever, and dehydration.
It may be associated with Crohn’s disease
(CD) and ulcerative colitis (UC).
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Pathotypes Genetic markers/virulence markers Clinical features
Adherent-invasive E. coli Inconsistent virulence factors Able to adhere to and invade epithelial
(AIEC) cells; able to survive and replicate within

macrophages. More often associated with
chronic inflammatory bowel disease,
particularly CD and UC.

Extraintestinal pathogenic E. coli (ExXPEC)

Uropathogenic E. coli No specific virulence factors have UTIs, cystitis, pyelonephritis, prostatitis
(UPEC); been found for any EXPEC pathotype.

However, some virulence factors have
been suggested to play a role in disease
manifestations, like PapGII and PapGIII
adhesins in UPEC, K1 capsule and pS88

Neonatal meningitis E.
coli (NMEC, NEMEC);
Meningitis-associated E.
coli (MAEC);

Meningitis in newborns

antigen in NMEC, fimbrial adhesin H

Avian pathogenic E. coli (FimH), P fimbriae, hemolysin A, Cnf, Colibacillosis, septicemia, and cellulitis
(APEC); etc. in poultry

Sepsis-associated E. coli bacteremia/sepsis

(SEPEC);

Unspecified ExPEC Cutaneous and soft tissue infections,

ventilator-associated pneumonia

Table1.
Pathotypes of E. coli and characteristics.

Transfer of resistant gene to

Mutation and selection of csceriibie ponuiationleadi Antibiotic-resistant
u u i - <
resistant strains » : : P F:: o 8 ‘ strains multiply, and
to production of novel resistant eventually predominate
strains

@ X
Resistant organisms may give ruse Resistant organisms sometimes
opportunistic infections in humans J - released to the environment

Figure 1.
Effect of exposure of antibiotics on commensal flora.

of Gram-negative bacteria for testing of antibiotic susceptibility, and to evaluate the
antibiogram pattern in a given location and time under a surveillance program.

2.2 Gut colonization of antimicrobial-resistant E coli

Escherichia coli (E. coli) has received increasing attention due to the emergence
and spread of antimicrobial resistance (AMR), contributing to substantial morbidity
and fatality [6]. The genetic makeup of commensal Escherichia coli is influenced by a
complex interplay between host and environmental factors. The presence of virulent
genes may help the bacteria adapt to the gut environment, while selection pressures
like antibiotic use and microbial competition may incidentally foster the development
of virulent traits as well as antimicrobial resistance (AMR), thereby establishing
commensal E. coli strains as reservoirs for virulence and resistance determinants [6].
Global data indicate that insufficient sanitation, contaminated water, overcrowded
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housing, and a lack of hygiene contribute to the rise and transmission of antibiotic-
resistant bacteria in humans [7].

2.2.1 Colonization mechanisms

Only a small proportion of microbes ingested through food establish themselves in
the gut. Effective colonization relies on several factors, such as the ecological interac-
tions between the resident gut microbiota and the potential colonizing pathogen.
Some of the gut bacteria actively secrete toxic compounds that inhibit the growth of
other microbes, showing the intense microbial competition within the gut environ-
ment. Multidrug-resistant E. coli strains, in particular, can exploit a wide array of
carbohydrate sources, allowing them to outcompete and displace commensal E. coli,
emphasizing the critical role of resource competition in colonization success.

The effect of exposure to antibiotics on commensals is depicted in the following
flow chart (Figure1) [8].

Lina et al. mentioned that biofilm formation by MDR E. coli can be a factor sup-
porting the colonization of the same. Subpopulations of E. coli carrying the biofilm-
forming genetic locus (pgaABCD)and the toxin-antitoxin system (HipAB), which
appeared after antibiotic treatment, have the ability to withstand the harmful effects
of antibiotics, and eventually they become a dominant subspecies in opposition to E.
coli strains that did not carry pgaABCD and HipAB.

Theories also say that the human gut acts as a habitat for numerous bacteriophages.
As evidenced by animal studies, the process of transduction significantly contributes to
the genetic variability of E. coli strains and the emergence of antibiotic resistance in gut
microbes. Gut dysbiosis has been associated with various metabolic disorders like obesity,
hepatic steatohepatitis, and insulin resistance in type 2 diabetes [9].

3. Challenges and implications in clinical settings

Genetic changes increase the virulence of E. coli strains. Genetic mutations
facilitate immune evasion and contribute to the persistence of infection by allowing
the pathogen to acclimate to the host’s defense system. The resistant gut colonizers
are also associated with the development of hospital-acquired infections influenced
by factors such as hospital environment, patient age, sex, and underlying comorbid
conditions.
3.1 Therapeutic strategies

* Judicial use of antimicrobial agents

* Use of prebiotics, probiotics, and symbiotics

* Drug repurposing

* Microbiota-directed drug delivery systems like nanoparticles, nanoemulsions.

The integrated use of precision gut supplements, innovative drug delivery

technologies, and rational polypharmacy offers a significant potential for effective
microbiome management in clinical settings.
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4. Genomic evolution of drug resistance in Escherichia coli

Antimicrobial resistance (AMR) is the capability of bacterial pathogens to resist the
bactericidal properties of antibiotics. This resistance arises from genetic or biochemical
changes in bacteria that reduce the effectiveness of antibiotics, chemical agents, or other
therapeutic measures used to control infections [10]. The evolutionary trajectory of E.
coli indicates its potential to become highly pathogenic through the acquisition of fitness
advantages, including antimicrobial resistance (AMR) and a range of virulence factors
[11]. Currently, multidrug-resistant pathogenic Escherichia coli has been categorized as an
“urgent threat” by the Centers for Disease Control and Prevention (CDC) and a “critical
priority” by the World Health Organization (WHO) [12, 13]. The molecular evolution of
resistance traits in the E. coli genome represents a major reason for treatment failure in
critically ill patients. The emergence and speedy spread of AMR within E. coli populations
have been driven by complex evolutionary processes, including horizontal gene transfer,
spontaneous mutations, and selective pressures exerted by antimicrobial use in human
medicine, veterinary practice, and agriculture.

The genetic structure of commensal Escherichia coli is formed by a complex
host-environment interface. Selective pressures within these environments may
incidentally foster the development of virulence factors, alongside AMR, that have
transformed commensal E. coli strains as key reservoirs for both pathogenic and
resistance traits. The extensive use of antimicrobials results in the development of
antibiotic resistance in commensal populations.' Long-term use, misuse, and abuse
of drugs are the basis of resistant mechanisms that ultimately cause difficulties in the
prevention as well as treatment of pathogens. The prevalence of AMR was ranked
according to the percentage of E. coli carrying AMR [14]. The dissemination of
antimicrobial resistance genes within bacterial communities is largely facilitated by
the interaction of different types of mobile genetic elements (MGEs) [15].

4.1 Antimicrobial resistance

Bacteria have developed several strategies to evade the action of antimicrobial
agents. Understanding these resistance mechanisms is essential for the development
of effective antimicrobial therapies and for implementing strategies to combat the
growing threat of antimicrobial resistance.

The mechanism may be limiting uptake of the drug (decrease antibiotic influx
by modifying membrane permeability) or modifying the target of the drug (acquire
mutations or enzymatic modifications in antimicrobial targets) or inactivating the
drug (production of enzymes which inactivate antimicrobial agents through chemi-
cal modification or degradation) or active efflux of the drug (efflux pump in cell
membrane actively expels antimicrobial agents from the cell). In multidrug-resistant
organisms, more than one mechanism can be seen [16]

4.1.1 Intrinsic vs. acquired resistance
These mechanisms may be either intrinsic or acquired:
* Intrinsic vesistance

It is chromosomally mediated and is an important characteristic shared by all
members of a bacterial species. It is typically expressed constitutively (at a constant,
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usually low level), but in some cases, expression can be upregulated in response to
exposure to specific antimicrobial agents, leading to inducible resistance.

o Acquired resistance

This results from genetic exchange through horizontal gene transfer mecha-
nisms, such as transformation, transduction, or conjugation. Mobile genetic
elements (MGEs) such as plasmids, integrons, and transposons are the most
common vectors for transferring resistance genes between bacteria.

4.1.2 Antimicvobial vesistance in E. coli

Evolutionary paths of Escherichia coli reveal that the emergence of highly pathogenic
lineages is driven by the acquisition of fitness-enhancing traits such as antimicrobial
resistance (AMR) traits and virulence factors, primarily via horizontal gene transfer
(HGT). Although E. coli is intrinsically susceptible to most of the antibiotics but it can
also accumulate AMR genes [17]. WHO has selected the extended-spectrum p-lactamase
(ESBL)-producing E. coli as an indicator for “One Health” AMR surveillance [18].

4.2 Evolutionary dynamics of resistance

* Role of environmental and clinical factors

The environment, particularly animal populations, serves as a significant reservoir
of clinically relevant antimicrobial resistance (AMR) and offers a crucial context for
understanding the ecological consequences of human-driven antimicrobial resis-
tance [19]. Figures 1 and 2 describe the potential pathways of dissemination of drug
resistance in the triad of human, animal, and environment (Figure 3) [20, 21].

The association of heavy metals in AMR in E. coli is established by two theories,
co-resistance and cross-resistance. Mobile genetic elements (MGEs), including

%-
M#Od

o
Contaminated food and water

Envi t
Figure 2.

Diagrammatic representation for various pathways for the spread of antibiotic-vesistant bacteria across reservoirs
in humans, animals, and the environment.

27



Escherichia coli — From Normal Intestinal Bacteria to Lethal Microbes

o ARB/ARG released from Environmental strains
Anthropogenic Sources anthropogenic activities
Livestock
l Aquaculture Bosilvat atield H}{H KHX HHH eDNA
ARGs

Wastewaler treatment

plant effluent discharge Og%
0 @

RE‘ErOa“OnaI

€2

Consumption

Figure 3.
Antibiotic resistant genes (ARGs) and antibiotic-vesistant bacteria (ARB) involved in the transmission of
antibiotic resistance in the environment.

integrons, transposons, and plasmids, frequently serve as carriers for co-resistance.
These elements function as physical vectors that facilitate the horizontal transfer
of resistance genes among microbial populations, primarily through the process of
conjugation.

4.2.1 Mutation rates and selective pressures

Through successive evolutionary adaptations, E. coli has acquired several geno-
typic and phenotypic characteristics that enable it to survive under selective pressure,
including misuse or overuse of antibiotics and environmental factors. The traits such
as (i) enzyme-mediated degradation of available nutrient sources, (ii) synthesis
of antimicrobial toxins (bacteriocins) limits the intrusion of by other microorgan-
isms, (iii) transitioning into a dormant or stress-resistant states to withstand hostile
environments, and (iv) combined activity of diverse resistance genes and virulence
determinants has played a key role in expression of a highly adapted and successful
pathogen [11].

4.2.2 Clonal expansion and genetic diversification

The widespread use of antibiotics in communities is a major contributor to the
emergence of antibiotic-resistant bacteria. According to the prevailing theory,
antibiotic treatment eliminates susceptible bacterial strains but allows the resistant
ones to survive. This facilitates the clonal expansion of resistant strains, leading to the
rise of antibiotic resistance within the community [22]. The most suitable example
is Escherichia coli sequence type 131 (ST131), which appeared as the most prevalent
extraintestinal pathogenic lineage on a global scale. This multidrug-resistant (MDR)
strain’s strong association with resistance to fluoroquinolones and extended-spectrum
cephalosporins (harboring ESBL, CTX-M gene) poses substantial challenges to the
effective treatment of E. coli infections [23].
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4.3 Timeline of notable resistance with genetic evolution
In the last 20 years, there has been a substantial rise in the emergence and spread

of MDR strains of E. coli showing resistance to drugs belonging to the fluoroquino-
lone, aminoglycoside, nitrofurantoin, and the fosfomycin group (Figure 4).

Beta lactams

Polymyxins

e

Figure 4.
Timeline of Notable Resistance with genetic evolution.

29



Escherichia coli — From Normal Intestinal Bacteria to Lethal Microbes

5. Novel approaches to combat drug resistance in E. coli

The rise in incidence of MDR strains of E. coli across the globe has rendered the
available antimicrobials ineffective, leading to a frequent rate of hospitalizations,
longer duration of illnesses, and higher mortality rates. The limited availability
of newer drugs due to the slower development of new antibiotics, overuse, and
misuse of existing antibiotics in human medicine, animal husbandry, and agricul-
tural sectors have escalated the development of resistance in E. coli through differ-
ent mechanisms such as beta-lactamase production, efflux pumps, and genetic
exchange over the past decades. Furthermore, the ability of biofilm production by
the pathogenic strains of E. coli worsens the situation by contributing to chronic
and recurrent infections, especially UTIs and medical device-associated infec-
tions [24]. Therefore, different novel approaches have been trialed and are in the
pipeline to combat drug resistance in E. coli. A few of them are described briefly
in this chapter as follows.

5.1 Phage therapy

Bacteriophages infect bacteria and can be genetically modified as a substitute for
antibiotics. The continuous ascent of antibiotic resistance compels the exploration of
bacteriophages for managing infections caused by MDR superbugs. The mechanism
of action of bacteriophages against bacteria is described in Figure 1. The first step
is the adsorption of bacteriophage to a bacterial cell surface, followed by the release
of phage genetic material into the host cell. Lytic phages undergo replication and
produce lytic enzymes that degrade the peptidoglycan layer of the bacterial cell wall.
However, lysogenic phages can be genetically altered to express certain proteins, pep-
tides, toxins, or enzymes, altering the normal metabolism of bacteria. Phage therapy
is being thoroughly investigated worldwide for the advancement of an ideal single
phage or combination of phages. Tailored phages can specifically target E. coli strains
without disrupting normal host microbiota (Figure 5).

