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ABSTRACT

Introduction: Antimicrobial drug resistance in pathogenic bacteria has become a global
concern, with Acinetobacter baumannii posing a significant threat in hospital-acquired
infections. Designated as a Priority-1 critical pathogen by the WHO since 2017, there's a
pressing need to develop new antimicrobial agents against it. Both Europe and America
have been exploring bacteriophages as potential remedies for antibiotic-resistant
infections in recent years. In the current scenario, antibiotic resistance has become
prevalent across various antibiotics, including the last resort options like carbapenems and
colistin. As a result, utilizing phages in therapeutic applications to combat antimicrobial
resistance emerges as a potential solution to the increasing global threat posed by
multidrug-resistant bacteria. Of significant concern is the prevalence of multidrug-
resistant Acinetobacter baumannii, a pathogen commonly associated with hospital-
acquired infections. This study aims to isolate and comprehensively characterize a phage,
both in terms of its physical and genetic properties, with the objective of harnessing its
potential for phage therapy against colistin resistant Acinetobacter baumannii.

Methodology: A single strain of multidrug-resistant Acinetobacter baumannii was
obtained from the hospital and identified it using MLST (Multilocus Sequence Typing)
profiling. Colistin resistance was identified using the Vitek Compact System 2 analyzer.
Lytic phage was isolated from sewage samples by using double-layer agar assay method
against the collected host strain. The phage was purified through successive sub-culturing
of single plaques and standard spot assays. The potent phage was morphologically and
physiochemically characterized, including assessment of its life cycle, biological features,
host range, and sensitivity to temperature and pH. Further characterization included
determining the phage's latent period and burst size through ‘One Step Growth Curve’
experiments. The MiSeq Illumina platform was employed for genome sequencing,
facilitating a thorough examination for the existence of toxin genes or virulence factors.
Advanced bioinformatics tools like PHASTEST and Proksee were utilized for detailed

genomic analysis.

Results: The bacterial strain was confirmed through genomic analysis to be Acinetobacter
baumannii type 2 using MLST profiling. The isolated host, ACB-1, exhibited resistance to
more than three antibiotics, indicating multidrug resistance. Notably, resistance to colistin,
a last-resort antibiotic, was also observed emphasizing the urgent need for alternative
treatment options. A single bacteriophage targeting Acinetobacter baumannii was
isolated from various sewage samples. Physiochemical characterization of phage ACB-1
revealed a burst size of 32 virions per bacterium. Furthermore, the phage showed stability
at temperatures of up to 60°C and remained viable after exposure to 70°C for 10 minutes.

Moreover, it exhibited a limited host range. In an attempt to sequence the entire genome

X



of the phage DNA, difficulty was encountered due to the inadequate number of reads
gathered for a comprehensive analysis of the bacteriophage. Consequently, the analysis
was directed towards the integrated phage within the bacterial genome, ultimately

resulting in the identification of three integrated phages within the bacterial genome.

Of the three phages studied, one was classified as a lysogenic phage. Its genome encodes
64 intact proteins, with a calculated GC content of 40.60%. Moreover, the circular genome
map of the prophage generated by PHASTEST measures a length of 49,208 base pairs. The
other two phages are likely to be lytic phages, meaning they infect bacteria and cause
them to lyse without integrating their genetic material into the host's genomes. From the
PHASTEST annotation, the region length of the second infecting phage genome was
determined to be 35.5kb, encoding 47 intact proteins. The GC content of the genome was
calculated to be 40.60%. Similarly, the genome of the third phage was found to be 23.3
kilobases in length, coding for 27 intact proteins. Its GC content was calculated to be
43.20%.

Conclusion: Bacteriophage ACB-1 exhibited a limited host range and prominent stability
across a broad spectrum of temperature and pH conditions. Furthermore, its lytic activity
was observed on plates. Despite the lack of genomic analysis for ACB-1 phage due to
insufficient reads, the examination of Acinetobacter baumanii's genome revealed the
presence of lytic phages within the bacterial genome, which suggested a potential impact
on phage therapy. However, additional research and studies are necessary to continue

exploring the potential of phage therapy with the isolated phage.

Keyword: Bacteriophage, Phage Therapy, Colistin resistant, Whole genome sequencing
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CHAPTER 1: INTRODUCTION

1.1 Background

Antibiotic resistance occurs when a microorganism can thrive or survive even in the
presence of an antibiotic concentration that would typically inhibit or kill organisms of the
same species. This resistance can arise through two main mechanisms: intrinsic resistance,
where microorganisms naturally possess traits that make them resistant to certain
antibiotics, and acquired resistance, where microorganisms develop resistance after
exposure to the antibiotic. Acquired resistance can occur through mutation, where
changes in the microorganism's genetic material led to resistance, or through the direct
transfer of genes encoding resistance mechanisms from other bacteria or microorganisms.
These mechanisms allow microorganisms to adapt and survive in the presence of
antibiotics, posing a significant challenge to effective treatment of bacterial infections and
highlighting the need for careful antibiotic use to mitigate the development and spread of
resistance (Sabtu et al., 2015).

Antimicrobial resistance (AMR) stands as a formidable threat to humanity, with
projections indicating dire consequences if action is not taken. A study has predicted that
by 2050, approximately 10 million people could die annually to untreatable bacterial
infections if viable alternatives and novel antibiotics are not developed and made
accessible. This grim outlook emphasizes the urgency of addressing AMR through
comprehensive strategies that involve sensible antibiotic use, enhanced infection
prevention measures, and the prioritization of research and development efforts to

discover new antimicrobial agents (Williams, 2016).

The intensifying threat of antibiotic resistance is placing considerable strain on the
healthcare system, prompting researchers to explore novel or modified antibiotics as
potential solutions. Yet, the quest for new antibiotics is a daunting attempt that often
spans several years, and even upon discovery, the possibility of bacteria evolving
resistance to these newly developed treatments emerges large. Bacterial mechanisms
exhibit remarkable agility, allowing them to develop resistance to antibiotics in relatively
short periods. This inherent adaptability underlines the ongoing challenge in combating
antibiotic resistance and emphasizes the need for sustained research efforts and
innovative approaches to stay ahead of evolving bacterial threats (Loganathan et al.,
2021).

The term commonly employed by the Centers for Disease Control and Prevention (CDC)
to denote a concerning microbial isolate is "multidrug resistance," indicating resistance to
at least one antibiotic within three or more distinct drug classes. This phenomenon arises

through various mechanisms, notably the aggregation of resistance genes on plasmids or
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transposons denoted as resistance (R) elements. These genetic elements harbor genes
that confer resistance to specific antimicrobial agents, thereby facilitating the
development of multidrug resistance. Additionally, multidrug resistance can arise through
the operation of multidrug efflux pumps, which expel multiple types of drugs from
bacterial cells. These efflux pumps serve as formidable defense mechanisms for bacteria,
enabling them to evade the action of diverse antimicrobial agents and contribute to the

widespread dissemination of multidrug-resistant strains (CDC, 2019).

Consequently, there has been a growing recognition within the global scientific
community of the necessity to explore new therapeutic avenues that extend beyond
conventional antibiotic treatments to address the escalating challenge of antibiotic
resistance. Among these alternatives, phage therapy has emerged as a promising option.
Phages, or Bacteriophages, are viruses that naturally target and infect bacteria, ultimately
leading to their destruction. Despite being one of the oldest known therapeutic
approaches, the use of phages in Western medicine diminished following the beginning
of antibiotics in the 1940s. Antibiotics quickly became the basis of antibacterial therapy
due to their efficacy and versatility. However, the persistent pressure exerted by antibiotics
has fueled the development of antibiotic-resistant bacteria, steering in the post-antibiotic
era in the late 2000s. As rates of treatment failure and deaths due to antibiotic-resistant
infections continue to rise, there has been a renewed interest in phage therapy. The ability
of bacteriophages to selectively target and eliminate specific bacterial strains, without
disrupting the body's beneficial microbiota, makes them an attractive alternative for
combating multidrug-resistant infections. Consequently, there is a resurgence of research
and clinical interest in harnessing the therapeutic potential of bacteriophages to confront

the growing threat posed by antibiotic resistance (Abedon et al., 2011).

1.1.1 Bacteriophage

Bacteriophage Anatomy

capsid head

collar

sheath
baseplate

tail fibre

Figure 1.1 Diagrammatic Representation of Bacteriophage
(Source: https://www.freepik.com)



Bacteriophages are viruses that penetrate bacterial cells. The term "bacteriophage"

originates from the combination of "bacteria" and the Greek word "phagein," which
means "to devour." Bacteriophages were the initial type of viruses to be identified. FW
Twort and Félix d’Herelle both made independent discoveries of bacteriophages in 1915
and 1917, respectively, leading to its alternate names such as the Twort-d’Herelle
phenomenon or Bacteriophage phenomenon (Singh et al., 2024). Bacteriophages are
obligate intracellular parasites that replicate within bacteria by utilizing the host
biosynthetic machinery. The shortened term "phage" is commonly used to refer to them.
Despite being considerably smaller than the bacteria they infect; bacteriophages are
widely recognized as the most abundant and diverse forms of life in the biosphere. Phages
are omnipresent and can be discovered in all environments inhabited by bacterial hosts,
such as soil or animal intestines. Sea water is recognized as one of the richest natural

sources for phages and other viruses (Trempy & Trun, 2003)

Phages can have either DNA or RNA as their nucleic acid, but not both. Their genetic
material often includes uncommon or modified bases, which protect the phage nucleic
acid from enzymes that degrade the host's genetic material during infection. Simple
phages may have as few as 3-5 genes, while complex ones can possess over 100 genes.
Some phages are known to utilize single-stranded DNA as their genetic material. (Rao,

2006). Bacteriophages exhibit a wide array of sizes and shapes.