5.2 Antimicrobial peptides (AMPs)

Antimicrobial peptides (AMPs) are naturally available or synthetically designed
peptides with broad-spectrum antibacterial activities (mostly bactericidal) in con-
junction with a low likelihood of developing resistance. These are one of the few
emerging alternatives to treat MDR pathogens. AMPs are capable of destroying the
bilayer structures of both Gram-negative (polysaccharide layer) and Gram-positive
(lipoteichoic layer) bacterial cell walls. Many of them have excellent activities against
MDRs, but the main problem is their easy degradation and denaturation in the
intestine by several proteolytic enzymes and acidic environment when administered
as an oral formulation. Some of the AMPs exhibit hemolytic activities that need to be
monitored. Hence, studies have been carried out on its oral formulation being modi-
fied in the form of microcapsulation with alginate, and using nanotechnology with-
out affecting the antimicrobial activity. To date, the FDA has approved several AMPs
to treat MDR infections, while additional AMPs are still under clinical trials [25, 26].
Few examples of FDA-approved AMPs used in MDR E. coli infections are polymyxins,
colistins. Few examples of AMPs that have proven clinical activities against MDR
E. coli, but are yet to get FDA approval, are Pseudin-2 (PSE-T2), AMPR-11, and the
synthetic peptide SAAP-148.
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Figure 5.

Antimicrobial mechanism of action of bacteriophage. Note: Diagram of a bacteriophage infecting the bacterial
cell (adsorption to bacterial cell surface, DNA replication, transcription and translation, assembly of new phages,
and bacterial cell lysis).

5.3 Monoclonal antibodies (MABs)

Over the past few years, MABs have made an impression as one of the promising
therapeutic interventions due to their high specificity and efficacy. They have proven
usefulness in dealing with inflammatory disorders, autoimmune disorders, and
cancers. Though data are scarce regarding its efficacy in treating MDR pathogens,
research studies have been going on evaluating the role of MABs in this field. Few
examples of MABs under trials in treating MDR E. coli are AlI24, a humanized MAB
targeting the O25b O antigen of E. coli responsible for infections in immunocompro-
mised patients and those undergoing abdominal surgeries [27].

5.4 Efflux pump inhibitors (EPIs)

One of the typical resistance strategies of E. coli is mediated through efflux pumps
that expel antibiotics and decrease their concentration at the target sites. Inhibitors
targeting these efflux pumps, especially the AcrAB-TolC multidrug efflux pump,
from E. coli emerge as a compelling, innovative, and appealing method that can
restore sensitivity of antibiotics and decrease resistance [28].

5.5 CRISPR-Cas systems

CRISPR-Cas systems are one of the important gene-editing tools that can be
employed to mitigate AMR by removing antibiotic-resistant genes. CRISPR-Cas9 can
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target and eliminate colistin resistance genes, reimposing carbapenem susceptibility
in bacteria. However, variations in the CRISPR loci among different bacterial species
can affect the efficacy of CRISPR-Cas systems [29].

5.6 Nanoparticle-based drug delivery

Nanocarriers can provide better antibiotic delivery, increase bioavailability,
improve drug uptake, and reduce off-target effects. Silver, gold, zinc oxide, and
lipid-based nanoparticles have proven efficacy against different MDR organisms like
E. coli, K. pneumoniae, P. aeruginosa, and MRSA [30].

5.7 Probiotics and modulation of microbiota

Probiotics exhibit beneficial effects when administered in adequate amounts. They
can restore healthy gut microbiota by replacing resistant E. coli strains. Currently,
probiotics, prebiotics, or fecal microbiota transplantation (FMT) are being explored
to decrease colonization of MDR bacteria [31].

5.7.1 Future divections

Recent technologies like Dual RNA sequencing, CRISPR-Cas9 help in detecting
genes for survival of pathogens in the gut. Study of metabolomics and metapro-
teomics helps in deciphering the complexity of microbiomes in the gut environ-
ment. The transmission of antimicrobial resistance genes (ARGs) between different
metagenomes is crucial, and further research is necessary to comprehend the intricate
relationship between microorganisms and pathogens. The influence of various
environmental factors that affect the dynamics of antimicrobial resistance (AMR)
remains an unexplored domain and warrants further investigation. In resource-
limited countries, where inadequate provision of healthcare services and suboptimal
sanitation infrastructure exist, the development of effective AMR control strategies
requires additional research and innovation.
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Escherichia coli Isolated from the
Intestines of Imported Sheep
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Abstract

Intestinal bacteria are among the most important natural bacteria present in
animals especially sheep, forming part of the “microbiome”. This chapter aimed to
assess the prevalence of antibiotic-resistant genes in Escherichia coli isolated from
the intestines of imported sheep from the Western region of the Kingdom of Saudi
Arabia (KSA). A total of 68 fecal (or rectal swab) samples were cultured to identify E.
coli bacteria and their antibiotic susceptibility, and antibiotic resistance genes. High
resistance was observed against ampicillin (88.5%), trimethoprim-sulfamethoxazole
(80.8%), and cefuroxime (65.4%). Resistance to cefepime (61.5%) and levofloxacin
(57.7%) was also significant. Molecular analysis of the antibiotic resistance genes in E.
coli isolates revealed a high prevalence of sul2 (96.2%), followed by aadA1 (73.1%) and
tet_A (65.4%). This study highlights the high prevalence of antibiotic-resistance genes
in E. coli isolated from the intestines of sheep. The detection of multiple resistance
genes, particularly those encoding sulfonamide and tetracycline resistance, suggests
widespread antibiotic resistance. Additionally, the significant association between
extended-spectrum beta-lactamase (ESBL) production and resistance to third- and
fourth-generation cephalosporins underscores the need for stringent antibiotic
stewardship in livestock management. There should be a strict monitoring of antibiotic
use in animal farming and development of strategies to control the spread of resistant
infections to ensure long-term food safety and human health. It is important to raise
awareness and educating farmers, consumers, and health workers about the dangers of
the overuse of antibiotics and the importance of maintaining food safety through good
hygiene practices.

Keywords: antibiotic resistance, resistant genes, Escherichia coli, intestine, sheep

1. Introduction

The normal flora (or microbiota) in animals consists of a diverse community of
microorganisms, including bacteria, fungi, viruses, and protozoa, that naturally
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inhabit various body surfaces such as the skin, gastrointestinal tract, respiratory tract,
and urogenital system. These microorganisms play essential roles in health, digestion,
and immunity. Naturally occurring microorganisms, a diverse group of microorgan-
isms that naturally inhabit animals, play a significant role in maintaining animal
health and assisting in digestion processes [1]. In animals such as sheep, these bacteria
are found in various parts of the body, particularly in the digestive system (intes-
tines), skin, and mucous membranes. They include Lactobacillus spp., Bacteroides
spp., Clostridium spp., Escherichia coli (commensal strains), and Ruminococcus spp.
Sheep (Ovis aries) are one of the oldest domesticated animals and serve multiple
purposes in agriculture, industry, and scientific research. Their versatility makes
them valuable in various sectors, including food production, the fiber industry, and
even medical research. Their meat is tender and widely consumed (lamb or mutton),
more flavorful, and commonly eaten in many parts of the world, including the Middle
East, Asia, and Africa. Sheep hold great significance in Islamic culture, religion, and
daily life. Sheep are deeply woven into the religious, economic, and cultural fabric

of the Islamic world [2]. Their role in sacrificial rituals, food, trade, and traditional
customs makes them one of the most valued livestock animals in Muslim communi-
ties. E. coli are among the most important natural bacteria present in sheep, forming
part of the “microbiome” (the natural microbial community). Their role includes
improving the health of sheep by aiding digestion, where bacteria in the intestines
and rumen help break down fibers and starches, enhancing nutrient absorption
efficiency and boosting sheep health [3]. They also enhance immunity, acting as a
first line of defense against harmful organisms by competing for resources and space,
and contribute to the production of vitamins that improve the overall health of sheep.
Moreover, the balance between different bacteria helps prevent the spread of patho-
genic bacteria [4]. The introduction of antimicrobial agents in animal husbandry,
whether for treatment, prevention, or growth promotion, inadvertently contributed
to the selection and persistence of antibiotic-resistant bacteria [5]. The overuse and
misuse of antibiotics in livestock create a favorable environment for the development
and spread of bacterial resistance genes. Consequently, these genes can be transferred
between bacteria, promoting the emergence of multidrug-resistant strains, posing a
significant public health threat, and potentially affecting sheep health and productiv-
ity. These genes make it difficult to treat infections with conventional antibiotics,
necessitating the use of more effective antibiotics or combinations of several types
[6]. Resistance of intestinal bacteria to antibiotics is a pressing concern in both animal
and public health. The resistance of intestinal bacteria in sheep to antibiotics isa
complex problem that requires serious attention from farmers and veterinarians.
Managing the prudent use of antibiotics and adopting comprehensive health strate-
gies can help reduce the spread of resistance and preserve the efficacy of antibiotics
for the future [7].

The presence of antibiotic-resistance genes in gram-negative intestinal bacteria in
sheep poses a significant challenge to both animal and human health [8]. These genes
complicate the treatment of infections using conventional antibiotics, necessitating
the use of more potent antibiotics or combinations of antibiotics. The diversity of
antibiotic-resistance genes in intestinal bacteria indicates that these bacteria can resist
a wide range of antibiotics, complicating treatment and increasing the risk of trans-
ferring these resistant bacteria to humans or other environments. Controlling the
spread of these genes requires optimal antibiotic use in animal husbandry, alongside
rigorous and continuous monitoring programs and preventive measures to avoid
bacterial contamination in sold meat [9].
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The spread of bacterial resistance genes in the intestines of animals is a major
concern due to its potential impact on public health, as it can lead to the transfer of
resistance to human pathogens [10]. Horizontal gene transfer of resistance genes
between different bacterial species can result in the creation of more challenging
strains. If resistant bacteria from meat enter the human body, they may cause infec-
tions that are difficult to treat with conventional antibiotics, significantly limiting
treatment options for bacterial infections. The presence of resistance genes in the
normal flora of sheep also has a major impact on the environment. Resistant bacteria
from sheep can be introduced into soil, water, and wildlife, leading to the spread of
antimicrobial resistance across ecosystems. Therefore, monitoring and detecting
outbreaks of infectious diseases is crucial in protecting consumers and highlight-
ing critical points during both production and consumption stages. Studying the
prevalence of bacterial resistance genes in the intestines of animals is essential for
protecting public health, ensuring food safety, and promoting the responsible use of
antibiotics in both animal and human healthcare [11]. This chapter aimed to assess
the prevalence of antibiotic-resistance genes in E. coli isolated from the intestines of
imported sheep in the Western region of KSA.

2. Methodology
2.1 Sample collection and bacterial isolation

A total of 68 fecal (or rectal swab) samples were previously collected from
imported sheep and stored at —70°C in the microbiology laboratory of the Custodian
of the Two Holy Mosques Institute of Hajj and Umrah Research, Umm Al-Qura
University, Saudi Arabia. Bacterial isolation was performed using selective and dif-
ferential media, and gram-negative strains were identified based on standard micro-
biological techniques.

2.2 Antibiotic susceptibility testing

Antibiotic resistance patterns of E. coli isolates were determined using the disk
diffusion method according to Clinical and Laboratory Standards Institute (CLSI)
guidelines [12]. A panel of antibiotics representing different classes was tested,
including beta-lactams, aminoglycosides, fluoroquinolones, and sulfonamides.

2.3 Molecular detection of antibiotic resistance genes

PCR analysis was conducted to detect antibiotic-resistance genes in E. coli isolates.
DNA extraction was performed using modified boiling methods [13], and specific
primers targeting resistance genes (sull, sul2, sul3, blaSHYV, blaTEM, tet_A, tet_C,
aadA1l, strA_stvB, qnr, and cat) were used [14-21]. PCR products were analyzed via gel
electrophoresis to confirm gene presence.

2.4 Statistical analysis

Pearson’s chi-square test was applied to assess the statistical significance between
ESBL production and antibiotic resistance. A p-value of <0.05 was considered statisti-
cally significant.
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3. Results

Table 1 summarizes the key findings from the study. A total of 49 Gram-negative
bacterial strains were isolated from the intestines of sheep. E. coli was the most
frequently isolated species, accounting for 53.1% (26/49) of the total isolates. Other
bacterial species included Enterobacter cloacae (30.6%), Klebsiella pneumoniae (4.1%),
Salmonella paratyphi A (2%), Acinetobacter haemolyticus (2%), Klebsiella intermedia
(2%), Enterobacter aerogenes (2%), Aeromonas caviae (2%), and Tatumella (2%) as
shown in Figure 1. The antibiotic susceptibility testing of the E. coli isolates revealed
varying resistance levels (Figure 2). High resistance was observed against ampicil-
lin (88.5%), trimethoprim-sulfamethoxazole (80.8%), and cefuroxime (65.4%).
Resistance to cefepime (61.5%) and levofloxacin (57.7%) was also significant. Notably,
no resistance was detected against amoxicillin-clavulanate and piperacillin-tazobac-
tam. ESBL production was identified in 50% (13/26) of the E. coli isolates. Molecular
analysis of the antibiotic resistance genes in E. coli isolates revealed a high prevalence

Result No (%)
Types of isolated strains (gram-negative) Escherichia coli 26 531
Enterobacter cloacae 15 30.6
Klebsiella pneumoniae 2 41
Salmonella paratyphi A 1 2
Acinetobacter haemolyticus 1 2
Klebsiella intermedia 1 2
Enterobacter aerogenes 1 2
Aeromonas caviae 1 2
Tatumella 1 2
Total 49 100
Antibiotic resistance of isolated Escherichia coli Amikacin 8 30.8
Amoxicillin/clavulanic acid 0 0.0
Ampicillin 23 88.5
Aztreonam 1 3.8
Cefazolin 4 154
Cefepime 16 61.5
Cefotaxime 1 3.8
Cefoxitin 8 30.8
Ceftazidime 1 3.8
Cefuroxime 17 65.4
Gentamicin 8 30.8
Imipenem 1 3.8
Levofloxacin 15 577
Piperacillin/tazobactam 0 0.0
Sulfamethoxazole/trimethoprim 21 80.8
ESBL 13 50
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Result No (%)
The prevalence rate of antibiotic resistance strA_strB 8 30.8
genes in Escherichia coli 2adA1 19 731
sull 12 46.2
sul2 25 96.2
sul3 1 423
tet_A 17 654
tet_B 0 0
tet_ C 4 154
blaTEM 1 3.8
blaSHV 9 346
cat 4 154
qnr 0 0
Table1.
The results of laboratory testing of the isolated bacteria.
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Figure 1.