Size - T4 is one of the largest phages, with dimensions around 200 nm in length and 80-

100 nm in width. Other phages vary in size, with most falling between 24-200 nm in length.

Head or Capsid - Every phage possesses a head structure, which can vary widely in size
and shape. Some have an icosahedral shape with 20 sides, while others are filamentous in
structure. The head or capsid is constructed from numerous copies of one or more
proteins. Enclosed within the head is the nucleic acid, serving as a protective enclosure

for it.

Tail - Several phages, though not all, have tails connected to their heads. Usually, the tail
forms a hollow tube through which the phage's genetic material travels during infection.
Tail sizes can vary, and certain phages lack a tail structure altogether. In more complex
phages such as T4, the tail is encased in a contractile sheath that contracts during infection
of bacteria. At the end of the tail, these advanced phages like T4 have a base plate with
one or more tail fibers attached to it. These components play a role in binding the phage
to the bacterial cell. However, in phages that lack base plates and tail fibers, other

structures enable the phage particle to attach to the bacterium (Trempy & Trun, 2003).



1.1.2 Bacteriophage History

Microbiologists frequently noted the spontaneous breakdown of bacterial cultures in the
19t century, often attributing it to autolysis, a process that can occur independently of
viral involvement. During that period, the literature on autolysis was extensive; however,
none of the authors proposed the presence of infectious agents affecting bacteria
(Letarov, 2020).

In 1896, the English chemist Ernest Hankin published two articles in the Annales de
I'Institut Pasteur detailing microorganisms found in rivers in India. The second article,
titled "The bactericidal action of waters of Jumna and Ganges on the cholera microbe,"
has been widely recognized by several authors as an early description of this phenomenon
of phages (Abedon et al.,, 2011). He was serving as the Bacteriologist and Chemical
Engineer to the Government of the United Provinces and of the Central Provinces of India
when he showed that the waters of the Indian rivers Ganga and Yamuna contained a
biological component capable of destroying cultures of cholera-causing bacteria. This
substance had the ability to permeate millipore filters, which are typically effective at
retaining larger microorganisms like bacteria (Wittebole et. al, 2014).

After their initial prominence before the discovery of antibiotics, bacteriophages were
largely neglected as important therapeutic agents in Western countries due to the
convenience of antibiotics. However, research and the use of bacteriophages persisted in
countries like Georgia (part of the former USSR), where they were regularly isolated and
used to treat various diseases. As a result, bacteriophage research shifted to focus on
several model phages, mostly infecting E. coli. These studies formed the basis of modern
molecular biology, revealing crucial principles like the genetic basis of inheritance and the

triplet nature of the genetic code (Clokie et al., 2011).

In 1915, Frederick Twort, a British microbiologist, noticed during his research on vaccinia
virus growth on cell-free agar media that certain "pure" bacterial cultures seemed to be
associated with a transparent material capable of passing through filters. This material
could completely disintegrate bacteria within a culture into granules. Twort referred to
this material as a "filterable agent" and demonstrated its ability to infect fresh cultures of
micrococci. Independently, Félix d’Herelle made a similar discovery in 1917 while
investigating patients with bacillary dysentery. He isolated a "microbe" from recovering
patients' stools that could cause lysis of Shiga bacilli. This microbe was later identified as
an obligate bacteriophage. While Twort's research in this area was limited due to lack of
funding and other obligations, d’Herelle pioneered the clinical use of bacteriophages and
conducted numerous trials worldwide. The exact nature of bacteriophages remained
uncertain until the advent of the electron microscope, which allowed researchers like

Helmut Ruska to visualize and characterize phage particles. Subsequent studies confirmed



the viral nature of bacteriophages and their interactions with bacterial hosts (Wittebole
et al.,, 2014).

For many years, only a handful of phages were deeply investigated. However, the renewed
interest in phage biology is driven by a greater understanding of their abundance in
environments dominated by bacteria. This awareness has been facilitated by advanced
microscopy techniques and molecular studies (Clokie et al., 2011). Phage therapy regained
attention in the 1980s and saw human experimentation starting in the 2000s. Interest in
phage biology resurged in the early 215 century, as evidenced by the Phage Summit in
2004. Today, research on bacteriophages spans numerous linguistic and geographic
domains, with thousands of publications contributing to a comprehensive understanding
of these microbes (Wittebole et al., 2014).

1.1.3 Bacteriophage Lifecycle

The initial phase of the infection process involves the attachment of the phage to the
bacterial cell. This attachment is facilitated by tail fibers or similar structures found on
phages lacking tail fibers. Phages bind to specific receptors located on the outer surface of
the bacterial cell, including proteins, lipopolysaccharides (LPS), pili, and lipoproteins. This
attachment process is reversible initially. However, irreversible binding of the phage to the
bacterium is facilitated by one or more components of the base plate. After the
irreversible binding of the phage to the bacterium, the sheath contracts (if the phage has
one), and the hollow tail fiber penetrates the bacterial envelope. Certain phages carry
enzymes that can break down different components of the bacterial envelope. The genetic
material of the phage exits the head, travels through the hollow tail, and enters the
bacterial cell. The rest of the phage remains outside the bacterium, resembling a "ghost."
Interestingly, even bacteria that aren't naturally susceptible to infection can be artificially
infected by injecting phage DNA, a process called transfection. Phages can be either
lysogenic (temperate) or lytic (virulent), depending on their life cycle,. Lytic phages cause
cell death in the host cells they infect, while temperate phages establish a long-lasting
infection within the cell without causing immediate death. In the lytic cycle, subsequent
steps involve the synthesis of phage components, assembly, maturation, and ultimately

the release of new phages (Rao, 2006).

In the lytic cycle, upon attaching to the host surface, the phage injects its DNA into the
host bacterium. This triggers a shift in the host bacterium's protein machinery, leading to
the replication of phage DNA and the production of 50-200 new infectious phages.
Consequently, the host weakens and eventually ruptures, releasing the new phage
particles. The lytic life cycle is vital for biogeochemical cycling as it releases organic

molecules into nature through the degradation of bacterial cells.



During the lysogenic phase of the phage life cycle, phage DNA becomes integrated into
the host genome, potentially persisting as a plasmid. The resulting new phages carry a
combination of phage DNA and host genome (Naureen et al., 2020). This integration
allows for the continuous replication of viral genetic material without causing immediate
harm to the infected host. Consequently, the phenotype of the infected bacteria may
change, potentially affecting its pathogenicity (Singh et al., 2024). Phage genes may revert
to the lytic cycle under certain conditions, leading to the release of fully assembled
phages.

Additionally, there are two less common but significant phage life cycles known as pseudo-
lysogenic and carrier state. Phage nucleic acid neither forms a stable long-term connection
nor induces a lytic response in the pseudo-lysogenic cycle. Instead, it remains inside the
host cell in an inactive form, allowing phages to avoid starvation and removal when

nutrients are limited and bacterial hosts are scarce.

In the chronic carrier state of the phage life cycle, the phage establishes a persistent
infection within the bacterial host, continuously releasing progeny either from the cell or

through asymmetric transmission to daughter cells. (Naureen et al., 2020)

Lytic and lysogenic life cycles of bacteriophages

Redoase of the of the new
resgemy by ced ban

The cycke i repewted

/ -
".‘/ - —.\ : \~
\ ) ) N
N —
{ 3 Aoty of tew peogeny
s 2 \ , pikagsy
// ~——— e ——
/ INA 'Y
- = - =
Rekease of the of e aew I'he lysogenic cycle /
progenre by cell byws - \
The howt cdl dovades sunrmradly f -
t ot opiecnorss SO
& N F A
{ o) 1 0 )
= D O Q ot "
Aszrebily of new pecgery [0 " < 3 = ’ >
phages 5 5 \ - s
N A r
Peretzation of ke
~ phage pmetx reatenad \
N [ ——— o 110 bost cek ~ Proghage
(1 \ o 2
~ ) .' 'Y
N\ g { S
< 7

Hiowy rihenes end replication of sew vudl
componer and wang the hout ol DNA Tescgeation of (he phage poosie matenal
i the bant's DNA by recombination

Figure 1.2 Life Cycle of Bacteriophages (Source: BioRender.com)



1.1.4 Bacteriophage classification

The International Committee on Taxonomy of Viruses (ICTV) and the Bacterial and
Archaeal Subcommittee (BAVS) within the ICTV oversee the taxonomic classification and
naming of viruses, including phages. This classification system considers various properties
of phages, such as the molecular composition of the virus genome (single-stranded or
double-stranded DNA or RNA), the structure of the virus capsid, host range, pathogenicity,
and sequence similarity. The ICTV has established a valuable taxonomy framework widely
accepted in the scientific community. To assist with the complex task of phage taxonomy,
Adriaenssens and Brister have published comprehensive guidelines (Chibani et al., 2019).

However, with the advent of Next Generation Sequencing (NGsS) technologies, there is an
abundance of genomic and metagenomic sequence data available, including complete or
fragmented genomes of previously unknown phages. Unfortunately, systematic
classification of these genomes into the ICTV scheme is challenging due to the lack of
corresponding biological and experimental data. Therefore, taxonomic characterization
based on phage genome sequence information has become essential (Chibani et al.,
2019).

1.1.5 Phage Therapy

The ineffectiveness of antibiotics and chemotherapy in eradicating bacteria has compelled
scientists to seek alternative biological methods. Among these, the utilization of lytic
bacteriophages against pathogenic bacteria has emerged as a promising approach. Felix
d’Hérelle, credited as the discoverer of bacteriophages, initially proposed the concept of
phage therapy at the onset of the 20th century (Alexander Sulakvelidze, 2005). Phage
therapy, therefore harnesses the inherent predator-prey dynamic between phages and
their target bacteria. It utilizes a refined cocktail of phages, administered directly to
patients, where only lytic phages undergo exponential replication within bacteria
following immediate infection. This characteristic is crucial for therapy, as it mitigates the

risk of transduction potential (Raza et al., 2021).

Phage therapy emerges as a promising alternative to address the shortcomings of
antibiotics and their diminishing efficacy. Extensive research on phage therapy against a
range of bacterial diseases indicates that phages offer a robust defense against resilient,
antibiotic-resistant bacterial strains. Their therapeutic potential lies in their ability to
replicate within the target host, exerting bactericidal effects. This distinct pharmacokinetic
property of self-replication sets phages apart from conventional antibiotics and chemical
drugs, rendering them preferable. Moreover, many phages have been isolated to
specifically target these strains with extended spectra and have been patented. (Qadir et
al., 2018).



In the beginning, trials of phage therapy didn't always work well enough to replace
antibiotics. Despite this, some US pharmaceutical companies still made commercial phage
products in the 1930s. Later, the Soviet Union developed phage therapy for treating
diseases such as diarrhea and wound infections(Sulakvelidze et al., 2001).

Phage therapy harnesses the lytic capabilities of bacteriophages for treating bacterial
infections. Since their discovery, bacteriophages have been utilized in infection treatment.
Initially, their efficacy as a therapeutic agent was tested in animals like pigs, cows, and
chickens. Once promising results were observed in animal studies, scientists began using
bacteriophages to treat humans, leading to the origin of the term "phage

therapy”(Summers, 2012).

Phage therapy as a therapeutic intervention began in 1919, shortly after its discovery, for
treating dysentery, and continued until the 1940s, addressing various infections over that
period. Despite the many benefits of phages compared to antibiotics, industrial
production of phages as a commercial product has largely ceased in most Western
European countries. However, due to the increasing antibiotic resistance and the
ineffectiveness of antibiotics against bacterial biofilms, there is renewed international
interest in using phages as powerful antibacterial agents. Numerous studies published
globally indicate that bacteriophages could be applied in phage therapy for humans,
animals, and the food industry. (Azizian et al. 2013).

1.1.6 Acinetobacter baumannii

TAXONOMY AND CLASSIFICATION:
KINGDOM : Bacteria

PHYLUM : Proteobacteria

CLASS : Gammaproteobacteria
ORDER : Pseudomonadales
FAMILY : Moraxellaceae

GENUS : Acinetobacter

SPECIES : baumannii

(Whiteway et al., 2022)

Acinetobacter baumannii is a gram-negative bacillus, strictly aerobic, non-motile and
pleomorphic in nature. The Dutch microbiologist Beijerinck achieved the first isolation of
the organism in 1911 from soil. It often acts as an opportunistic pathogen, posing a
significant threat to immunocompromised individuals, especially those with prolonged

hospital stays exceeding 90 days. In recent years, Acinetobacter baumannii has garnered



attention as a "red alert" human pathogen due to its widespread antibiotic resistance
spectrum, raising concerns within the medical community (Howard et al. 2012). Skin and
soft tissue infections, secondary meningitis, urinary tract infections, wound infections,
ventilator-associated pneumonia, and bloodstream infections are most commonly
associated with Acinetobacter baumannii (Antunes et al., 2014). Acinetobacter baumannii
stands out for its distinct characteristics in terms of pathogenesis, transmissibility, and
mechanisms of resistance. This microorganism possesses an exceptional capacity to
develop resistance to commonly employed hospital antibiotics, further compounded by
its robust survivability and rapid dissemination within healthcare settings. Acinetobacter
baumannii's adeptness at acquiring resistance traits, combined with its ability to thrive in
the hospital environment, underlines its formidable nature as a microbial threat. These
attributes highlight the urgent need for enhanced surveillance and infection control
measures to mitigate the impact of Acinetobacter baumannii infections and prevent their
further spread within healthcare facilities (Itani et al., 2023). Acinetobacter baumannii,
originally regarded as a low-level pathogen, has undergone a significant transformation in
its clinical significance, emerging as a prominent culprit in both hospital and community-
acquired infections (Asif et al., 2018).

Acknowledging the pressing demand for novel treatments, the Centers for Disease Control
and Prevention (CDC) and the World Health Organization (WHO) have identified

Acinetobacter baumannii as a Priority-1 critical focus for research (Itani et al., 2023).

The Acinetobacter genus comprises diverse group of organisms, encompassing 17 named
species and an additional 15 species lacking valid names. Among these, Acinetobacter
baumannii, along with closely related species 3 and 13TU, are considered clinically
significant (Dijkshoorn et al., 2007).

1.1.7 Virulence of Acinetobacter baumannii

The pathogenicity of Acinetobacter baumannii is facilitated by a combination of virulence
factors that collectively aid to its capacity to cause infections. These factors include the
formation of biofilms, supported by the production of biofilm-associated protein (BAP),
which enhances adherence to both abiotic and biotic surfaces, aiding in colonization of
host tissues and medical devices. Additionally, Acinetobacter baumannii relies on efficient
metallic homeostatic systems, particularly iron uptake and zinc acquisition, for
colonization in various tissue environments. The K1 capsular polysaccharide enables the
bacterium to evade phagocytosis by macrophages, promoting survival and proliferation in
human body fluids. Several proteins, such as Omp38, phospholipases C, RecA protein and
phospholipases D, contribute to pathogenesis by inducing host cell apoptosis, enhancing
survival under stress conditions, and facilitating invasion of epithelial cells. Notably, the

outer membrane protein 'A' (OmpA) targets bacterial mitochondria, further promoting



epithelial cell apoptosis. Lipopolysaccharides (LPS) in the bacterial cell envelope can lead
to septic shock upon bloodstream entry. Furthermore, Acinetobacter baumannii produces
verotoxins (vtx-1 and vtx-2), that inhibit protein synthesis by targeting the cell ribosome
machinery, thereby enhancing virulence. Understanding the multifaceted nature of these
virulence factors is essential for devising effective strategies to combat Acinetobacter

baumannii infections (Gautam et al., 2021).

1.1.8 Mechanism of resistance in Acinetobacter baumannii

Acinetobacter baumannii employs genetic plasticity as a key mechanism for generating
resistance, facilitated by its ability to undergo rapid genetic mutation and recombination.
Additionally, Acinetobacter baumannii can form biofilms, extending its survival on medical
devices like endotracheal tubes and catheters. This combination of genetic adaptability
and biofilm formation enhances 's resilience and poses challenges for infection control in
healthcare settings (Reina et al. 2022).

Acinetobacter utilizes enzyme-mediated degradation (beta-lactamases), genetic
modifications (mutations, gene acquisition or loss, and gene expression regulation), and
efflux pumps as strategies to evade antibiotic destruction. Beta-lactamases break down
antibiotics, genetic changes alter resistance profiles, and efflux pumps expel antibiotics
from the bacterial cell. These mechanisms collectively confer resistance, complicating
treatment and contributing to multidrug-resistant Acinetobacter infections (Asif et al.,
2018).

1.1.9 Resistance to polymyxins B and E (colistin)

Acinetobacter baumannii's resistance to polymyxins B and E (colistin) stems from its
unique external membrane composition, which regulates the influx of essential nutrients
and the elimination of harmful substances. Lipopolysaccharides (LPS) on the membrane's
surface feature lipid A, a hydrophobic, negatively charged component that interacts with
the cations of polymyxins. This interaction disrupts the membrane, allowing polymyxins
to enter the periplasmic space and increase membrane permeability. Although the precise
mechanism remains unclear, the hydrophobic portion of polymyxins likely induces
membrane damage akin to a detergent-like effect. Mechanisms of resistance include
genetic mutations altering lipid A, mutations in genes crucial for lipid A biosynthesis
leading to lipid A deficiency, defects in membrane permeability and osmotic resistance,
inadequate cofactors for LPS formation essential for polymyxin sensitivity, and efflux
pumps expelling the antibiotics. These multifaceted resistance mechanisms contribute to
elevated minimum inhibitory concentrations (MIC) of polymyxins, posing challenges for

effective treatment against A. baumannii infections (Reina et al., 2022).
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1.2 Rationale of the study

The intensifying prevalence of antimicrobial drug resistance among pathogenic bacteria
has emerged as a critical global challenge. Multidrug-resistant superbugs represent a
leading cause of mortality in contemporary society. Among them, Acinetobacter
baumannii stands out as a significant pathogen responsible for hospital-acquired
infections. Recognized as a Priority-1 critical pathogen for research and development of
new drugs by the World Health Organization in 2017, combatting this resilient superbug is
imperative. To curtail the spread of antimicrobial drug resistance among pathogens and
effectively eradicate this formidable threat, there is an urgent need for swift, cost-

effective, and reliable alternatives.