Types of isolated strains (gram-negative bacteria).

of sul2 (96.2%), followed by aadA1 (73.1%) and tet_A (65.4%), as shown in Figures 3
and 4. The sull and sul3 genes were detected in 46.2% and 42.3% of isolates, respec-
tively. The blaSHV gene was present in 34.6%, while strA_strB was detected in

30.8%. Other genes, including tet_C (15.4%), cat (15.4%), blaTEM (3.8%), and gnr
(0%), were found at lower frequencies. Table 2 shows the distribution of antibiotic
resistance gene multiplicity in E. coli isolates, which reveals significant variability.
Only one isolate (3.8%) carried no resistance genes, while two isolates (7.7%) car-
ried two genes. Three and four gene combinations were observed in 19.2 and 7.7% of
isolates, respectively. Notably, 50% of isolates carried five resistance genes, and 11.5%
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The prevalence of antibiotic resistance genes in Escherichia coli isolated from the intestines of live livestock.

Figure 4.
PCR analysis vesults of antibiotic resistance genes in Escherichia coli isolated from the intestines of live livestock.
Figures showing strains carrying vesistance genes, whether single, dual, or multiple.
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Gene multiplicity No %
Zero gene 1 38
Two genes 2 7.7
Three genes 5 19.2
Four genes 2 7.7
Five genes 13 50.0
Six genes 3 11.5
Total 26 100
Table 2.

The gene multiplicity in Escherichia coli isolated from sheep intestines.

(Pearson chi-square) Antibiotic p-value

Significance of resistance to antibiotics and ESBL Aztreonam 0.020
production in Escherichia coli

Cefazolin 0.014
Cefepime 0.00
Cefotaxime 0.269
Cefoxitin 0.369
Ceffazidime 0.020

Table 3.
The statistical significance between vesistance to certain antibiotics and ESBL production in Escherichia coli
isolated from the intestines of animals.

harbored six resistance genes, indicating a high level of genetic resistance diversity.
Statistical analysis using Pearson’s chi-square test showed significant associations
between ESBL production and resistance to specific antibiotics (Table 3). Resistance
to cefepime (p = 0.000), cefazolin (p = 0.014), aztreonam (p = 0.020), and ceftazi-
dime (p = 0.020) were significantly correlated with ESBL production. However,

no significant association was found with resistance to cefotaxime (p = 0.269) and
cefoxitin (p = 0.396).

4. Discussion

Sheep are among the most widely consumed types of meat in the world in addition
to their nutritional benefits [22]. The gut microbiota of sheep naturally harbors resis-
tant bacteria, which can spread within livestock populations and potentially transfer
to humans. While normal flora plays a vital role in maintaining gut health and diges-
tion, the spread of resistance genes can contribute to the emergence of antibiotic-
resistant bacteria, which can be transferred to humans, animals, and ecosystems.

The findings of chapter demonstrate a substantial prevalence of E. coli among
gram-negative bacterial isolates from sheep intestines. The dominance of E. coli
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(53.1%) is consistent with previous studies highlighting its widespread presence

in livestock intestines [23, 24]. The significance of E. coli lies in the fact that some
strains, such as E. coli 0157, can be pathogenic and cause food poisoning if transmit-
ted to humans [24]. The presence of other bacterial species, such as Enterobacter
cloacae and Klebsiella pneumoniae, further indicates the diverse microbial community
within the animal gut, some of which can act as opportunistic pathogens. These
results were consistent with global studies confirming that E. coli is the most preva-
lent intestinal bacteria in sheep [25, 26]. The aforementioned percentages reflect the
natural presence of bacteria in the intestines; however, some can pose a public health
risk if they become pathogenic or resistant to antibiotics.

The high resistance rates observed in E. coli, particularly against ampicillin (88.5%)
and trimethoprim-sulfamethoxazole (80.8%), raise significant concerns regarding
the efficacy of commonly used antibiotics. The high resistance levels to these antibiot-
ics are concerning because they are commonly used to treat a wide range of bacterial
infections, and this resistance may affect both animal and public health. This was
similar to a study conducted in Qatar, where the highest resistance in E. coli was to
ciprofloxacin (69.4%) and trimethoprim/sulfamethoxazole (45.8%) [27]. A global
study also indicated that 13 types of gram-negative bacteria isolated from goats and
sheep intestines were resistant to various antibiotics, including penicillin, ampicillin,
amoxicillin, chloramphenicol, and others [28]. Resistance to beta-lactam antibiotics,
especially third- and fourth-generation cephalosporins like cefepime (61.5%) and
cefuroxime (65.4%), suggests the emergence of extended-spectrum beta-lactamase
(ESBL)-producing strains. These findings highlight the potential risk of antimicro-
bial resistance transmission from animals to humans through direct contact or food
consumption. Thus, antibiotic resistance in these intestinal bacteria poses a complex
challenge that requires serious attention from farmers and veterinarians, and com-
prehensive health strategies need to be adopted to reduce the spread of resistance and
maintain the effectiveness of antibiotics in the future.

The molecular analysis further reinforces these concerns, as the widespread
presence of resistance genes, such assul2 (96.2%) and aadA1 (73.1%), indicates an
extensive genetic basis for resistance. The presence of antibiotic-resistance genes in
the normal flora of sheep is a growing concern with serious implications for animal
health, human health, and environmental sustainability. The transmission of resistant
bacteria through direct contact, food, and environmental contamination highlights
the urgent need for better antibiotic stewardship, hygiene measures, and surveillance
programs to reduce the impact of antimicrobial resistance. A similar study found an
increase in resistance in bacteria isolated from livestock feces, with common genes
such assul3, cat, gnr, qnrB, and tet(A) [29]. The problem is that these genes enable
bacteria to resist various antibiotics, complicating the treatment of related infections.
Sulfonamide resistance genes (sull, sul2, sul3) are widespread in bacteria and make
them resistant to sulfonamides such as sulfamethoxazole [30]. Aminoglycoside-
modifying enzymes (AMEs), such as aadA1, are among the most prevalent genes
in intestinal bacteria, rendering antibiotics like gentamicin, tobramycin, and ami-
kacin ineffective. Likewise, tetracycline resistance genes (tet(A), tet(B), tet(M)),
beta-lactamase genes (SHV), and chloramphenicol resistance genes (cat) are also
widespread [29, 31]. The presence of these resistance genes in gram-negative bacteria
in the intestines of sheep and lambs presents a significant challenge to public health.
These genes make it difficult to treat infections with traditional antibiotics, and
controlling their spread requires strict policies on antibiotic use in livestock farming,
along with continuous monitoring programs. The detection of ESBL-related genes
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(blaSHYV in 34.6% and blaTEM in 3.8% of isolates) suggests that some strains have
acquired mechanisms to hydrolyze a wide range of beta-lactam antibiotics. Notably,
the absence of gnr genes suggests that resistance to fluoroquinolones may be mediated
by alternative mechanisms.

The gene multiplicity analysis highlights a concerning trend, with half of the E.
coli isolates carrying five resistance genes. This suggests that a significant proportion
of the bacterial population possesses multiple resistance determinants, increasing the
likelihood of multidrug resistance. The detection of isolates with up to six resistance
genes further emphasizes the genetic adaptability of E. coli and its potential to evade
multiple antibiotic classes. This high level of gene accumulation poses a serious threat
to antimicrobial efficacy, as bacteria carrying multiple resistance determinants can
spread resistance traits more effectively within microbial communities. The presence
of multiple antibiotic-resistance genes complicates treatment and increases the risk
of transmitting resistant bacteria to humans or other environments, especially due to
the widespread use of antibiotics in sheep farming [32]. The health and environmental
challenges posed by multiple resistance genes make bacterial infections harder to treat,
and multi-resistant bacteria can spread easily between animals and humans through
the food chain or direct contact. This could reduce the effectiveness of antibiotics
in agriculture, leading to higher animal mortality rates and potential public health
risks [33, 34]. Bacteria with multiple resistance genes can survive even with the use
of multiple antibiotics, making treatment more difficult. Also, the spread of bacteria
carrying multiple resistance genes poses a risk of transferring these genes to other
bacteria, in the environment or other living organisms, including humans, through
the food chain or direct contact. The treatment challenges also include the reduced
availability of common antibiotics, requiring veterinarians to resort to less common or
more expensive antibiotics, which may have greater side effects on animals [35].

The statistical correlation between ESBL production and resistance to third- and
fourth-generation cephalosporins (cefepime, cefazolin, aztreonam, and ceftazidime)
aligns with global reports on the increasing prevalence of ESBL-producing E. coli in
both human and veterinary medicine. This finding emphasizes the need for improved
surveillance and stricter antimicrobial usage policies in livestock production to
mitigate the further spread of resistance.

Overall, these results underscore the urgent need for antimicrobial stewardship
programs targeting livestock to curb the dissemination of resistant bacteria. Future
research should focus on alternative strategies, such as probiotics and phage therapy,
to reduce reliance on conventional antibiotics while ensuring animal health and food
safety. In general, this chapter highlights the high prevalence of antibiotic-resistance
genes in E. coli isolated from the intestines of sheep. The detection of multiple resis-
tance genes, particularly those encoding sulfonamide and tetracycline resistance, sug-
gests widespread antibiotic resistance. Additionally, the significant association between
ESBL production and resistance to third- and fourth-generation cephalosporins
underscores the need for stringent antibiotic stewardship in livestock management.

5. Conclusion

The presence of multiple antibiotic-resistance genes in intestinal bacteria isolated
from sheep livestock represents a significant challenge to both animal and human
health. These results highlight a growing issue of multidrug resistance among bacte-
ria isolated from sheep intestines. The high prevalence of strains carrying multiple
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resistance genes underscores the urgent need for effective measures to reduce the
spread of resistance and promote the rational use of antibiotics in agriculture and
livestock farming. Alternative therapeutic strategies must be developed to preserve
the effectiveness of antibiotics. There should be strict monitoring of antibiotic use in
animal farming and the development of strategies to control the spread of resistant
infections to ensure long-term food safety and human health. It is important to raise
awareness and educate farmers, consumers, and health workers about the dangers of
overuse of antibiotics and the importance of maintaining food safety through good
hygiene practices.
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Abstract

This chapter provides an in-depth analysis of the complex relationship between
biofilm formation and antibiotic resistance in uropathogenic Escherichia coli (UPEC),
which remains a predominant cause of recurrent urinary tract infections (UTIs).
Biofilm development serves as a crucial survival mechanism for UPEC, facilitating
robust adherence to surfaces, evasion of host immune responses and heightened
tolerance to antimicrobial agents. The biofilm’s extracellular matrix not only limits
the penetration of antibiotics but also promotes the emergence of resistance mecha-
nisms, most notably through the activity of beta-lactamase enzymes such as ESBLs,
AmpC and carbapenemases. These enzymes effectively neutralize many frontline
antibiotics, complicating treatment regimens and contributing to chronic, persistent
infections. In response to these challenges, this chapter explores a range of innova-
tive therapeutic strategies, with particular emphasis on anti-biofilm interventions
aimed at dismantling biofilm architecture. Additionally, alternative approaches;
including bioactive compounds derived from medicinal plants, the application of
metallic nanoparticles and the use of bacteriophages specifically targeting UPEC; are
critically assessed. When integrated with advances in drug delivery systems, these
emerging therapies present promising prospects for overcoming antibiotic resistance
and reducing the recurrence of UTIs. Ultimately, this overview aims to guide ongoing
research and inform clinical practice, with the goal of improving outcomes in the
management of infections caused by antibiotic-resistant UPEC.

Keywords: recurrent urinary tract infections (UTIs), uropathogenic Escherichia
coli (UPEC), beta-lactamases, anti-biofilm strategies, liposome-based drug delivery
systems

1. Introduction

Urinary tract infections (UTIs) constitute a significant global health burden,
straining healthcare systems [1]. Defined by microbial presence and symptoms,
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UTIs affect any urinary system part and are clinically categorized into lower (cys-
titis/urethritis) and more severe upper (pyelonephritis) infections [2]. Women are
disproportionately affected due to anatomical factors (shorter urethra), with nearly
half experiencing a UTI lifetime. Female-specific risk factors include sexual activ-
ity, certain contraceptives, pregnancy and postmenopausal changes. General risks
encompass catheterization, diabetes mellitus, immunosuppression, urinary tract
abnormalities and incomplete bladder emptying [2, 3].

Uropathogenic Escherichia coli (UPEC), originating from the host’s gut microbiota,
is the predominant pathogen (70-90% of uncomplicated UTIs) [4]. UPEC employs
specialized virulence factors for colonization and immune evasion [5]. Pathogenesis
involves periurethral colonization, urethral ascent, adhesion via fimbriae (e.g., Type 1
for bladder, P for kidney) [6] and invasion of bladder cells to form protective intracel-
lular bacterial communities (IBCs) [7]. IBCs act as reservoirs, shielding UPEC from
immunity and antibiotics, enabling replication and contributing to recurrence upon
host cell exfoliation [8]. Pathogenicity is enhanced by toxins (e.g., alpha-hemolysin,
CNF1), causing cell damage and modulating inflammation and iron acquisition
systems essential for survival [9]. Virulence genes are frequently located on mobile
genetic elements, facilitating adaptation and resistance acquisition [4, 10]. Biofilm
formation is critical for UPEC persistence, particularly in chronic and catheter-asso-
ciated UTIs (CAUTIs) [11]. UPEC forms biofilms on abiotic surfaces like catheters
and biotic uroepithelium [12]. The self-produced extracellular polymeric substance
(EPS) matrix provides a barrier against antimicrobials and host defenses, aids surface
anchoring against urine flow and fosters physiologically distinct states, including
antibiotic-tolerant persister cells [13]. The biofilm microenvironment facilitates
horizontal gene transfer, potentially accelerating antibiotic resistance spread [14].
IBCs exhibit key biofilm-like characteristics, underscoring this community lifestyle’s
role in persistence [7].

The escalating antimicrobial resistance (AMR) crisis compounds these challenges
[15]. Dissemination of resistance genes in UPEC, especially those encoding beta-lac-
tamases that inactivate crucial antibiotics, severely compromises UTI treatment [16].
These genes, often on mobile elements, drive the emergence of multidrug-resistant
(MDR), extensively drug-resistant (XDR) and pandrug-resistant (PDR) strains [10,
17], increasing treatment failure, costs and complications like urosepsis [1, 16].

This chapter provides an in-depth analysis of the complex relationship between
biofilm formation and antibiotic resistance in UPEC, which remains a predominant
cause of recurrent UTIs (rUTIs). Biofilm development serves as a crucial survival
mechanism for UPEC, facilitating robust adherence to surfaces, evasion of host
immune responses and heightened tolerance to antimicrobial agents. The biofilm’s
EPS matrix not only limits the penetration of antibiotics but also promotes the emer-
gence of resistance mechanisms, most notably through the activity of beta-lactamase
enzymes such as ESBLs, AmpC and carbapenemases. These enzymes effectively neu-
tralize many frontline antibiotics, complicating treatment regimens and contributing
to chronic, persistent infections. In response to these challenges, this chapter explores
arange of innovative therapeutic strategies, with particular emphasis on anti-biofilm
interventions aimed at dismantling biofilm architecture. Additionally, alternative
approaches, including bioactive compounds derived from medicinal plants, the
application of metallic nanoparticles and the use of bacteriophages specifically target-
ing UPEC, are critically assessed. When integrated with advances in drug delivery
systems, these emerging therapies present promising prospects for overcoming
antibiotic resistance and reducing the rUTIs. Ultimately, this overview aims to guide
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ongoing research and inform clinical practice, with the goal of improving outcomes in
the management of infections caused by antibiotic-resistant UPEC.

2. Uropathogenic Escherichia coli and beta-lactamase production
2.1 The scope and impact of urinary tract infections

Urinary tract infections (UTIs) are common bacterial infections posing a sig-
nificant global healthcare burden [1]. Affecting any urinary system part, they are
clinically divided into lower UTIs (cystitis; localized symptoms) and more severe
upper UTIs (pyelonephritis; systemic illness) [2]. Women are disproportionately
affected (nearly half lifetime) due largely to anatomical factors (shorter urethra) [3].
Uropathogenic E. coli (UPEC) utilizes specialized virulence factors for colonization
and immune evasion following ascent into the urinary tract [5].

2.2 Uropathogenic E. coli virulence: Mechanisms of colonization and invasion

UPEC pathogenesis relies on diverse virulence mechanisms [5]. Adhesion is criti-
cal, mediated by Type 1 fimbriae for bladder colonization (binding uroplakins) and P
fimbriae for kidney infection (binding globoside) [6]. Invasion into bladder epithelial
cells allows UPEC to form intracellular bacterial communities (IBCs), protected
reservoirs shielding bacteria from immunity and antibiotics, facilitating replication,
and contributing to recurrence upon host cell exfoliation [7, 8]. Secreted toxins like
alpha-hemolysin (HlyA) and cytotoxic necrotizing factor 1 (CNF1) cause host cell
damage and modulate inflammation [5]. High-affinity iron acquisition systems (e.g.,
siderophores) are essential for survival in the iron-limited urinary tract [9]. Key
virulence factors of UPEC strains are summarized in Table 1. Virulence genes are
often concentrated in specific phylogenetic groups (e.g., B2) and frequently located
on mobile genetic elements, promoting their horizontal spread and co-acquisition of
antibiotic resistance [10].

2.3 The biofilm lifestyle: A key strategy for UPEC persistence

Biofilm formation is a crucial strategy for UPEC persistence, particularly in
chronic and catheter-associated UTIs (CAUTIs) [11, 12]. These structured microbial
communities, encased in a self-produced extracellular polymeric substance (EPS)
matrix, adhere to both abiotic (e.g., catheters) and biotic (uroepithelium) surfaces
[12, 13]. The EPS matrix provides a physical barrier against antimicrobials and host
defenses, aids surface anchoring and fosters inherent antibiotic tolerance through
altered bacterial physiology and microenvironment heterogeneity [13, 18]. Biofilms
also facilitate horizontal gene transfer [14] and harbor highly tolerant, dormant
persister cells that survive antibiotic exposure and contribute to infection recurrence
[19]. IBCs share key protective characteristics with surface biofilms [7].

2.4 Clinical challenges: Antibiotic resistance and recurrence

The clinical impact of UTIs is exacerbated by escalating antibiotic resistance and
high rates of recurrence [8]. The global spread of multidrug-resistant (MDR) UPEC,
particularly strains producing extended-spectrum beta-lactamases (ESBLs), AmpC
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Factor category Specific factor/ Description/function Role in pathogenesis
mechanism
Adhesion Type 1 Fimbriae Bind mannosylated Initial bladder colonization;
glycoproteins (e.g., facilitates invasion.
uroplakins) on bladder cells.

P Fimbriae Bind globosides (e.g., GbO3, Ascent to kidneys;

GbO4) on kidney epithelial associated with
cells. pyelonephritis.

Curli fibers Amyloid fibers promoting cell  Biofilm formation; adhesion
aggregation and adhesion to to catheters and host cells.
surfaces/matrix proteins.

Invasion and Invasion mechanisms Trigger host cell uptake Establishment of
intracellular (e.g., via Type 1 fimbriae intracellular niche.
survival interaction).

Intracellular bacterial Structured bacterial Protected reservoir;

communities (IBCs) aggregates within host immune evasion; source for
bladder cell cytoplasm. recurrence.

Toxins Hemolysin (HlyA) Pore-forming toxin lysing Tissue damage; nutrient
host cells. release; immune
modulation.

Cytotoxic necrotizing Modifies host Rho GTPases. Promotes invasion;

factor 1 (CNF1) cytoskeletal rearrangement;

immune modulation.
Nutrient Siderophores High-affinity iron chelators. Scavenge essential iron from
Acquisition (Enterobactin, host.
Yersiniabactin,

Salmochelin, Aerobactin)

Persistence &

Biofilm formation

EPS matrix-encased

Persistence; antibiotic

protection (Extracellular) communities on surfaces. tolerance; immune evasion;
HGT facilitation.

Persister cells Metabolically dormant, Survival of antibiotic
highly tolerant bacterial exposure; relapse after
subpopulation. treatment.

Table 1.

Key virulence factors of uropathogenic Escherichia coli (UPEC).

beta-lactamases and carbapenemases, severely limits therapeutic options and worsens
patient outcomes [15-17]. Major classes of beta-lactamases found in UPEC and their
characteristics are detailed in Table 2. Recurrent UTIs (rUTIs), common particularly
in women, are strongly associated with UPEC persistence within protective niches
like biofilms and IBCs, which allow bacteria to evade clearance and cause subsequent
infections [3, 8]. The confluence of UPEC virulence, persistence strategies (biofilms/
IBCs) and antimicrobial resistance presents a major clinical challenge demanding and
exploring novel therapies.

Beta-lactamase production by UPEC critically undermines treatment effectiveness
[16]. Enzymes like ESBLs, AmpC and particularly carbapenemases confer resistance
to essential antibiotics, including last-resort carbapenems [16, 20]. The genes encod-
ing these enzymes often reside on mobile genetic elements, facilitating their spread
and contributing to MDR phenotypes [10]. This resistance crisis necessitates novel
therapeutic strategies [21, 22]. Key areas include developing new antimicrobials and
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Class Key enzymetypes  Substrate Inhibition Key features/
(examples) spectrum by classical significance
inhibitors (e.g.,
Clavulanate)
Extended-spectrum  TEM variants, Penicillins, Yes Major cause of
beta-lactamases SHYV variants, Cephalosporins resistance to essential
(ESBLs) CTX-M (globally (generations 1-4), cephalosporins; often
dominant) Monobactams plasmid-mediated
and co-carry other
resistance genes.
AmpC Plasmid-mediated Penicillins, No Resistance to
beta-lactamases (e.g., CMY, Cephalosporins cephamycins; Not
DHA, FOX) or (incl. inhibited by standard
Chromosomal Cephamycins), inhibitors; plasmid
(inducible/ Monobactams types spread rapidly;
derepressed) Chromosomal type can
be induced.
Carbapenemases Class A: KPC Penicillins, Class A: Variable ~ Hydrolyze
Class B (Metallo- Cephalosporins, (inhibited by carbapenems
B-Lactamases): Monobactams, avibactam) (“last-resort” drugs);
NDM, VIM, IMP Carbapenems Class B: No lead to MDR/XDR/
Class D: (inhibited by PDR strains; Diverse
OXA-48-like EDTA) mechanisms; pose
Class D: major therapeutic
Generally No challenges.
Table 2.

Major beta-lactamase classes conferring resistance in uropathogenic Escherichia coli (UPEC).

resistance breakers (e.g., novel beta-lactamase inhibitor combinations, siderophore-
antibiotic conjugates) [22, 23], alternative therapies (bacteriophages, anti-virulence
agents, microbiome modulation) [24-26], specific anti-biofilm approaches [21, 27],
immunotherapies [28] and advanced drug delivery systems using nanotechnology

[29, 30]. A multifaceted approach involving surveillance, stewardship, research and
clinical translation of innovations is essential [15, 31].

3. Uropathogenic Escherichia coli (UPEC) biofilms: Mechanisms of
persistence and therapeutic targeting

UPEC’s ability to form biofilms is a critical virulence trait supporting its per-
sistence, driving recurrent UTIs (rUTIs) [11] and presenting significant obstacles
to effective treatment [8]. Biofilms are surface-associated microbial communities
embedded within a self-secreted extracellular polymeric substance (EPS) matrix [12].
This protective structure shields UPEC from environmental stresses, including host
immunity and antimicrobial drugs, often significantly limiting agent penetration into
deeper layers [13, 18].

The protection offered by the biofilm lifestyle substantially contributes to infec-
tion chronicity and creates a microenvironment promoting the development and
spread of antibiotic resistance [13]. This further complicates treatment outcomes,
particularly given rising global resistance rates [1]. Therefore, understanding UPEC

biofilm formation mechanisms and devising counteracting strategies are paramount
for developing innovative therapies to tackle persistent and rUTIs.
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3.1 Dissecting the mechanisms of UPEC biofilm formation

Developing effective anti-biofilm therapies requires a fundamental understanding of
the complex, multi-stage process of biofilm development. Key stages generally include:

Initial attachment: Initial reversible, then irreversible, attachment of planktonic
UPEC cells to a suitable biotic (e.g., uroepithelial cells) or abiotic (e.g., catheter)
surface [12]. Various adhesins mediate this crucial first step, including Type 1 fim-
briae (important for bladder colonization) and potentially P fimbriae (implicated
in kidney colonization) [6]. Other surface structures like curli amyloid fibers and
autotransporter proteins (e.g., Ag43) also contribute significantly to initial adhesion
and cell-cell aggregation [32].

Microcolony development: Attached bacteria proliferate and aggregate, forming
distinct microcolonies [12]. Cell-cell interactions mediated by adhesins and early EPS
production are important during this stage [18].

Maturation and matrix production: Microcolonies expand and differentiate into
complex, three-dimensional structures. The matrix, which is composed of polysac-
charides (e.g., cellulose, colanic acid), proteins (e.g., curli), lipids, and extracellular
DNA (eDNA), confers structural integrity, protection, and nutrient-trapping capa-
bilities [13, 32].

Dispersion: From mature biofilms, individual planktonic cells or clumps detach
and disperse, often triggered by environmental cues like nutrient limitation or waste
accumulation [33]. This allows UPEC to colonize new sites, contributing to infection
spread and potentially seeding recurrent episodes [8, 33].

Each stage is tightly regulated by intricate gene expression networks involv-
ing numerous regulators and signaling pathways [34]. Global regulators like
CsgD (master regulator of curli and cellulose) [32] respond to environmental
signals (e.g., nutrients, temperature, osmolarity) to coordinate biofilm develop-
ment [34]. Quorum sensing (QS) systems, allowing bacteria to sense population
density and coordinate gene expression, also play important roles. In E. coli, the
Al-2-mediated QS system (regulated by Isr) influences biofilm maturation and
virulence factor expression [35].

Furthermore, biofilms harbor specialized cell populations, including persister
cells [13]. These phenotypic variants exist in metabolic quiescence or low activity,
making them highly tolerant to conventional antibiotics targeting active cellular
processes. Persisters survive intensive antibiotic therapy and can reactivate upon
removal of antibiotic pressure, leading to relapse or recurrence [19]. Understanding
the molecular mechanisms governing biofilm formation, maturation, dispersal and
persister formation reveals potential therapeutic targets.

3.2 Developing anti-biofilm strategies against UPEC

Combating UPEC biofilms effectively requires multifaceted strategies targeting
different lifecycle stages or structural components. The goals are generally to prevent
initial formation or to disrupt and eradicate established communities [21]. This
encompasses diverse approaches detailed in Table 3. Key approaches under investiga-
tion include:

Inhibiting initial adhesion: Preventing the critical first step.

* Targeting adhesins: Developing molecules (small molecules, peptides, carbohy-
drate analogs like mannosides) that block key adhesins (e.g., FimH) [6, 24].
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Strategy Target/mechanism Examples of approaches/agents
category
Inhibition of Block bacterial attachment to Fimbrial adhesin inhibitors (e.g., mannosides); anti-

initial adhesion

surfaces (biotic/abiotic).

adhesion phytochemicals (e.g., cranberry PACs);
anti-adhesive surface coatings.

EPS matrix Degrade existing matrix Enzymes (DNases, proteases, glycoside hydrolases
disruption/ components or prevent like dispersin B); chemical destabilizers (chelators,
inhibition synthesis/assembly of the EPS. surfactants); inhibitors of matrix synthesis
regulators (e.g., targeting CsgD).

Quorum Disrupt bacterial cell-to-cell QS inhibitors (natural or synthetic) targeting
sensing (QS) communication essential signaling pathways (e.g., Al-2 system antagonists).
interference for biofilm maturation and

coordinated behaviors.
Targeting Eradicate dormant, highly Compounds specifically active against persisters;

persister cells

antibiotic-tolerant bacterial
subpopulation or sensitize them
to antibiotics.

agents that “awaken” dormant cells.