Phages have a rich history of combatting pathogens and saving lives ever since their
discovery. Initially, their use as antimicrobials was restricted due to limited knowledge and
inadequate tools for studying them. However, with the advancements in scientific
technology and intensive research in phage therapy, many uncertainties have been
addressed. As a result, phages now present enormous potential in the fight against

antimicrobial resistance.

In Nepal, the alarming rise in antibiotic resistance has emerged as a significant public
health issue. Unfortunately, there has been a lack of productive efforts towards finding
alternatives to antibiotics, with very few studies published on Bacteriophages. This study
seeks to investigate, identify, and characterize lytic bacteriophages to assess their

potential as antimicrobial agents against Acinetobacter baumannii.
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1.3 Objectives

1.3.1 General Objective

Physiochemical and genomic characterization of potential lytic phage isolated from the

sewage sample against colistin resistant Acinetobacter baumannii.

1.3.2 Specific Objectives

» Molecular identification of colistin resistant strain of the Acinetobacter
baumanii by VITEK
» lIsolation, screening and purification of bacteriophage against colistin resistant

Acinetobacter baumannii from different sewage samples of Kathmandu

A\

Determination of phage-host range

Y

Physio-chemical and molecular characterization of the phage
» Analysis of the whole genome sequence of phage using Miseq Illumina
platform

1.4 Research Hypothesis

This study aims to assess the activity of bacteriophage against colistin resistant

Acinetobacter baumannii.

1.4.1 Null Hypothesis (Ho)

The lytic bacteriophage displays no significant activity against strains of Acinetobacter

baumannii.

1.4.2 Alternative Hypothesis (H1)

The lytic bacteriophage displays significant activity against strains of Acinetobacter

baumannii.
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CHAPTER 2: LITERATURE REVIEW

2.1 Antimicrobial Resistance

Antimicrobial agents, which encompass antibiotics, antifungals, antivirals and
antiparasitics, play a critical role in preventing and managing infections in humans,
animals, and plants. However, the emergence of Antimicrobial Resistance (AMR) occurs
when bacteria, viruses, fungi, and parasites evolve to resist these treatments. This
adaptation diminishes the effectiveness of antibiotics and other antimicrobial drugs,
complicating the treatment of infections and sometimes rendering them untreatable.
AMR represents a significant global health challenge, contributing to the spread of

infections, severe disease outcomes, and increased mortality rates (Facts, 2015).

The increase in antimicrobial resistance (AMR) is driven by multiple factors, including the
inappropriate use of antibiotics in sectors such as food production, animal agriculture, and
healthcare. Moreover, there is a shrinking pipeline of new antibiotics, as pharmaceutical
companies are less engaged in their discovery and development. Certain pathogens
naturally resist antibiotics, complicating treatment with existing medications. Without
substantial changes in current approaches, forecasts indicate that by 2050, AMR could
cause at least 10 million deaths annually and result in economic costs exceeding one

trillion dollars per year, largely due to reduced productivity (Nimer et al., 2016).

Common bacterial infections such as urinary tract infections, sepsis, and sexually
transmitted infections are increasingly becoming resistant to antibiotics worldwide, posing
significant challenges for treatment. For instance, antibiotics like ciprofloxacin, commonly
prescribed for urinary tract infections, are facing resistance rates ranging from 8.4% to
92.9% in Escherichia coli and 4.1% to 79.4% in Klebsiella pneumoniae. Klebsiella
pneumoniae, a bacterium found in the intestines, is now resistant globally to last-resort
treatments like carbapenem antibiotics, leading to severe infections. Additionally,
resistance to fluoroquinolone antibiotics in E. coli, often used for urinary tract infections,
is widespread across many countries. Methicillin-resistant Staphylococcus aureus (MRSA)
infections are particularly concerning, as patients are 64% more likely to die compared to
those with infections susceptible to drugs. Furthermore, global monitoring of antibiotic
resistance in pathogens such as E. coli and MRSA is crucial to address the growing threat

of antimicrobial resistance (Facts, 2015).

2.2 Acinetobacter baumannii and Its MDR Property

Acinetobacter baumannii is an opportunistic bacterial pathogen often associated with
infections acquired in hospital settings. There has been a recent increase in its occurrence,

especially among combat troops returning from conflict areas, and a significant rise in
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strains that are resistant to multiple drugs (MDR), highlighting its growing significance as
an emerging opportunistic pathogen (Howard et al., 2012). Acinetobacter exhibits high
resistance to treatment, making it challenging to initiate effective empirical therapy in
clinical practice. Infections caused by Acinetobacter baumannii can affect multiple
anatomical regions with varying degrees of severity, impacting patient outcomes
significantly.

Once viewed as a low-virulence opportunistic pathogen, Acinetobacter baumannii has
evolved due to its robustness, facilitating cross-transmission, and its acquired resistance
to numerous antimicrobial agents. These attributes give Acinetobacter baumannii a
distinct advantage over many other hospital-acquired bacteria. Infections caused by this
bacterium, particularly those involving resistant strains, are linked to increased morbidity
and mortality rates, prolonged hospitalizations, and higher healthcare expenses compared
to infections caused by susceptible strains (Abbo & Carmeli, 2007). Acinetobacter
baumannii is frequently present as a colonizer on human skin and in the respiratory tract,
posing a risk for severe infections including septicemia, endocarditis, pneumonia,

meningitis, and wound infections (Alrahmany et al., 2021).

Acinetobacter baumannii exhibits a wide range of antibiotic resistance mechanisms, such
as the production of carbapenem-hydrolyzing beta-lactamases (carbapenemases) that
often lead to carbapenem resistance. Resistance can also result from the increased
activity of efflux pumps that expel antibiotics and changes in outer membrane porins that
block antibiotic entry. Apart from its antibiotic resistance, Acinetobacter baumannii
possesses several potential virulence factors, including systems that acquire iron through
siderophores and the ability to form biofilms. These factors have the potential to impact
clinical outcomes, complicating the management of infections caused by this bacterium
(Lemos et al., 2014).

Resistance to colistin, an antibiotic considered a last resort, first appeared with colistin-
resistant Acinetobacter identified in the Czech Republicin 1999. Since then, its prevalence
has been steadily reported worldwide. In the USA, resistance levels range from 2.1% to
7.1%, while in Europe, reports indicate resistance rates between 7% and 11%. India shows
the highest resistance at 53%, followed by Iran (48%), Spain (40.7%), and Korea (30%) (Asif
et al.,, 2018).

2.3 Bacteriophages and Discovery of Bacteriophages

Bacteriophages are bacterial viruses discovered over a century ago that possess the ability
to infect and destroy bacterial cells. Similar to most viruses, infections start when virions
attach to specific cell-surface receptors, leading to intracellular reproduction (Chan et al.,
2013). For bacteriophages to be considered effective therapeutic agents, they must exhibit

low immunogenicity, a strictly lytic lifestyle, lack of toxins or antibiotic resistance genes, a
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broad host range targeting multiple isolates of the pathogen, and the capability to limit
the emergence of phage-resistant mutants (Yang et al., 2020). In 1896, Ernest Hanbury
Hankin reported the presence of an antibacterial agent against cholera-causing bacteria
in two Indian rivers, the Ganga and Yamuna (Wittebole et al.,2013). He proposed that an
unidentified substance, which could pass through fine porcelain filters and was sensitive
to heat, was responsible for this phenomenon and helped limit the spread of cholera
epidemics (Sulakvelidze et al., 2001). Ernest Hankin observed the presence of particles
capable of lysing cholera-causing bacteria in the waters of the Ganges and Yamuna rivers,
but he did not isolate or formally discover bacteriophages. He suggested the existence of
these particles. The official discovery of bacteriophages was credited to Félix d'Hérelle, a
French-Canadian microbiologist at the Pasteur Institute in Paris in 1910. D'Hérelle
identified them while studying fecal filtrates from soldiers infected with Shigella. He
observed zones of bacterial death on culture plates and proposed these agents as
ultraviruses. Frederick Twort, a British bacteriologist, also independently observed similar
bacterial lysing agents in 1917 while studying cultures of micrococci, but he did not
identify them as viruses. Eventually, the discoveries of both Twort and d'Hérelle were
widely accepted by the scientific community, leading to the term "Twort d'Hérelle

phenomenon," later recognized as the bacteriophage phenomenon.