Enhanced Improve the efficacy of Engineered bacteriophages (potentially expressing
killing within bactericidal agents against depolymerases); metallic Nanoparticles (e.g.,
biofilms bacteria protected within the AgNPs, ZnO-NPs); certain natural antimicrobials
biofilm. (e.g., essential oils); antimicrobial peptides (AMPs).
Advanced drug Overcome delivery barriers Liposomal encapsulation; nanoparticle carriers;

delivery systems

(stability, solubility, penetration,
targeting) for anti-biofilm
agents.

other polymer-based or stimuli-responsive systems.

Table 3.
Key anti-biofilm strategies against uropathogenic Escherichia coli (UPEC).
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* Leveraging natural compounds: Utilizing phytochemicals (e.g., cranberry PACs)
known to interfere with fimbrial attachment [27, 36].

* Modifying surfaces: Developing anti-adhesive coatings or impregnating devices
(e.g., catheters) with antimicrobials [12, 21].

Disrupting or degrading the EPS matrix: Compromising biofilm structural integrity
and protection.

* Enzymatic approaches: Using enzymes (DNases, proteases, glycoside hydrolases
like dispersin B) targeting key matrix components [18, 37].

* Chemical destabilization: Employing agents (small molecules, peptides, surfac-
tants, chelators like EDTA) interfering with matrix structure [18, 21].

* Inhibiting matrix synthesis: Targeting biosynthetic pathways for major compo-
nents (cellulose, curli) or key regulators (CsgD) [21, 32].

Interfering with QS: Disrupting cell-to-cell communication regulating biofilm
development and virulence.
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* Quorum quenching: Using inhibitors (natural or synthetic) blocking QS mol-
ecule (e.g., Al-2) production, detection or signaling [21, 35].

Targeting biofilm-specific physiology and persister cells: Addressing unique bacterial
characteristics within biofilms, especially tolerance.

* Eradicating persisters: Developing agents/strategies to kill dormant persisters or
induce susceptibility to conventional antibiotics [19, 21].

Enhancing killing of biofilm-embedded bacteria: Improving lethal agent delivery or
efficacy within biofilms.

* Bacteriophage therapy: Utilizing phages (potentially engineered with matrix-
degrading enzymes) to infect and lyse biofilm bacteria [25, 38].

* Nanoparticles: Employing metallic nanoparticles (e.g., AgNPs, ZnO-NPs) for
biofilm penetration and antimicrobial effects (e.g., ROS generation, membrane
disruption) [29, 39].

* Natural or synthetic antimicrobials: Exploring compounds (e.g., essential oil
components, AMPs) disrupting the matrix or embedded bacteria [27, 40].

Utilizing advanced drug delivery systems: Improving anti-biofilm agent delivery.

* Nanotechnology carriers: Using nanoparticle platforms (liposomes, polymeric
nanoparticles) for encapsulation and deep delivery [29, 30].

* Encapsulation strategies: Employing systems like liposomes to enhance penetra-
tion, stability and controlled release within biofilms [30].

In conclusion, a detailed understanding of UPEC biofilm formation and persis-
tence mechanisms provides a roadmap for developing targeted therapies. Diverse
approaches, from inhibiting adhesion to disrupting the matrix and targeting persist-
ers, offer significant potential to augment current UTI treatments and overcome chal-
lenges posed by biofilm-mediated persistence and resistance. Combination therapies,
potentially pairing matrix-disrupting or QS-interfering agents with antimicrobials,
might achieve synergistic effects, improving clearance and reducing recurrence
[21, 41]. Continued vigorous research and successful clinical translation of promising
anti-biofilm strategies are essential for improving the management of biofilm-driven
UTlIs.

3.3 Beyond antibiotics: Emerging strategies targeting uropathogenic E. coli
biofilms

UPECs ability to form resilient biofilms is a primary factor in the persistence and
recurrence of UTIs [8]. This complicates treatment, particularly amid escalating
global antibiotic resistance [15]. The biofilm’s protective EPS matrix shields bacteria
from host immunity and limits conventional antibiotic efficacy, leading to chronic
infections and treatment failures.
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This clinical challenge has spurred research into alternative or adjunctive therapies
beyond traditional antibiotics [21]. These strategies often focus on preventing biofilm
formation, disrupting established biofilms or targeting tolerant bacteria within
them. Promising avenues include medicinal plant compounds, metallic nanoparticles
(MNPs) and bacteriophages.

3.3.1 Medicinal plants: A reservoir of anti-biofilm compounds

The traditional use of medicinal plants for infections is long-established, and
scientific investigation increasingly validates this ethnobotanical knowledge [40].
Plants offer a vast, chemically diverse reservoir of bioactive compounds, many
active against pathogens like UPEC [42]. Plant extracts, essential oils and purified
phytochemicals show potential as alternatives or adjuncts to conventional antibi-
otics for UTIs [27].

Key plant-derived compounds (phenolics, alkaloids, terpenoids) show significant
anti-biofilm effects against UPEC in preclinical studies. Their multifaceted mecha-
nisms may reduce resistance development compared to single-target drugs [27, 42].
Reported activities span various biofilm lifecycle stages:

Inhibiting adhesion: Compounds like cranberry proanthocyanidins (PACs) hinder
UPEC attachment to uroepithelial cells by interfering with P and Type 1 fimbriae [27, 36].

Disrupting biofilm development: Phytochemicals (e.g., from garlic, oregano, thyme,
cinnamon) can interfere with maturation by inhibiting matrix synthesis, disrupting
aggregation, or interfering with QS [27, 40].

Breaking down mature biofilms: Some agents may degrade matrix components or
damage embedded bacteria in mature biofilms [18, 27].

Direct antimicrobial effects: Many exert bactericidal/bacteriostatic effects via
membrane disruption, enzyme inhibition or metabolic interference [27, 42].

Advantages of plant-based therapies include potentially favorable toxicity profiles
and enhanced biocompatibility. Furthermore, synergy with conventional antibiot-
ics may allow reduced dosages and mitigate resistance development [41]. However,
clinical translation faces hurdles. Standardization for consistent potency is crucial
but challenging. Additionally, poor bioavailability or rapid metabolism limits in
vivo effectiveness of many phytochemicals. Rigorous preclinical and clinical trials
are essential to confirm efficacy, safety and dosage for UTI treatment or prevention
[42, 43]. Advanced formulations (e.g., encapsulation in nanoparticles or liposomes)
are explored to overcome stability, bioavailability and delivery issues [27, 30].
Addressing these challenges is critical to realizing the therapeutic potential of medici-
nal plants against UPEC biofilms.

3.3.2 Metallic nanoparticles (MNPs) in biofilm disruption

Advances in nanotechnology have introduced MNPs as innovative anti-biofilm
agents. MNPs are engineered particles typically 1-100 nm in size. Various MNPs
(AgNPs, ZnO-NPs, TiO,-NPs, CuO-NPs, AuNPs) show potent antimicrobial and anti-
biofilm activity against UPEC iz vitro. Their efficacy stems from nanoscale properties
like high surface area-to-volume ratio, enhancing reactivity and potentially matrix
penetration [29, 39].

MNPs combat biofilms via multiple simultaneous mechanisms, potentially reduc-
ing resistance development compared to single-target antibiotics:

63



Escherichia coli — From Normal Intestinal Bacteria to Lethal Microbes

Oxidative stress induction: Many MNPs (e.g., AgNPs, ZnO-NPs) generate ROS,
causing oxidative damage to DNA, proteins and lipids, leading to cell death [29, 44].

Membrane damage: Direct interaction compromises membrane integrity, causing
leakage and lysis [29, 39].

Interference with cellular functions: Released ions (e.g., Ag" from AgNPs) can
interfere with essential processes like enzyme function, DNA replication and
metabolism [29, 44].

Matrix destabilization: Interaction with EPS components can weaken biofilm
structure (e.g., AgNPs) [29, 39].

Inhibition of biofilm formation: Some MNPs inhibit initial steps like adhesion
or interfere with QS. Therapeutic potential is amplified through combination
approaches; MNPs often show synergy with conventional antibiotics, enhancing
efficacy against resistant or biofilm bacteria [41, 45]. Advanced strategies (integration
into DDS, surface modification) aim to improve performance and safety (stability,
targeting, penetration, biocompatibility) [29, 46].

However, ensuring safety is critical for MNP clinical translation. Potential cyto-
toxicity, tissue accumulation and environmental impact require thorough investiga-
tion. Extensive iz vitro and in vivo toxicology studies are paramount to establish safety
profiles, therapeutic windows, biodistribution and fate before widespread adoption
[44, 46]. Addressing safety concerns is key to harnessing the anti-biofilm potential of
MNPs for challenging UTIs [29].

3.3.3 Bacteriophage therapy: A vesurging and targeted approach against UPEC
biofilms

Bacteriophages, viruses that specifically infect and lyse bacteria, are re-emerging
as a viable alternative or adjunct to antibiotics, particularly against biofilm-forming
and antibiotic-resistant UPEC. Their high specificity minimizes disruption to the
host microbiome. Phages can overcome biofilm defenses through enzymatic degra-
dation of the EPS matrix or by infecting and replicating within biofilm-embedded
bacteria [25, 47]. Key advancements include the characterization of novel phages
like vB_EcoM-phiUZ and vB_EcoP_P64441, which demonstrate efficacy in reducing
UPEC biofilm biomass and lysing MDR strains, respectively [48, 49]. Phage cock-
tails are increasingly utilized to broaden target range, mitigate resistance and have
shown success in diminishing biofilm viability of XDR UPEC on surfaces mimicking
urinary catheters [50, 51]. A promising avenue involves phages possessing inherent
EPS-degrading capabilities, such as those encoding depolymerases (e.g., in phages
phT4A and 590B), which actively breaks down biofilm matrix components, enhanc-
ing bacterial susceptibility to other antimicrobials [52, 53]. Furthermore, synergistic
interactions between bacteriophages and conventional antibiotics (e.g., ciprofloxacin,
trimethoprim) have demonstrated enhanced UPEC biofilm eradication compared
to monotherapies [38]. Genetic engineering is also refining phage therapeutics by
developing phages with enhanced biofilm-degrading enzymes or broader host ranges,
alongside the development of purified phage-derived lytic proteins like endolysins,
which offer rapid bactericidal action with potentially lower resistance propensity
[54]. Collectively, these multifaceted approaches, from natural isolates and strategic
cocktails to enzyme-equipped and engineered phages, underscore the evolution of
phage therapy into an increasingly sophisticated and targeted modality for combating
recalcitrant UPEC biofilm-associated infections. Genetic engineering creates designer
phages with enhanced biofilm-tackling capabilities:
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Expressing matrix-degrading enzymes: Engineering phages to express enzymes (e.g.,
depolymerases, DNases) degrades EPS components, clearing a path for deeper phage
or antibiotic penetration [38].

Targeting specific bacterial processes: Engineering can modify phages to disrupt
functions like QS or virulence factor production [55].

Optimizing phage biology: Modifications can broaden host range, increase killing
efficiency or ensure a strictly lytic cycle [56].

Delivering thevapeutic payloads: Engineering enables phages to deliver payloads like
CRISPR-Cas systems (targeting virulence/resistance genes) or toxins [57].

The high specificity of phages, and the refinement of natural and engineered
phages, offers significant promise against challenging, MDR UPEC-associated UTIs,
including those involving biofilms. Despite this promise, widespread clinical imple-
mentation faces challenges. Bacterial resistance can develop, but may be countered
by phage cocktails or combination therapies. Efficient delivery and potential host
immune responses are considerations [25, 38]. Establishing clear regulatory path-
ways, especially for engineered phages, remains ongoing globally. Addressing these
hurdles involves optimized cocktails, combination therapies and advanced formula-
tions/delivery [25].

These diverse emerging strategies, medicinal plants, nanotechnology (MNPs)
and engineered bacteriophages, represent vital frontiers against persistent, resistant
UPEC infections [25, 27, 29]. They offer innovative approaches beyond traditional
antibiotics [21]. Medicinal plants provide multi-targeting compounds potentially less
prone to resistance [27]; MNPs offer broad-spectrum physicochemical disruption of
biofilms [29]; and engineered phages promise highly specific, self-amplifying bacte-
rial killing [56]. The future likely involves judicious combination therapies, poten-
tially integrating novel modalities with each other or existing antibiotics (e.g., using
a matrix-disrupting agent alongside an antibiotic or phage) [41]. Rigorous research
addressing key challenges (standardization, safety, delivery, regulation) and suc-
cessful clinical translation are imperative to provide effective new solutions for these
difficult-to-treat infections [43].

4. Liposome-based drug delivery systems: Enhancing therapeutic efficacy

A critical bottleneck hindering the clinical translation of many promising dis-
coveries for treating urinary tract infections (UTIs) of uropathogenic Escherichia
coli (UPEC) is the biofilm barrier [12]. The dense biofilm extracellular polymeric
substance (EPS) matrix significantly impedes therapeutic agent penetration, hinder-
ing access to bacteria within [18]. Moreover, biofilms harbor physiologically diverse
bacteria, including highly tolerant persister cells that survive conventional antibiotics
[13]. This combination contributes substantially to treatment failure, recurrence and
potential resistance development, highlighting the limitations of traditional drug
delivery [8, 21].

Addressing this requires sophisticated delivery strategies to overcome the biofilm
barrier and target persistent bacteria. Advanced drug delivery systems (DDS),
particularly liposome-based platforms, offer versatile means to enhance therapeutic
efficacy against resilient UPEC biofilm infections [30, 58].

Liposomes are attractive DDS platforms due to their established biocompatibility,
biodegradability (similar phospholipid composition to cell membranes), versatility
in encapsulation and surface modification and clinical track record. Structurally,
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liposomes are microscopic vesicles of one or more concentric phospholipid bilayers
surrounding an aqueous core. This structure allows encapsulation of diverse payloads:
hydrophilic agents (e.g., antibiotics, peptides) in the aqueous core and hydrophobic
compounds (e.g., phytochemicals, lipophilic drugs) within the bilayer(s) [30, 58].
Consequently, liposomes can carry a wide spectrum of anti-UPEC agents, from
conventional antibiotics and phytochemicals to metallic nanoparticles (MNPs) and
bacteriophages enables controlled/sustained release, maintaining therapeutic concen-
trations longer at the target site [27, 30].