2.4 Interaction between phage and bacteria

Phages, or bacteriophages, are omnipresent in nature and are most commonly found in
environments where bacteria are prevalent. They are especially abundant in oceans, soil,
wastewater treatment facilities, hot springs, and the gastrointestinal tracts of animals.
(Womack & Colwell, 2000; Prigent et al., 2005; Srinivasiah et al., 2008). Phages are
categorized based on their size, structural composition, genome organization, and the
specific host they infect (Ackermann, 2009). The interaction between a host and a phage
particle begins when the phage identifies specific receptors on the bacterial cell wall. The
tail proteins of the phage recognize the receptor proteins on the bacteria and inject their
own DNA into the host cytoplasm, initiating either a lytic or lysogenic lifecycle. Phages
exhibit two distinct life cycles. In the lytic lifecycle, the phage injects its DNA into the host
cell and multiplies by hijacking the host's replication machinery. After replication, the
phage lyses the bacterial cell, releasing progeny virus particles into the environment. In
contrast, during the lysogenic lifecycle, the phage DNA integrates into the bacterial
genome, replicates along with the bacterial DNA, and is passed on to the progeny of the
host cells. (Parmar et al., 2017).
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2.5 Phage Therapy and Its Advantages

Bacteriophages, also known as phages, are viruses that target and destroy bacteria
through lysis. Phage therapy, which utilizes phages to treat bacterial infections, was
pioneered by Félix d'Herelle around 1920, predating the practical use of penicillin, the first
antibiotic, by about two decades. When initially discovered, phage therapy showed
promise as a potential treatment for bacterial infections (Liu, 2014). Research has
demonstrated several advantages of phage therapy over traditional chemical antibiotics.
According to Abedon & Abedon (2010), a single dose of phage therapy can effectively treat
bacterial infections, achieving significant bacterial clearance. Unlike many chemical
antibiotics, phage therapy minimally disrupts the resident gut flora due to its specificity
towards bacterial hosts. This specificity also reduces the likelihood of developing
resistance by limiting the range of bacteria susceptible to phage-resistance mechanisms
(Hyman & Abedon, 2010).

From an economic standpoint, producing phages is relatively inexpensive compared to
chemical antibiotics, making therapeutic phage products more accessible to the general
population than some costly antibiotics available today (Skurnik et al., 2007).
Furthermore, enhancing the host-range of phages can improve the efficacy of phage
therapy, as success largely depends on the phage's ability to attach to bacterial surface
receptors. This range can be narrow, targeting only specific strains within a species, or

broad, encompassing multiple bacterial genera (Hyman & Abedon, 2010).

2.6 Resurgence of Phage Therapy

In the past five years, a resurgence of interest in phage therapy has been seen, driven by
the escalating issue of antimicrobial resistance (AMR) and the declining supply of new
antibiotics. This renewed focus has been bolstered by numerous notable cases where
phage therapy has effectively treated severe, multidrug-resistant bacterial infections.
Advances in high-throughput sequencing, genetic engineering, metagenomics, and

synthetic biology have overcome previous limitations that hindered the field's progress.
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Figure 2.1 A. Case studies on phage therapy from 2000 onwards; B. Clinical trials of phage
therapy documented on ClinicalTrials.gov since 1999 (Sthrathdee et. al 2022)
Until recently, the targeted modification of phage genomes has faced challenges due to
the lack of widely applicable techniques suitable for both virulent and temperate phages.
However, a novel in vivo technology has surfaced, originally designed to introduce genetic
modifications into bacterial genomes, known as recombineering. This method has been
adapted for effective manipulation of both temperate and lytic phages, termed
bacteriophage recombineering of electroporated DNA (BRED). Initially developed by
Marinelli et al. for Mycobacterium phages, BRED can be tailored for use with other phages.

The technique involves boosting the frequency of homologous recombination between
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phage DNA and the targeted DNA substrate by inducing bacterial overexpression of

plasmid-encoded recombination genes (Nobrega et al. 2015).

Over the past decade or so, advancements in technology have made it possible to prepare
therapeutic phages that meet near-Good Clinical Practice (GCP) standards. As a result,
phage therapy is now more commonly administered intravenously. A recent extensive
review of phage administration to humans and animals found that it is generally well

tolerated, regardless of the route of administration.

Non-parenteral routes of delivery, such as oral or topical, allow for the use of phages that
may not have undergone as rigorous preparation. However, delivering phages efficiently

to infection sites through these routes can be challenging due to various factors.

Using naturally occurring phages for therapeutic purposes can be hindered by several
factors. Firstly, the only phages available with the desired ability to target specific bacteria
may be temperate. Secondly, phages that infect the target bacteria may not efficiently kill
them. Lastly, some phages may carry genes that could potentially be harmful. To overcome
these challenges, it may be necessary to engineer phages with improved therapeutic
properties, safety profiles, and broader host ranges. There are two main strategies for
phage engineering: modifying existing phage genomes to change their properties or
designing phages from scratch using synthetic genomics based on known phage biology
principles. While phage synthetic genomics is still in its early stages, it offers great

potential as it is not limited by the constraints of naturally occurring phages.

Recent studies have highlighted the use of RNA-targeting CRISPR-Cas13a for engineering
phage genomes. By combining this approach with homologous recombination,
researchers have been able to modify a wide range of phages. These modifications include
introducing single codon deletions and adding fluorescent tags to large jumbo phages with
genome sizes ranging from 200 to 500 kbp. In the future, a combination of CRISPR-based
tools such as programmable base editors, transposases/recombinases, nucleases, and
prime editors may enable the creation of precise, genome-scale changes in various
phages. (Strathdee et. Al 2022)

2.7 Advantages of Phage Therapy Over Antibiotics

Phage therapy offers several advantages over traditional antibiotics. Paul Gulig from the
University of Florida, Gainesville, FL, USA, explains that yeast infections and diarrhea are
common side effects of antibacterial therapy because beneficial bacteria in the genital
tract and intestines are also killed, disrupting the ecological balance and allowing other
pathogens to thrive and cause disease. In contrast, bacteriophages target specific bacterial
strains, sparing patients from the side effects associated with destroying natural flora
(Pirisi, A. 2000).
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Another benefit of phage therapy is auto-dosing. Phages have the ability to increase in
number specifically where their bacterial hosts are located during the bacterial-killing
process. However, this process has some limitations, such as dependence on relatively
high bacterial densities (Loc-Carrillo, C. 2011). While bacterial resistance remains a
concern, phages possess a unique advantage: they can mutate in step with evolving
bacteria. Additionally, if bacteria develop resistance to one phage, there is a natural
abundance of phage species that could potentially attack even newly resistant strains
(Pirisi, A. 2000).

In the era after antibiotics, personalized phage therapy emerges as a promising alternative
for treating human infections, tailored to each patient's specific needs. This approach
could potentially bridge the gap between antibiotic failures and the need for effective
clinical treatments. Additionally, with the rise of zoonotic pathogens in the food chain, the
use of phages to combat these pathogens is becoming increasingly justified (Zalewska-
Pia tek, 2023).

Beyond treating bacterial infections, phage therapy shows promise in addressing chronic
diseases where bacteria play a role in pathogenesis. For instance, the microbiome gut-liver
axis is implicated in inflammatory responses linked to conditions like alcoholic and non-
alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH), and irritable
bowel syndrome (IBS). While the exact causal pathways are still being studied, preclinical
research is encouraging, and clinical trials are planned to investigate whether phage
therapy can selectively target bacteria such as Enterococcus faecalis, Klebsiella

pneumoniae, and invasive E. coli associated with Crohn's disease (Strathdee et al., 2022).

2.8 Current Studies and Recent Advancements in Phage Research

Recent advancements in phage research have propelled this field into the spotlight of
microbiology and biotechnology. Phages, or bacteriophages, are viruses that infect and
replicate within bacteria, making them a promising avenue for combating bacterial
infections, particularly those resistant to antibiotics. Let's delve into the current studies

and breakthroughs in this dynamic area of research.

Phage Therapy: This therapy involves the therapeutic use of phages to treat bacterial
infections. Recent studies have exhibited the efficacy of phage therapy in treating
antibiotic-resistant bacterial infections, including those caused by pathogens like
Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. Clinical trials are
underway to further explore the safety and effectiveness of phage therapy in humans
(Schooley et al., 2017)

Phage Engineering: Researchers are actively engaged in engineering phages to enhance

their therapeutic potential. This includes modifying phage genomes to improve host
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range, increase specificity, and evade bacterial resistance mechanisms. Advances in
synthetic biology and genetic engineering have facilitated the design of custom phages

tailored to target specific bacterial strains (Lu and Koeris, 2011).

Phage-Driven Evolution: Phages play a significant role in driving bacterial evolution
through processes such as horizontal gene transfers and selection pressure.
Understanding the coevolutionary dynamics between phages and bacteria is crucial for
developing effective phage-based therapies and predicting the emergence of bacterial
resistance (Kroskella and Brockhurst, 2014).

Phage-Derived Enzymes: Phages encode various enzymes that can degrade bacterial cell
walls, disrupt biofilms, and modulate bacterial metabolism. These phage-derived
enzymes, such as endolysins and depolymerases, have therapeutic potential as
antimicrobial agents for treating infections or as biocontrol agents in agricultural and food

industries (Bramkamp and Baarle, 2009).