Crucially, liposomes can be engineered to address biofilm challenges. Lipid
composition can be tailored to optimize interaction with/fusion to bacterial mem-
branes or facilitate EPS matrix penetration, delivering cargo deep within the biofilm.
Furthermore, targeted delivery is achievable via surface modification with specific
ligands (e.g., antibodies, peptides, mannose recognizing UPEC structures). Targeting
promotes liposome accumulation at the infection site, maximizing local drug con-
centration while minimizing systemic exposure and side effects [30, 59]. Controlled
release is also relevant for biofilms, as sustained exposure may be needed to eliminate
slow-growing/dormant persister cells responsible for relapse [19, 30].

Liposomal delivery holds promise for enhancing various emerging anti-biofilm
agents facing delivery challenges:

Medicinal plant compounds: Many phytochemicals (e.g., PACs, carvacrol, cur-
cumin) show potent iz vitro anti-UPEC/anti-biofilm activity but often have poor
water solubility, low bioavailability, rapid metabolism and thus inefficient biofilm
delivery/penetration. Liposomal encapsulation enhances solubility, protects
from degradation, improves stability and facilitates transport across barriers and
deeper biofilm penetration. Preclinical studies show liposomal PACs or carvacrol
exhibit improved anti-biofilm activity against UPEC compared to free compounds.
Liposomes enable co-delivery of multiple phytochemicals or phytochemicals with
antibiotics for synergistic combinations [30, 41, 58].

Metallic nanoparticles (MNPs): While MNPs (e.g., AgNPs, ZnO-NPs) show potent
antimicrobial activity, clinical use can be hampered by aggregation, potential host
toxicity and limited biofilm penetration. Encapsulating MNPs in liposomes helps pre-
vent aggregation, potentially reduces cytotoxicity by shielding host tissues, enhances
biocompatibility, facilitates biofilm delivery and allows controlled release within the
biofilm. Studies show liposome-encapsulated AgNPs/ZnO-NPs exhibit enhanced
anti-biofilm efficacy (e.g., vs. Pseudomonas aeruginosa) with reduced host toxicity
compared to bare MNPs. Co-encapsulation of MNPs with other antimicrobials in
liposomes could enable potent synergistic combinations [29, 41, 46].

Engineered bacteriophages: Phage therapy, especially using engineered phages
expressing matrix-degrading enzymes, offers highly specific UPEC killing and
biofilm disruption. However, challenges include potential inactivation (immune
system, environment) and inefficient EPS matrix penetration. Liposomal encapsula-
tion protects phages from neutralizing antibodies and harsh conditions, prolonging
in vivo viability and infectivity. Furthermore, liposomes might act as ‘Trojan horses,
facilitating phage delivery through the EPS matrix. Research indicates liposome-
encapsulated phages show improved stability, enhanced biofilm disruption and better
preclinical outcomes compared to free phages. Co-encapsulation of phages with
synergistic antibiotics or enzymes in liposomes could enable sophisticated multi-
pronged attacks [25, 38, 59].

In summary, advanced DDS, by enhancing stability, solubility, penetration and
targeted delivery of diverse agents (conventional antibiotics, phytochemicals, MNPs,
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phages), liposomal formulations hold significant potential to improve treatment
efficacy for persistent/recurrent UTIs [21]. They also provide a platform for rational
combination therapies, potentially reducing required dosages and aiding the fight
against antimicrobial resistance [21, 41]. Continued innovation in liposome design
(e.g., stimuli-responsive release, enhanced targeting) coupled with rigorous preclini-
cal/clinical evaluation is essential to translate laboratory discoveries into effective
patient care [30, 58].

5. Discussion and future directions

Uropathogenic Escherichia coli (UPEC) remains a significant clinical challenge,
primarily due to its adeptness at causing persistent and recurrent urinary tract infec-
tions (UTIs) [1]. This challenge is amplified by two converging factors including UPEC’s
capacity to form resilient biofilms [11] and the escalating global crisis of antimicrobial
resistance (AMR) [15]. Most UPEC isolates from recurrent UTIs and catheter-associ-
ated UTIs (CAUTIs) are robust biofilm producers [12]. Biofilm formation is a corner-
stone of UPEC’ survival and persistence strategy, providing a protected niche [12]. This
niche involves initial adhesion (via Type 1 and P fimbriae) [6] and subsequent encase-
ment within a self-produced extracellular polymeric substance (EPS) matrix [13]. This
structure, coordinated by adhesins, regulatory networks and quorum sensing (QS),
shields bacteria from host immunity and limits antimicrobial penetration [18, 32, 35].

Compounding this physical defense is the surge in prevalence and diversity of
antibiotic resistance determinants in clinical UPEC isolates. Particularly concerning is
the dissemination of genes encoding beta-lactamases, including extended-spectrum
beta-lactamases (ESBLs, dominated by CTX-M types) [10], AmpC beta-lactamases
(plasmid-mediated and chromosomal) [20], and increasingly, carbapenemases
(KPC, NDM, OXA-48 types) [16]. Global surveillance reports alarming increases in
MDR, XDR and carbapenemase-producing UPEC, with resistance rates sometimes
exceeding 40% in certain regions or populations [15, 60]. These enzymes dismantle
key beta-lactams, severely restricting therapeutic options, especially against biofilm-
protected bacteria [16]. This dual challenge increases treatment failure, patient mor-
bidity, healthcare costs and the emergence of difficult-to-treat infections potentially
progressing to urosepsis, necessitating innovative therapeutic approaches [1, 21].

In response, diverse alternative and adjunctive strategies targeting UPEC pathoge-
nicity, biofilms and resistance factors are under investigation [21]. Preclinical evidence
supports strategies disrupting the biofilm lifestyle at various stages. These include
enzymatic matrix degradation to expose bacteria, interfering with QS to disrupt coor-
dinated behavior or blocking initial adhesion via fimbriae [35, 37]. Medicinal plants
offer phytochemicals with multi-targeted anti-UPEC activities, including anti-biofilm
effects, potentially circumventing rapid resistance development associated with single-
target drugs [27, 42]. Nanotechnology offers distinct tools for combating biofilms.
Metallic nanoparticles (MNPs) leverage unique nanoscale properties for enhanced
biofilm penetration and multi-mechanism antimicrobial effects (e.g., ROS generation,
membrane disruption, enzyme interference) [29, 44]. These multi-pronged attacks
may be less prone to resistance and could re-sensitize resistant bacteria when used
in combination [41]. Engineered bacteriophages offer another promising frontier,
providing highly specific lysis of UPEC (including MDR strains) while minimizing
microbiota disruption [25, 57]. Genetic engineering enhances phage potency against
biofilms, for example, by adding matrix-degrading enzymes to improve access [38, 55].
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Despite their promise, successful clinical translation of these innovative
approaches faces limitations. Challenges include poor stability/solubility, limited
bioavailability, potential toxicity and critically, inefficient delivery and penetration
through the EPS matrix [21]. Advanced drug delivery systems (DDS), particularly
liposomes, offer transformative potential here [51]. Liposomes encapsulate diverse
cargo, from conventional antibiotics and small molecules to phytochemicals, MNPs
and bacteriophages [25, 30].

Liposomal encapsulation provides multiple benefits crucial for tackling biofilm infec-
tions. Benefits include payload protection from degradation, enhanced solubility/stability,
controlled/sustained release (vital for persisters), promoted matrix penetration and
targeted delivery via surface functionalization, concentrating therapeutic effect locally
while potentially minimizing systemic side effects [30, 58]. Liposomal DDS also provide
an elegant means for synergistic combination therapies. Preclinical research increas-
ingly shows that co-delivering agents with complementary mechanisms (e.g., antibiotic
+ matrix-disrupting enzyme, phytochemical + MNP, phage + synergistic antibiotic) in
one liposome significantly enhances eradication of biofilm-embedded UPEC compared
to individual agents [38, 41]. These DDS-delivered combination strategies may also
slow resistance emergence. Orchestrating multi-pronged attacks against resistant UPEC
biofilms is a promising frontier in UTI therapeutics [15, 30].

Looking ahead, successful clinical implementation requires navigating remain-
ing hurdles. Rigorous validation viz well-designed clinical trials is paramount [43].
Further DDS optimization for stability, predictable release and robust safety margins
is critical [58]. Scalable, cost-effective manufacturing is necessary for accessibil-
ity. Clear, streamlined regulatory pathways for advanced products (e.g., phages,
nanomedicines) are also essential [56]. Alongside translational efforts, continued
fundamental research into UPEC biofilm formation, persistence and biofilm capacity
is essential for guiding personalized treatment.

6. Conclusion

The fight against biofilm-forming, antibiotic-resistant UPEC necessitates a
sustained, multifaceted and collaborative approach. Integrating innovative thera-
peutic modalities, such as natural products, nanotechnology and phage biology, with
sophisticated drug delivery systems like liposomes, provides a powerful framework
for developing more effective treatments for recurrent UTIs. These scientific advance-
ments must proceed in tandem with essential public health measures, including
robust antibiotic stewardship programs to preserve the efficacy of existing drugs and
stringent infection prevention and control practices, particularly within healthcare
settings. Vigorous interdisciplinary collaboration among clinicians, microbiologists,
pharmacologists, materials scientists and regulatory agencies offers the best hope
for improving clinical outcomes for these difficult-to-treat infections. Successfully
addressing the challenges posed by UPEC will not only alleviate the burden of these
specific infections but also offer valuable lessons for combating other biofilm-associ-
ated diseases and the broader global threat of antimicrobial resistance.
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Chapter 5

Catabolite Repression of
Dual-Species Biofilm Formation
by Participation of Escherichia coli
Strains

Ivo Ganchev

Abstract

The composition of the microbial community in the biofilms is determined by
the nature and content of compounds of the nutrient medium. The structure of
biofilms, formed by the participation of one or more bacterial species, is composed
of a large number of populations, distinguished by their metabolic features and by
the genetic mechanisms determining their formation. Changes in the conditions of
their cultivation or the environment in which their formation takes place affect the
metabolic activity of Bacillus subtilis 170 and 168 and Escherichia coli K-12 strains and
their distribution in the structure of biofilms in the process of their co-development.
The influence of the content of glucose in the medium on bacterial biofilm formation
and the mechanisms were determined by the method, based on crystal violet stain-
ing, on the cultivated microbial analysis and confocal laser scanning microscopy.
In the recent research, the glucose content at the concentration over of 0.5% in the
cultural medium caused the inhibition of their growth and influenced negatively
on the process of biofilm formation by the co-cultivation of B. subtilis 170 and E.coli
K-121655, B. subtilis 168 and E.coli K-121655 strains. In regard to static methods of the
biofilm formation at laboratory conditions is a highly relevant growing of the most of
soil bacteria in the environment, the evaluation of the role of the catabolite regulation
on the sessile growth of the soil bacteria is required to decrease of the information in
regard to biofilm production during glucose excess.

Keywords: catabolite glucose repression, confocal laser scanning microscopy,
Escherichia coli K-12, multispecies biofilms, relationships in biofilms

1. Introduction
In the most ecological niches, bacterial species are organized in communi-

ties and develop together in the form of heterogeneous structures called bio-
films, which are formed on surfaces of different nature and as a result of the
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participation and the interaction of cells of two or more bacterial species [1]. The
microbial community in the biofilms is determined by the nature and medium

in the environment. The structure of bacterial biofilms is composed of a large
number of populations, distinguished by their metabolic features and the genetic
mechanisms determining their formation [2].

Glucose induces biofilm formation by Bacillus subtilis and Escherichia coli strains
[3]. The mechanism of catabolite repression and glucose metabolism plays an impor-
tant role in the formation of biofilms by strains of Escherichia coli, which affects the
synthesis of autoinducers 2 and indoles regulated by cyclic adenosine monophosphate
and the receptor protein CRP. The presence of glucose is associated with an increase
in the activity of adenylate cyclase, which leads to a decrease in the intracellular level
of cAMP and to the repression of the synthesis of the receptor protein, and in its
absence, they form a complex that ensures the activation of genes for the biosynthesis
of exocellular polysaccharides from the composition of matrix [4]. The regulatory
protein CsgD affects the formation of fringes, which represent amyloid fibers, and
the glycan chains of the cellulose structure, which is part of the matrix of biofilms in
Escherichia coli strains [5]. Its main function is reduced to suppressing the transcrip-
tion of genes responsible for the biosynthesis of fringes and pili, taking part in their
cell motility [6], and increasing its activity ensures the adhesion of Escherichia coli
cells on different surfaces and their development into biofilms [5]. The increase in its
activity appears to be the result of the formation of cyclic adenosine monophosphate
[7] at low glucose content in the biofilm culture medium [8]. As a result of this regula-
tory process, conditions are created to inhibit the synthesis of type 1 pili in Escherichia
coli strains, which prevents the implantation of their cells on the surface layer of the
epithelial tissue of the host organism [9]. The catabolite repression protein binds to
kps operon responsible for K1 capsule secretion [5]. Capsular polysaccharides secreted
by uropathogenic Escherichia coli strains bind to the surface layer of the substrate
with the help of covalent bonds [10], as a result of which a barrier is created for the
colonization of the coexisting species during their development to the formation of
biofilms [11]. The ability to form and release capsular polysaccharides 2 ensures the
competitive advantage of Escherichia coli strains in the microbial community during
their colonization on surfaces different in nature and structure [3].

The formation of biofilms by Bacillus subtilis strains occurs at a low concentra-
tion of glucose in the culture medium and is inhibited of glucose in the nutritional
medium and is inhibited when it increases. The stimulating effect of low concentra-
tions is due to its metabolism to acetoin, which activates the positive regulator SpoOA
of the process of biofilm formation on different surfaces. The catabolite repression
of the process carried out by Bacillus subtilis strains occurs with an increase in the
concentration of glucose in the medium, which is determined by the increase in
the activity of the regulatory protein CspA, as a result of which the proportion of
plankton cells increases compared to their number in the structure of biofilms [12].
In some metabolic pathways for the synthesis of exocellular polysaccharides from the
structure of the matrix of biofilms in Bacillus subtilis strains, uridine diphosphate-
glucose and uridine diphosphate-galactose serve as starting compounds, which are
intermediate metabolites in the catabolism of galactose in the Leloir pathway, the first
step of which it results in the phosphorylation of galactose to galactose-1-phosphate
by galactose-1-phosphate kinase. The phosphate form is converted to uridine
diphosphate-galactose by galactose-1-phosphate uridyltransferase. Under the influ-
ence of UDP-galactose-4-epimerase, UDP-galactose is converted to UDP-glucose,
which serve as starting compounds in biosynthesis reactions of polysaccharides of the
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matrix structure of the biofilms of Bacillus subtilis strains [13]. The minimal content
of glucose in the medium stimulates the biosynthesis of surfactants by B. subtilis
strains with a lipoprotein nature, the structure of which includes a hydrophobic and
a hydrophilic part and is made up of p-hydroxyl fatty acid and p-amino fatty acid
residues [14]. This group of compounds is distinguished by the property of changing
the character of the surface layer of the substrate and hindering the colonization of
the coexisting microbial species in the process of biofilm formation. Their impact is
determined by the hydrophobicity of the bacterial surface, their structural features
and their concentration in the intercellular space [15]. Most biofilms in the nature
include species of different microbial genus in their composition, but the mechanism
about glucose excess regulation on the structure of microbial communities and the
biofilm matrix component and spore formation in them remains scare in the modern
scientific literature [16].

The aim of the present study is to evaluate the effect of the glucose concentra-
tion in the cultural medium on the biofilm formation and structure of biofilms,
that are formed by B. subtilis strains during their relationships with Escherichia coli
K-121655 strain. The influence of the content of glucose in the medium on bacterial
biofilm formation and the mechanisms were determined by the method, based on the
crystal violet staining, on the cultivated microbial analysis and confocal laser scan-
ning microscopy. The results of this study leads to the conclusion, that there exists
a narrow relationship between biofilm formation and glucose concentration during
interaction of B. subtilis and E.coli strains, i.e., the glucose content at the concentra-
tion over of 0,5% in the cultural medium caused the inhibition of their growth and
influenced negatively on the process of biofilm formation by the co-cultivation of B.
subtilis 170 and E.coli K-121655, B. subtilis 168 and E.coli K-121655 strains.

2. Materials and methods
2.1 Bacterial strains and culture media

Bacillus subtilis and Escherichia coli strains in the present study are part of the
microbial collection of The National Bank of Industrial Microorganisms and Cell
Cultures, Sofia, Bulgaria, and “Stefan Angelov” Institute of Microbiology in Sofia,
Bulgaria. The cultures to be studied were stored at —80°C in the presence of 20
(v/v) % glycerol (NCZPB, Sofia), after being cultivated in Luria Bertani broth (LB,
NCZPB, Sofia) until reaching a stationary phase of development. The total incubation
time of Bacillus subtilis and Escherichia coli strains to the stationary phase of develop-
ment was 24 hours at 37°C. The colony from the cultures stored on the agar plate was
transferred to an Erlenmeyer flask containing 20 mL of LB medium (LB, NCZPB,
Sofia). The preparation of Bacillus subtilis and Escherichia coli strains involved incu-
bation for 24 hours at 37°C. After this liquid culture time, the total cell density was
about ~10° CFU/mL.

2.2 Biofilm development conditions

The previously prepared stationary phase cultures were subjected to dilution
by transferring 100 pl of it to 5 ml of LB broth until a cell density of ~10” CFU/mL
was reached. The mixing ratios of the cultures of the two strains (Bacillus subtilis
and Escherichia coli) were 1:1, and the growth medium was Luria Bertani Broth
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(NCZPB, Sofia), which proved to be the optimal medium for the development of
Bacillus subtilis and Escherichia coli biofilms. About 150 pL of the diluted culture was
transferred to a 96-well plates, made of polystyrene (50 mm diameter, 9 mm height).
After inoculation, the wells are capped and gently shaken to ensure that the inoculum
covers the entire surface. The total duration of incubation of the biofilms was 24 h

at 20°C, which is the optimal temperature for the formation of a single-species and
multi-species biofilm of Bacillus subtilis and Escherichia coli, respectively.

2.3 Crystal violet assay

Staining of the biofilms after washing with 0.85% NaCl was performed for 15 min
with 200 pL of Crystal Violet at concentration of 0.01% (w/v), after which the excess
dye was washed three times with NaCl (36 g.I""). Biofilm quantification was per-
formed by solubilizing the dye fixed on the biofilm structure with absolute ethanol
for 10 min at 20°C, at 120 rpm, and measuring the absorbance of the Crystal Violet
solution at 595 nm.

2.4 Quantification of colonies

In the second half of the wells, 150 pl of 0.85% NaCl was added, and the biofilms
from each well were separated using of sterile knife, so that the total volume of the
suspension was 9 mL. Then, aliquots of 25 pL of the suspension cultures were sub-
jected to falling dilutions (1071, 1072, 1073, and 107*), and inoculations were carried
out on Plate Count Agar (NCIPD, Sofia) and MacConkey Agar media (NCIPD, Sofia)
for the identification of Bacillus subtilis and Escherichia coli, respectively. Red and pink
colonies grown on MacConkey Agar (NCZPB, Sofia) are characteristic of Escherichia
coli strains. After incubation at 37°C for 24 hours, colony forming units per milliliter
(CFU/ml) were determined and converted to log (logi).

2.5 Multispecies biofilm formation

For the cultivation of biofilm of the both microbial strains in this study, the
cultures in stationary growth phase were placed in LB broth, and 150 pl of them is
transferred in 96-well plates reaching optical density of the suspensions at 600 nm to
0.3 (0.15 per strain). The control samples included only diluted culture of one strain
at the same concentrations in the comparation to the multispecies biofilm, at the same
conditions for incubation.

To study the influence of the glucose content of the medium on biofilm growth,
nutrient media were prepared with different concentration of glucose from 0.1 to 1.0%.
For this purpose, 18-hour cultures of B. subtilis 170, B. subtilis 168 and E. coli K-121655
strains were prepared previously in Laura Bertani broth (BulBio Laboratory — Sofia).

2.6 Matrix components staining

The staining of the matrix of the biofilms in the microscopic studies was preceded
by their static cultivation for 24 hours on glass coverslips. Each biofilm was stained
with DAPI at the concentration of 5 pg/mL. Exopolysaccharides were stained with
wheat germ agglutinin (WGA) conjugated to Alexa FluorTM 555 at the concentration
of 100 pg/mL to fix N-acetyl-glucosamine. After 30 min incubation of each sample,
each coverslip was washed three times in PBS 1x. Coverslips were transferred onto
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glass slides, and visualization of the formed structures and determination of their
morphometric characteristics was performed with Leica TCS SPE confocal laser scan-
ning microscopy at a wavelength of 540 nm.

2.7 Data extraction from images and statistics

The COMSTAT is an early biofilm image analysis software tool that has been used
to evaluation of the biovolume, the average thickness and the evaluation of the maxi-
mum coverage based the CLSM pictures, that described the formed structures of the
studied biofilms [7]. Analysis of variance (ANOVA) of the viable counts and the lag
times corresponding to the different treatments, was carried out using the statistical
program Statistix 8 Software. Differences were tested with paired sample t tests, and
if p < 0.05, the difference was considered statistically significant.

3. Results and discussion

The change in the glucose content in the range of 0.1 to 0.5% in the biofilm
culture medium resulted in the increase of the optical density value to 0.194 + 0.001
for the co-culture of B. subtilis 170 and E. coli 1655 strains and 0.142 + 0.002 in the
co-culture of B. subtilis 168 and E. coli 1655 strains, which is statistically significantly
higher than in the monospecies biofilms of B. subtilis 170 (p < 0.05) and B. subtilis 168
strains (p < 0.05) and is not significantly different in monospecies biofilms of E. coli
K-121655 (p > 0.05) (Figure 1).

0.25

0.2 4

0.15

Optical density K
at 540 nm E3
0.1 4

0.05 +

0.1 0.2 0.5 1

glucose concentration in the medium, %

Figure 1.

Thge Influence of content of glucose in the culture medium on the biofilm growth: m B. subtilis 170; m B. subtilis
168; M E.coli 1655; m B. subtilis 170+ E.coli 1655; O B. subtilis 168+ E.coli 1655. y = —0.0076.x + 0.1142, ¥* = 0.972,
p < 0.05 - B. subtilis 170. y = —0.0078.x + 0.2412, * = 0.951, p < 0.05 - B. subtilis 168. y = 0.0016.x + 0.0730,

7* = 0.930, p < 0.05 - E. coli K-121655. y = 0.1134.x + 0.1739, 1* = 0.979, p < 0.05 - B. subtilis 170-E.coli K-121655.
y = 0.0746.x + 0.2179, 1 = 0.962, p < 0.05 - B. subtilis 168-E.coli K-121655.
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The increase in content in the range from 0.5 to 1.0% was accompanied in the
present study by a statistically insignificant decrease in the biomass increment of the
biofilms formed in the co-cultivation of B. subtilis 170 and E. coli K-121655 strains
from 0.194 to 0.159 (p > 0.05), as well as for the co-culturer of B. subtilis 168 and E.
coli K-121655 strains (p > 0.05). At the same time, the relationship between the con-
centration of glucose and the growth of the biomass of the biofilm in the studied pair
of strains has a linear character (* = 0.96), which is distinguished by its character in
the monospecies biofilms of B. subtilis 170 and B. subtilis 168 strains, whose biomass
of biofilms decreases directly proportional to the increase in the glucose concentra-
tion in the range from 0.1 to 1.0% (r* = 0.97); while under the same cultivation condi-
tions, a statistically insignificant increase in the value of the optical density at 540 nm
is found for the monospecies biofilms of E. coli K-121655 strain (r* = 0.96).

An increase in glucose and fructose content from 0.1 to 1.0% in the medium was
accompanied by a twofold decrease in biofilm biomass of B. subtilis WT strain in
the study by Stanley et al. [17]. Similar observations were made for E.coli strains in
which the process of biofilm formation also undergoes catabolite repression [5]. The
catabolite control protein CcpA in B. subtilis is a major regulator that represses genes
for exopolysaccharide formation from matrix composition and cell development of
strains to biofilm formation, when the content of carbohydrate sources in the medium
changes [17]. Mutations in ccpA gene of B. subtilis WT strain provided an increase in
biofilm biomass of about 2.5-fold compared to the parent or wild-type strain in the
study of Stanley et al. [17], which confirmed the role of the regulatory protein CcpA
in the formation of biofilms by B. subtilis strains. The stimulatory effect of glucose on
biofilm formation appears to be the result of the effect of acetoin, which is an inter-
mediate product of glucose metabolism [18]. Accumulation of acetoin activates the
SpoOA regulator, resulting in a 2.9-fold increase in biofilm biomass of B. subtilis WT
strain in 20 mM acetoin medium [17]. The derivation by Stanley et al. [17] regularity
between medium glucose content and biofilm biomass growth is not in agreement
with the nature of the relationships found in the present study, according to which the
optical density value at 540 nm reached a maximum value in the co-cultivation of B.
subtilis 170 and E. coli K-121655, B. subtilis 168 and E. coli K-121655 strains at a glucose
content of 0.5%, immediately after which a decrease in its size was observed.

Similar observations were made in the study of biofilm formation in E.coli strains,
which is also regulated by glucose through the mechanism of catabolite repression,
which is initiated by cyclic adenosine monophosphate and the receptor protein for
cyclic adenosine monophosphate [5]. Deletion of crp gene in E.coli MG1655 strain
and in ¢s7A mutant strain produced biofilm biomass reductions of 30 and 75%, when
cultured in 0.2% glucose medium in the study by Jha et al. [14]. In the present study,
the effect of catabolite repression on biofilm formation by the multispecies popula-
tion of B. subtilis and E. coli strains was observed at a glucose content of 1.0%, which
is in agreement with the findings of Jackson et al. [8], that catabolite repression is
partly due to cyclic adenosine monophosphate and the receptor protein CRP. In other
studies, the formation of a complex between the two molecules ensures the activation
of biofilm formation genes and the flhDC operon in E. coli strains, responsible for the
biosynthesis of the flagellar fringe protein [17].

In the course of the study, the predominant number of populations of B.
subtilis 170 strains of (12.93 + 0.40).10° cfu/cm® and of B. subtilis 168 strains of
(9.73 + 0.40).10° cfu/cm? in the structure of biofilms was established during their
association with of E. coli K-121655 strains at a glucose content in the medium of 0.1%.
The increase in its value to 1.0% was accompanied by a significant decrease in the
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colonies of B. subtilis 170 strain from (12.93 + 0.40).10° cfu/cm’ to (5.8 + 0.3).10° cfu/
cm’ in biofilms at the expense of the increase of the number of populations of E.

coli K-121655 strain to a value of (10.3 + 0.26).10° cfu/cm’. The interaction of E. coli
K-121655 strain with B. subtilis 168 strain in the process of biofilm formation leads to
an increase in the number of its population to a value of (10.66 + 0.15).10° cfu/cm® at
a glucose content of 1.0%. Their values significantly exceeded the number of colonies
in the monospecies biofilms of E. coli K-121655 strain, B. subtilis 170 and B. subtilis 168
strains (p < 0.05), which was associated with metabolizing glucose and reducing the
effect of catabolite repression (Tables 1 and 2).