Phage Display Technology: Phage display is a powerful technique for screening peptide or
protein libraries displayed on the surface of phage particles. Recent advancements in
phage display technology have enabled the discovery of novel peptides and antibodies for

applications in drug development, diagnostics, and targeted therapy (Dolgin, 2019).

Phage Ecology and Diversity: The study of phage ecology and diversity has revealed the
immense genetic and structural diversity of phages in diverse environments, including
oceans, soil, and the human microbiome. Metagenomic approaches have provided
insights into the ecological roles of phages and their potential as sources of novel
antimicrobial agents (Breitbart, M. et al., 2002).

Phage-Based Biocontrol: Phages offer a promising alternative to chemical pesticides for
controlling bacterial pathogens in agriculture. Research is focused on harnessing phages
as biocontrol agents to combat plant diseases, reduce antibiotic use in livestock farming,

and mitigate foodborne pathogens in the food industry (Buttimer C. et al., 2017).

A recent study has shown the effectiveness of phage therapy in treating secondary
Acinetobacter baumannii infections in COVID-19 patients (Wu et al., 2021). The finding
highlights the potential of phage therapy as a treatment option for secondary bacterial
infections in individuals with COVID-19 (Khan, A. 2022).

In conclusion, recent advancements in phage research have expanded our understanding
of phage biology, evolution, and applications in medicine, biotechnology, and agriculture.
Phages hold immense potential as versatile tools for combating bacterial infections,
addressing antibiotic resistance, and promoting sustainable practices in various fields.
Continued research and innovation in phage biology and biotechnology are poised to

revolutionize healthcare, agriculture, and environmental science in the coming years.
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2.9 Phage-Encoded Enzymes for the Treatment of A. baumannii

2.9.1 Endolysins

The phage-produced hydrolases, endolysins, play a crucial role in the replication cycle of
bacteriophages by lysing bacterial cell walls, facilitating the release of progeny phages.
These enzymes exhibit high specificity towards bacterial species or subspecies, making
them advantageous over traditional broad-spectrum antibiotics. This specificity minimizes
interactions with surrounding microbial cells, reducing the risk of disrupting beneficial
microbiota. Furthermore, endolysins have shown effectiveness against biofilms and
mucosal surfaces, areas where traditional antibiotics often struggle. Their ability to target
specific pathogens reduces the development of resistance, and they can be used in
combination with other antibacterial agents for synergistic effects. Overall, endolysins
offer a promising alternative for combating bacterial infections with greater precision and

fewer adverse effects on the microbiome (Zhang, 2022).

2.9.2 Depolymerases

The formation of biofilm involves bacterial cells enclosed by extracellular polymers (EPSs),
that can hinder phage penetration and increase bacterial resistance to antimicrobial
agents. Acinetobacter baumannii's EPSs contribute to its resistance and can lead to
persistent, challenging-to-treat infections. Depolymerases, phage-derived enzymes, play
a crucial role in phage infection by breaking down extracellular bacterial proteins. These
enzymes can be part of the phage virion or secreted in a soluble form during bacterial cell
lysis. Depolymerases' ability to precisely target and degrade EPSs and related biofilm

components makes them a promising tool for controlling pathogens (Zhang, Y. 2022).

2.10 Phage Enumeration Method

Phage enumeration is essential for various applications in industries, medicine, and other
fields. The double-layer agar (DLA) plaque assay is a classical method used for isolating,
detecting, and enumerating phage particles in a solution. This method, along with spot
tests, direct plating plaque assays, and small drop plague assays, is crucial for phage

enumeration and isolation of phage-resistant mutants.

While the DLA method is widely used for both large and small plaque-forming phages, it
can be challenging to precisely enumerate small plaque-forming phages because of the
large area of analysis and also poor visibility, that can lead to errors in phage enumeration.
Earlier studies reveal that visualizing plaques formed by small plague-forming phages was
a significant challenge (Chhibber, S. 2018).
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2.11 Molecular Detection of Bacteria

The VITEK Il compact system is an automated method used for the identification and
classification of microorganisms such as bacteria and fungi (Kareem et al., 2022). It utilizes
growth-based technology for microbial analysis. This system supports colorimetric reagent
cards, which undergo automatic incubation and interpretation for microbial identification.
It includes features such as compliance with 21 CFR Part 11 for electronic records and
signatures, as well as a specialized colorimetric reagent card (BCL) for identifying spore-
forming Gram-positive bacilli like Bacillus and related genera. Similarly, other colorimetric
reagent cards (GN, GP, YST) are applicable across all system formats, serving both

industrial and clinical laboratory needs (Pincus, 2010).

2.12 Whole genome sequencing

The advancement of DNA sequencing has brought about a significant transformation in
the field of biological sciences, making it simpler to uncover the functions of genes. The
primary DNA sequencing method adopted widely was Sanger sequencing, which emerged
in the 1980s and initially involved manual procedures (Sanger, Nicklen, & Coulson, 1977).
In the 1990s, advances in DNA sequencing techniques led to automated sequencing,

enabling the sequencing of entire genome(Heather & Chain, 2016)

Whole genome sequencing (WGS) is a lab method that figures out all the DNA sequences
in an organism's genome simultaneously. It includes finding out the order of bases in the
organism's complete set of DNA. This process relies on automatic DNA sequencing
methods and computer tools to manage and organize the large amount of genetic data
(Yin, Kwoh, & Zheng, 2018).

Whole genome shotgun sequencing was already being utilized by 1979 for small genomes,
typically ranging from 4000 to 7000 base pairs in size (Staden, 1979). Haemophilus

influenzae genome was sequenced for the first time in 1995.

The sequencing of the complete genome of the bacteriophage ¢X174 in 1977 marked a
significant milestone in scientific progress. This breakthrough revolutionized our
understanding of genetic information. By decoding the polynucleotide sequence of genes
within the genetic material, scientists gained the ability to predict the proteins synthesized
by these genes. This predictive capability is invaluable for taxonomically classifying viruses
into orders, families, subfamilies, genera, and species. Furthermore, since genetic material
varies widely among bacteriophages, this achievement opened up avenues for
understanding the diversity and evolution of viruses at a molecular level. Thus, the
sequencing of the pX174 genome not only provided fundamental insights into the biology
of viruses but also laid the groundwork for further advancements in molecular biology and

virology.
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2.13 MLST (Multilocus Sequence Typing)

Multilocus Sequence Typing (MLST) analyzes fragments from seven essential genes to
identify microorganisms at the strain level. These genes are vital for cell function. By
examining sequences of about 450-500 base pairs from these genes, MLST reveals diverse
allelic profiles, indicating differences between strains. Each sequence observed at each
gene locus is given a unique allele number, collectively forming an allelic profile for strain
characterization. Like 16S rDNA sequencing, online data sharing supports MLST
development. Central databases allow users to submit strain information and compare
sequence profiles for identification. MLST is increasingly valuable for research, outbreak
tracking, environmental monitoring, and confirming strains in manufacturing processes
(Mitchell, 2018).
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CHAPTER 3: MATERIALS AND METHODS

3.1 Laboratory Setting

All the works required for the research were conducted in Central Department of

Biotechnology, Tribhuvan University, Kirtipur, Kathmandu, Nepal.
The duration of research was 12 months, from March, 2021 to February, 2022.

Experimental Bacteria: Acinetobacter baumannii

3.2 Collection of Bacterial Strain and Preservation

The multidrug-resistant bacterial strain was collected from the Sukraraj Tropical and
Infectious Disease Hospital, Teku. Bacterial samples were streaked onto sterile Nutrient
agar plates. These plates were incubated for 24 hours at 37°C for bacterial growth.
Bacterial samples were freshly sub-cultured, before each experiment. The cultures used
for experiments were taken from 3-4 hours cultures in the active-log phase. This ensures

that the bacteria are actively growing and in a suitable phase for experimentation.

Glycerol stocks were prepared for long-term preservation of bacterial strains. A single
colony of the desired bacterial strain was grown overnight in Luria Bertani (LB) broth at
37°C. The next day, a pellet of bacterial cells was collected from the overnight culture. To
prepare the glycerol stock, 700ul of autoclaved 50% glycerol and 300ul of autoclaved LB
broth were added to the bacterial pellet. This mixture was then kept at 37°C overnight.
The following day, the mixture was stored at 4°C temporarily and transferred to -80°C for
long-term storing. This methodology ensures that the bacterial strains are maintained in
a viable state for future experiments and research. The use of glycerol stocks and
appropriate storage conditions (such as -80°C) helps preserve the genetic and phenotypic

characteristics of the bacterial strains over extended periods.

3.3 Identification of bacteria by Gram Staining and Biochemical
Tests

Acinetobacter baumannii (ACB-1) isolated from Sukraraj Tropical and Infectious Disease
Hospital, Teku was sub cultured in Nutrient Agar (NA) followed by a series of biochemical
tests to characterize its properties. These tests included catalase, oxidase, citrate
utilization, SIM (Sulfur Indole Motility) test, and growth observation at 44°C. For each test,
specific media were prepared in test tubes, and the bacteria was inoculated into these
media. Then, the inoculated tubes were incubated overnight at 37°C to allow for bacterial
growth and metabolic activity. During the tests, observations were made for various

indicators of bacterial behavior. The catalase test involved observing the formation of
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bubbles, indicating the presence of the catalase enzyme. The oxidase test involved
detecting a color change in response to the presence of cytochrome c oxidase. In the
citrate utilization test, a color change was observed as an indicator of citrate utilization by
the bacterium. For the SIM test, observations were made for hydrogen sulfide (H,S)
production, indicated by blackening of the medium, as well as for motility, observed by
growth spreading away from the point of inoculation. Finally, the growth of the bacterium
at 44°C was assessed by observing colony development on petri plates incubated at this
temperature. These tests collectively provide valuable information about the biochemical
and physiological characteristics of Acinetobacter baumannii, aiding in its identification

and further understanding of its pathogenicity.

3.4 Antibiotic Susceptibility Testing (AST)

A single colony of the multidrug-resistant bacteria was picked and grown overnight. The
overnight culture was diluted to match the turbidity of 0.5 McFarland standards. This
ensures a standardized bacterial inoculum for testing. A sterile cotton swab was used to
spread the diluted bacterial culture evenly across the surface of agar plates. The plates
were allowed to air dry for a few minutes. Antibiotic discs, representing different classes
of antibiotics such as beta-lactams, carbapenems, aminoglycosides, fluoroquinolones,
etc., were placed on the surface of the agar plates, maintaining proper spacing between
each disc to prevent interference. These plates were incubated for 24 hours at 37°C for
bacterial growth and antibiotic diffusion. After incubation, clear zones around the
antibiotic discs, indicating inhibition of bacterial growth, were observed. These zones were
measured using a scale. Larger zones indicate higher susceptibility to the antibiotic, while
smaller or absent zones indicate resistance. The diameter of the zone of inhibition was
compared to interpretive criteria provided by the CLSI (Clinical and Laboratory Standard
Institute) for each antibiotic. Based on these criteria, results were classified as sensitive

(S), intermediate (1), or resistant (R).

This method allows for the determination of the susceptibility profile of the multidrug-
resistant bacterial strains to various antibiotics, helping guide appropriate antibiotic

therapy and further research into antimicrobial resistance mechanisms.

Table 3.1 Antibiotic Susceptibility Test; Antibiotics and Concentration of Discs

SN Antibiotics used Concentration of discs (mcg)
1 Ciprofloxacin 5
2 Gentamicin 10
3 Cotrimoxazole 14
4 Amikacin 30
5 Ceftazidime 14
6 Meropenem 10
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7 Imipenem 10

8 PolymyxinB 300

9 Nalidixic acid 10

10 Cefepime 30
11 Nitrofurantoin 300
12 Cefoperazone Sulbactam 75/30

3.5 Bacterial Genomic DNA Extraction

The genomic DNA extraction from a bacterial strain, specifically Acinetobacter baumanni
was conducted using the CTAB method. Initially, 1 ml of an overnight bacterial culture was
transferred into an Eppendorf tube and then centrifuged for 5 minutes at 13,000 rpm to
collect the cells. The supernatant was discarded, and the pellet containing the cells was
then resuspended in 567ul of TE buffer through gentle pipetting or using vortex.

Subsequently, a mixture comprising 30ul of 10% SDS and 3pl of proteinase K was added
to the resuspended cells and, were incubated at 37°C for approximately 1 hour. Following
this incubation, 100ul of 5M NaCl and 80ul of CTAB/NaCl solution (containing 0.7m NacCl
and 10% CTAB) were added and thoroughly mixed. The resulting solution was then
incubated at 65°C for 10 minutes. After incubation, an equal volume of
Chloroform:Isoamyl alcohol (24:1) was added and mixed well, and centrifugation was
done at 13,000 rpm for 5 minutes. The upper aqueous layer containing DNA was carefully
transferred to a new Eppendorf tube, and 600ul of isopropanol was added to precipitate
the DNA. Following another centrifugation at 13,000 rpm for 5 minutes, the isopropanol
was removed, and the DNA pellet was washed with 1ml of 70% ethanol, followed by
another round of centrifugation. Ethanol was then discarded, and the DNA pellet was

allowed to air dry.

Once dried, the DNA was resuspended in 50ul of TE buffer and stored at 4°C.
Subsequently, the extracted DNA underwent analysis using a Nanodrop

spectrophotometer to determine its concentration and ensure purity.

3.6 Molecular Detection of Bacteria by VITEK

The host bacterium was sent to Siddhi Poly Path Lab for molecular verification, employing
Vitek Compact System 2 analyzer. The Vitek2 compact system by bioMérieux is a highly
automated platform utilizing small plastic reagent cards,which is approximately the size of
a credit card, containing 64 wells with microliter quantities of test media and antibiotics.
Through a brief incubation period, the Vitek2 continuously monitors bacterial growth
using turbidimetry. Depending on the configuration, the instrument can run 30 to 240

tests simultaneously. The susceptibility card allows testing of common, rapidly growing
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gram-positive and gram-negative aerobic bacteria, as well as Streptococcus pneumoniae,

within 4 to 10 hours (Jorgensen & Ferraro, 2009).

3.7 Genomic Confirmation of Bacteria by MLST

Using Multilocus Sequence Typing (MLST) for genomic confirmation of bacteria involves
analyzing multiple genetic regions to identify and classify bacterial strains. This method
provides detailed information about the genetic makeup of bacteria, aiding in
understanding their diversity, evolution, and transmission patterns. Whole genome
sequencing of bacteria was performed in CMDN (Center for Molecular Dynamics Nepal)
and accordingly MLST data were analysed for the genomic confirmation of the host

bacteria.

3.8 Sewage Sample Collection and Processing

Sewage samples were gathered from various sites along rivers within the Kathmandu and
Lalitpur Valley. Specifically, the most heavily polluted site was targeted to maximize the
likelihood of capturing phage particles. The collected sewage was carefully transferred into
a 50 ml Falcon tube. The Falcon tube containing the sewage sample was promptly
transported to the Central Department of Biotechnology for further processing and
analysis. Upon arrival at the laboratory, the sewage sample was centrifuged at 4,100 rpm
for a duration of 30 minutes. This step aimed to separate the suspended solids and debris
from the liquid phase, facilitating the concentration of phage particles. Following
centrifugation, the supernatant from the centrifuged sewage sample was filtered through
a 0.22um syringe filter. These filters, typically made of polyether sulfone (PES) material,
helped to further remove unwanted materials and particles from the water samples. This
filtration step effectively removed any remaining particulate matter, bacterial cells, and
larger debris, yielding a clarified filtrate. The filtrate, now devoid of larger contaminants,
was collected in a sterile Falcon tube and promptly stored at 4°C. This refrigeration
ensured the preservation of the phage particles present in the sample for subsequent
analysis and experimentation. The phage sample labeled as AcB1 was likely prepared for

sequencing.

3.9 Clonal Purification of Phage (Phage Streak Protocol)

A clonal purification technique known as the plaque-streak assay was employed to obtain
a pure culture of phage. This method, similar to streaking for single bacterial colonies,

helped isolate individual phage strains from a sample containing potentially

heterogeneous populations. The procedure unfolded as follows:

The sample was plated onto a Petri dish containing 1.5% TSA (tryptic soy agar) to allow for

the formation of plaques. Plaques represent areas of bacterial lysis caused by individual
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phage particles. Using a sterile loop, a single isolated plaque was touched and streaked
onto fresh TSA. This step aimed to separate and purify individual phage strains. The host
bacterial culture was mixed with semisolid agar and poured over the streaked Petri dish,
covering the entire surface. The dish was then incubated inverted overnight at 37°C. After
incubation, 2 ml of SM buffer (the buffer used for phage storage and maintenance) was
poured onto the plates containing plaques. The Petri dishes were agitated in a shaker for
3 hours at 120 rpm to elute the phage particles from the agar. Following agitation, the SM
buffer along with the top agar was transferred to a Falcon tube and vortexed for
approximately 15 minutes to ensure thorough mixing. The solution was then subjected to
centrifugation at 4,100 rpm for 20 minutes to pellet any bacterial debris and agar particles.
The supernatant, containing the phage particles, was carefully filtered through a 0.22um
syringe filter to remove any remaining debris and bacterial cells.

The filtrate, now containing purified phage particles, was collected in a sterile Falcon tube
and stored at 4°C for further analysis. By employing this plaque-streak assay, individual
phage strains were isolated and purified, allowing for subsequent morphological, physical,

and molecular characterization of the phage population.