Uropathogenic strains of E. coli species are distinguished by the ability to
prevent biofilm formation of a large number of gram-positive and gram-negative
bacteria (E.coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Staphylococcus
aureus, Staphylococcus epider midis, and Enterococcus faecalis) thanks to the forma-
tion of a group 2 capsule whose biosynthesis is encoded by kps locus [10, 11]. Group
2 capsule formation in the process of biofilm formation promotes an increase in
surface hydrophobicity and a reduction in bacterial adhesion by inhibiting cell-to-
surface contact and cell-to-cell contacts during biofilm maturation [11]. The study
by Rendueles et al. [1] found that the formation of polymeric molecules with anti-
adhesion activity with a molecular weight of 100 kDa and resistance to the effects
of proteinase K in E. coli Ec300 and Ec111 strains was determined by the envi-
ronmental conditions in which biofilm maturation took place, which corresponds
to the regularity established in the present study related to the association of E.
coli 1655 strains with B. subtilis 170 and B. subtilis 168 strains. The anti-adhesion
polysaccharide formed by E. coli Ec300 strain, which is characterized by a lower
number of galactosamine and glucosamine residues compared to Ec111 strain, took
place in M63B1 medium with a glucose content of 0.4% and inhibited the surface
colonization of S. aureus strains. The increase in its concentration from 5 to 30 pg/
ml in extracts of E. coli Ec300 and Ec111 strains is accompanied by a reduction in
the biomass of biofilms of S. aureus strains in the range of 20 to 80% [1]. Inhibition
of the biofilm formation process, initiated by the biosynthesis of capsular polysac-
charides by E. coli strains, ensures the competitive relationships between microbial
species in the process of their colonization on the surface [11], which explains the
higher numbers of the population of E. coli K-121655 strains in the structure of
biofilms during their interaction with B.subtilis 170 and B.subtilis 168 strains at a
glucose content of more than 0.5% in the medium.

The development of B. subtilis 170 and B. subtilis 168 strains at a glucose concen-
tration in the medium in the range of 0.1 to 0.2% creates conditions for the appear-
ance of spores in the structure of biofilms, with a corresponding maximum value
of 0.6.10° cfu/cm?, and 0.3.10° cfu/cm® was found at a low glucose content of 0.1%,
while at the concentration of 0.5%, no presence of spores was observed in the formed
structures (Table 3).

Mutations in spo0A gene ensure the formation of the phosphorylated form of
the factor Spo0OA, which stimulates the appearance of spores when B. subtilis strains
are cultivated in a medium with a glucose content in the range of 0.1 to 0.2%, while
increasing glucose content did not result in sporulation in the study of Quisel et al.
[16]. At the same time, pyruvate, which is an intermediate product of glycolysis,
has insignificant effects on the sporulation of the studied strains. A similar effect is
observed in the presence of malate, which is an intermediate metabolite of the cycle
of tricarboxylic acids in the process of metabolizing glucose. The results of the study,
which approach the spore values in the structure of biofilms formed by B. subtilis
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Ne Glucose, Sporeforming  Spore forming Spore forming units in dual-species biofilms,
%/ unitsin units in cfu/cm?®
iofilms of iofilms of
biofilms o biofilms o B. subtilis170 + E.coli  B. subtilis 168 + E.coli
B. subtilis 170, B. subtilis 168, 1655 1655
cfu/cm?® cfu/cm®
1. 01 (666 + 0.5).10° (10 + 0.1).10° (2.54 + 0.47).10° (266 + 0.5).10°
2. 0.2 (2 £ 0.05).10* (4 £ 0.02).10° (31+0.57).10° (3 £ 0.30).10°
3. 0.5 0 0 (56 + 0.57).10° (6.0 £ 0.07).10°
4. 1.0 0 0 0 0

9= =3.3.x + 9.4467, ¥ = 0.9508, p < 0.05- B.subtilis 170.

9 = —5.x + 14.667, 7 = 0.9868, p < 0.05- B.subtilis 168.

y = —1.79.%° + 8.338.x-4,36, ¥ = 0.9557, p < 0.,05- B.subtilis 170-E.coli K-121655.
y=-2 085.%° + 9.727.x-5.526, ¥ = 0.9252, P < 0.05- B.subtilis 168-E.coli K-121655.

Table 3.
The impact of glucose concentration in the cultural medium on spore forming units of B.subtilis 170, B.subtilis
168 and E.coli 1655 strains in the structures of single-species and dual-species biofilms.

170 and B. subtilis 168 strains, confirm the conclusion that a high level of glucose at

a content above 0.5% does not lead to the appearance of spores in the structure of
biofilms, while its low concentrations in the range of 0.1 to 0.2% activate the sporula-
tion process [16].

Their co-development with E.coli K-121655 strains favors the spore-forming process
in biofilms at a glucose content of 0.5%, and the dependence of the spore content on
the glucose concentration in the range from 0.1 to 0.5% has an exponential characteris-
tic of the studied pair of strains, increasing its value to 1.0% does not create conditions
for sporulation both in the structure of dual-species biofilms of B. subtilis 170 and E.
coli K-121655, and in the co-cultivation of B. subtilis 168 and E. coli K-121655 strains to
form biofilms in the present study. The number of spores in the conducted research
reached 2.7.10° cfu/cm’ in the biofilm structures formed by the co-cultivation of B.
subtilis 170 and E. coli K-121655 strains, and 2.9.10° cfu/cm’ in the dual-species biofilms
of B .subtilis 168 and E. coli K-121655 strains.

The obtained data testify to the fact that the sporulation of B. subtilis 170 and
B. subtilis 168 strains in the structure of monospecies and biofilms and the biofilms
formed in their association with E. coli K-121655 strains is stimulated by the forma-
tion of end products of glucose metabolism of both strains. The development of B.
subtilis strain in DS medium with a glucose content of 0.1% ensures the formation and
accumulation of pyruvate, acetate, acetoin, isobutyrate. Acetate and pyruvate had a
weak effect on the spore formation of spo0A mutant strains, while the presence of iso-
butyrate had no effect on the process. Sporulation in spo0A, spo0A and spo0A mutant
strains of B. subtilis was favored by the addition of acetoin in the medium, with their
number increasing on average from 4.1.10° to 6.5.10° cfu/cm® in the structure of the
formed biofilms. Accumulation of acetoin promotes activation of the phosphorylated
form of Spo0A, as confirmed by the appearance of spores in the biofilms of spo0OA
mutant strains with high content of the regulatory proteins KinC and SpoOA and
the absence them in mutant strains with a low level of KinC kinase. The basis of the
action of acetoin is its metabolism to acetyl phosphate, which serves as a donor of
phosphate groups to the main regulators of biofilm formation and spore formation
in B. subtilis strains. The intermediate products of acetoin metabolism — acetyl-CoA
and acetaldehyde, are converted to acetylphosphates in the cells of B. subtilis and E.
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coli strains [16], which explains the significant increase in the number of spores in the
structure of biofilms of B. subtilis 170 and E. coli K-121655, B. subtilis 168 and E. coli
K-121655 strains compared to their numbers in the monospecies biofilms of B. subtilis
170 and B. subtilis 168 strains in the present study (Figures 2 and 3; Table 4).

The formation of the exocellular matrix by B. subtilis and E. coli strains is regu-
lated by transcription factors whose activity is determined by the level of environ-
mental factors [5, 17]. The main regulatory protein CsgD in the uropathogenic E.
coli UTI89 strains expresses the genes responsible for the biosynthesis of cellulose
and curli, which are part of the exocellular matrix of biofilms [5]. Cyclic adenosine
monophosphate also takes part in this mechanism of regulation of the process of bio-
film formation, which positively affects the activity of csgD gene and the genes for
the biosynthesis of cellulose and curli-structures [17], the formation and secretion
of autoinducers 2 [5]. The established dependence is in agreement with the study

0.1 % glucose 0.2 % glucose

0.5 % glucose 1.0 % glucose

Figure 2.
Microscopic study of biofilms of Bacillus subtilis 170 and Escherichia coli K-121655 strains at different
concentrations of glucose in the cultural medium.
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0.1 % glucose 0.2 % glucose

0.5 % glucose 1.0 % glucose

Figure 3.
Microscopic study of biofilms of Bacillus subtilis 168 and Escherichia coli K-121655 strains at different
concentrations of glucose in the cultural medium.

of Domka et al. [4], according to which mutations in yceP and yliH genes lead to an
increase in the biomass of the formed biofilms of E. coli K-12 strains, their average
thickness and relative spreading area in medium with a glucose content of 0.1% as a
result of the expression of the genes responsible for the biosynthesis and secretion
of autoinducers 2 and indole, while in B. subtilis 170 strain it occurs at a glucose
concentration in the medium of 1.0% as a result of the reduction of the activity of
the genes, responsible for the biosynthesis of the biofilm matrix by the regulatory
protein CcpA [17].

The average thickness of the formed structures in the process of static cultiva-
tion of the co-culture of strains was changed by B. subtilis 170 and E. coli K-121655
from 2.24 + 0.51 um to 10.35 + 0.41 pm at a roughness coefficient of 0.19 + 0.09
to 0.02 + 0.06 as the glucose content in the medium increased from 0.1 to 0.5%,
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Glucose, % Mean thickness, Coefficient of Relative area, Relationship area/volume,

pm unevenness pm? pm’pm

Dual-species biofilms of Bacillus subtilis 170 and Escherichia coli K-121655 strains

0.1 224+ 051 0.19 + 0.09 0.76 + 0.03 0.50 + 0.02
0.2 250+ 043 0.15+0.05 093 +0.01 0.34+0.07
0.5 10.35+ 041 0.02 £ 0.06 0.99 +0.12 0.09+0.01
1.0 269 + 0.24 0.07 + 0.04 0.96 + 0.01 0.39+0.05

Dual-species biofilms of Bacillus subtilis 168 and Escherichia coli K-121655 strains

0.1 1.85+0.53 019+0.18 0.62 +0.02 0.58 + 0.06
0.2 2.88 + 0.86 0.22+0.17 0.67+0.03 0.28 + 0.05
0.5 10.78 £ 0.37 0.03 + 0.04 0.99+0.21 0.09 + 0.03
1.0 3.04+0.89 0.24+0.12 0.94 + 0.05 0.35+0.15

"y = 4.005.x + 2.18, ¥ = 0.9763, p < 0.05 — B.subtilis170-E.coli K-121655; y = 4.465.x + 3.093, ¥ = 0.9667, p < 0.05 —
B.subtilis170-E.coli K-121655.

"y = 0.115.x + 0.663, ¥ = 0.929, p < 0.05 — B.subtilis170-E.coli K-121655; y = 0.185.x + 0.423, 7 = 0.9882, p < 0.05 -
B.subtilis170-E.coli K-121655.

"y = ~0.205.x + 0.21, 7 = 0.984, p < 0.05 — B.subtilis170-E.coli K-121655; y = ~0.245.x + 0.8067, ¥ = 0.983,

p < 0.05 — B.subtilis170-E.coli K-121655.

Table 4.

Morphometric features of dual-species biofilms of Bacillus subtilis 170 and Escherichia coli K-121655, Bacillus
subtilis 168 and Escherichia coli K-121655 strains, depending on the concentration of glucose in the cultural
medium.

immediately after which a statistically significant decrease was observed to
2.69 + 0,24 um, and the unevenness coefficient acquires have a value of 0.07 + 0.04
(p < 0.05). The ratio of the relative area to the volume of the biofilms decreased
linearly until the glucose content of 0.5% was reached (y = -0.205.x + 0.72,
1’ = 0.984, p < 0.05), which was followed by a significant an increase in its value to
0.39 + 0.05 pm®.um > (p < 0.05). The dependence between the average thickness
of the biofilms from the co-cultivation of B. subtilis 168 and E. coli K-121655 strains
on the glucose content also has an exponential character (y = 0.662.e>%%, > = 0.923,
p < 0.05) until reaching a value of 0.5%. Increasing the concentration of glucose in
the culture medium was accompanied by the formation of structures with an aver-
age thickness of 3.04 + 0.89 pum at a roughness factor of 0.24 + 0.12. The ratio of the
relative area to their volume decreases to a size of 0.09 + 0.03 um”.um™> as a result
of the increase in the glucose content of 0.5%, and when its concentration reaches
1.0%, its value changes significantly to 0.35 + 0.15 um”.um~ (p < 0.05) (Figures 2
and 3; Table 4).

The relative spreading area of the biofilms reached a maximum value of
0.99 + 0.12 um? for the co-culture of B. subtilis 170 and E. coli K-121655 strains and
0.99 + 0.21 um? as a result of the co-cultivation of B. subtilis 168 and E. coli K-121655
strains at a concentration of glucose in the culture medium of 0.5%, which signifi-
cantly exceeds their value when its value is reduced to 0.1% (p < 0.05) and statisti-
cally not changes when it increases to 1.0% (p > 0.05). The obtained regularities are
in agreement with the study of Stanley et al. [17], according to which a repression
of the genes for the biosynthesis of structures for flagellar motility and chemotaxic
movement was found in B. subtilis strains, when the glucose content reached 1.0%.
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The decrease in the activity of the genes responsible for the formation of the surface
cell structures participating in the appearance of flagellar motility was observed in
the formation of biofilms of P. aeruginosa and E. coli strains under the conditions

of catabolite repression from the increase in the concentration of glucose in the
medium [16].

4, Conclusion

At cultivation at the concentration of glucose in the cultural medium in the range
of 0.1to 1.0%, the bacterial growth rates of single-species biofilms of Bacillus subtilis
strains and biofilms, formed as a consequence of their interaction with Escherichia
coli strains, have similar characteristics and determines the concurrence between two
strains in the structure of biofilms, but the cultivating of the concentration of glucose
in the cultural medium over of 0.5% lead to the impeded growth and affect negatively
on the process of biofilm formation by the participation of B. subtilis 170 and E.coli
K-121655, B. subtilis 168 and E.coli K-121655 strains, as a consequence of which there is
a decrease in the value of the optical density, average thickness, and relative spreading
area and an inversely proportional increase in the ratio of the spreading area of the
structures to their volume, but inhibits spore formation. The recent research focused
on the catabolite regulation by glucose excess by biofilm formation of soil -drawing
bacteria of Bacillus subtilis under conditions of their sessile growth and relationship
with other gram-negative bacterial species. The biosynthesis of extracellular polysac-
charides, which constitute a significant proportion of the composition of the biofilm
matrix, is also affected by the glucose content of the medium and determined the
morphometric characteristics of the structures during the association of the two
strains in the study. In regard to static methods of the biofilm formation at laboratory
conditions is a highly relevant growing of the most of soil bacteria in the environ-
ment, the evaluation of the role of the catabolite regulation on the sessile growth of
the soil bacteria is required to decrease of the information in the regard to biofilm
production at the glucose excess.
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