3.10 Preparation of Phage Lysate

Phage amplification was conducted on TSA plates by streaking single plague onto several
plates, followed by the preparation of phage stocks through the extraction of phage
solution from these streaked plates. After streaking isolated plaques onto multiple plates
and overnight incubation, plaques were observed along the streaking lines. The upper
layer of top agar containing plaque remnants was collected by scraping with sterilized
pipette tips into Falcon tubes, to which SM buffer was added in a ratio of 2ml per plate.
Following vigorous mixing via vortex, centrifugation was carried out for 20 minutes at
4100rpm, and the resulting supernatant was collected. Syringe filtration was then
performed to eliminate any bacterial debris, yielding a pure phage stock. Phage titer was
determined through serial dilution of the phage solution and the DLAA method, typically
resulting in the collection of 50ml phage solutions with an average concentration ranging
from 10 to 102 pfu/ml. Alternatively, in some cases, stocks were prepared using DLAA
plates, where selected plaques were carefully excised using a pipette tip and immediately
dissolved in 2mL of SM buffer. Subsequently, the tube underwent a minimum of 2 hours
of shaking with chloroform (at a concentration of 50ul/ml) for extraction. Following
centrifugation at 4000 rpm, the supernatant was filtered through a 0.22 syringe filter to
obtain a purified phage stock.
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3.11 Phage Titer Assay: Spot Assay and DLLA Method

The phage titre assay, utilizing both the spot assay and the Double Layer Lysate Assay
(DLLA) method, serves as a fundamental technique for determining the concentration of
phage particles within a solution and facilitating successive rounds of purification for
individual phages. Initially, only one completely isolated plaque per plate was selected for
further analysis, ensuring the purity of subsequent studies. The process commenced with
the serial dilution of the filtrate upto 10%°, employing sterile tips for each dilution step to
prevent contamination. For the spot assay, a grid was drawn onto the bottom of an agar
plate, delineating designations for phage dilutions ranging from 10! to 10%°, while a
negative control comprised solely of SM buffer was included. Subsequently, a bacterial
lawn was prepared by mixing 3 ml of semisolid medium with 100 pl of active log-phase
host bacteria, ensuring uniform spread across the labeled plate. Following this, the plate
was allowed to dry completely. In the next step, 5 ul of all phage dilutions were aseptically
transferred onto the respective blocks on the grid. These droplets were allowed to
permeate the agar until no liquid remained on the surface. The plates were then inverted
and placed into a 372C incubator for a duration of 24 hours. Post-incubation, plaques or

clear zones were observed, serving as indicators of phage activity.

This assay procedure provides crucial insights into the concentration and activity of phage
particles within a given solution, thereby aiding the purification and subsequent study of

individual phages.
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Figure 3.1 Phage Titre Assay: DLLA Method

3.12 Titration of Phage

Following the spot assay, the phage sample exhibiting the highest titre, characterized by
clear lysis, was chosen for further analysis via the Double Layer Lysate Assay (DLLA), using

the same bacteria as the initial host. In the DLLA procedure, 1 ml of serially diluted phage
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sample was mixed with 100 pl of host bacteria and allowed to attach for 5 minutes.
Subsequently, DLLA was conducted, involving a series of dilutions and plating. After an
overnight incubation period, the plates were examined for plague formation. A plate
containing a plaque that could be individually distinguished was selected for the
determination of phage titre. The number of plagques present on this plate was then

counted.
To calculate the titre of the stock solution, the following formula was employed:

Titre (PFU/ml) = Number of Plaques (PFU)

(Dilution x volume of phage added to plate in ml)

This formula utilizes the counted plague number to determine the titre of the stock
solution, accounting for the dilution factor and the volume of phage added to the plate.
By using this method, the concentration of plaque-forming units (PFU) per milliliter of the
original phage sample can be accurately determined, providing valuable insights into the

activity and potency of the phage preparation.

3.13 Host Range Analysis: Spot Assay

Spot Assay was used to determine host range of purified phage stock. For this a lawn
culture of hosts bacteria were prepared by mixing 100ul of log phage bacterial culture
with 3ml of soft agar and the mixture was then poured into 1.5% TSA plates and, allowed
to set. After the solidification of agar, 5 pl of phage stock of dilution 108 was poured over

the lawn culture and the plates were incubated inverted overnight.

3.14 Characterization of Phage

Testing the pH and thermal stability of phages is indeed crucial when considering them as
potential antibacterial agents. The stability of phages under varying physiological

conditions can affect their efficacy in targeting bacterial pathogens.

To test the pH stability of phages, a range of pH conditions should be prepared using
buffers, and the phages should be incubated at these different pH levels for a specified
period. The ability of the phages to maintain their infectivity or viability under different

pH conditions can then be assessed through plaque assays or other infectivity assays.

Similarly, for thermal stability testing, phages can be subjected to different temperatures
for varying durations, and their infectivity can be measured over time. This can provide

insights into the temperature range within which the phages remain active and effective.

By conducting these stability tests, researchers can determine the robustness of the

phages under conditions they might encounter in different environments, such as within
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the human body or in various industrial or agricultural settings. This information is vital for

the development and application of phages as antibacterial agents (Jin, Li et al. 2012).

3.15 Effect of temperature on phage viability

The thermal stability of the phage was assessed by aliquoting 1 ml of a phage stock (at a
dilution of 108, x PFU/ml) into Eppendorf tubes and subjecting them to varying
temperatures ranging from 25°C to 90°C for different time intervals (10, 20, 30, 40, 50, and
60 minutes). Following each incubation period, a double-layer agar (DLLA) assay was
performed to quantify the viable phage particles, allowing for the determination of
plague-forming units (PFU/ml). Subsequently, the average PFU/ml values were calculated
for each temperature and time combination. Plotting the data revealed trends in thermal
stability, with the graph illustrating the relationship between time and PFU/ml at each
temperature. The analysis of the graph provided insights into the phage's ability to
withstand thermal stress, highlighting potential temperature ranges where the phage
maintains its activity. These findings are crucial for understanding the phage's suitability
as an antibacterial agent, particularly in environments with fluctuating temperatures, and

can inform further research and development in phage therapy.

3.16 Effect of pH on Phage Viability

A series of different experiments were conducted to assess the survival rate of
bacteriophage particles in an LB medium whose pH was manipulated to cover a range
from 1 to 14. This manipulation involved the addition of 1M HCl and 0.5M NaOH to adjust
the pH levels accordingly. Following the adjustment, 100 microliters of a bacteriophage
suspension at a 108 stock dilution, equivalent to x pfu/ml, were introduced into 1.5ml of
the pH-adjusted medium. The mixture was then subjected to incubation at 37°C for a
duration of 1 hour. Following incubation, the surviving bacteriophage particles were
promptly enumerated using the DLAA method. The results were tabulated and used to
construct a graph illustrating the relationship between plaque-forming units (pfu) and
time. This experiment provides valuable insights into the stability and survivability of
bacteriophages under varying pH conditions, contributing to our understanding of their

behavior in different environmental settings.

3.17 Growth Curve

One step growth curve analysis of the bacteriophage was carried out, aiming to determine
two key parameters: burst size and latent period. Bacterial growth typically involves five
sequential stages in its life cycle, and each cycle typically spans an hour for completion. To
analyze the phage's growth curve, the protocol developed by Adams and Wassermann in

1956 with few modifications was applied. This adaptation allowed for a detailed
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examination of how the virus proliferates within bacterial hosts (Adams & Wassermann,
1956). The procedure began with the preparation of seven sterile Eppendorf tubes, each
labeled with a different time interval ranging from 5 minutes to 60 minutes. Next, 1000pl
of high titre phage stock (10 pfu/ml) was added to each tube, followed by the addition
of 100ul of log-phase host Acinetobacter culture (with an optical density of 0.4). The tubes

were then placed in a 37°C incubator for incubation.

After 5 minutes of incubation, the tube labeled as "5 min" was removed from the
incubator and centrifuged at 12000 rpm for 5 minutes to separate the phage-infected
bacterial cells. The supernatant was discarded to remove unabsorbed phage particles, and
the pellet containing the infected cells was resuspended in 100ul of SM buffer. This
suspension was then mixed with 3ml of soft agar and overlaid onto a TSA plate using the
double-layer agar assay (DLAA) technique. The same process was repeated for the
remaining six tubes according to their respective incubation times. Once all plates were
prepared, they were allowed to solidify before being incubated at 37°C for 24 hours. After
the incubation period, plaques (clear zones indicating bacterial lysis due to phage
infection) were counted on each plate. The number of plaques counted was used to
determine the phage concentration, expressed in pfu/ml (plaque-forming units per
milliliter). This method allowed for the assessment of phage infectivity and replication
dynamics over different time intervals (Adams & Wassermann, 1956). From the plotted
graph of pfu/ml against the time of incubation, the latent period of the virus was identified
as the duration between the initial adsorption of the phage and the first noticeable
increase in plaque count. Additionally, the burst size of the virus was calculated by dividing
the average number of plaque-forming units (pfu) per infected cell during the post-rise
phase of the growth curve by the average number of pfu per infected cell during the pre-
rise phase of the growth curve. This allowed for a comprehensive understanding of the
virus's replication dynamics and its behavior during different stages of infection (Ellis &
Delbriick, 1939).

3.18 Phage DNA Extraction

Phage DNA extraction was carried out using the Norgen Biotek Corp Phage DNA isolation
kit. Initially, 1 ml of phage lysate was transferred into a 15 ml tube, followed by the addition
of 500 microliters of lysis buffer B. The mixture underwent vigorous vortexing for 10
seconds before being incubated for 15 minutes at 65°C. Throughout the incubation period,
the lysate was intermittently mixed by inverting the tube 2-3 times. Subsequently, 320
microliters isopropanol were added and vortexed briefly. A spin column was assembled
onto a collection tube provided in the kit, and 650 microliters of the lysate were applied
to the column. Centrifugation at 8000 RPM for 1 minute facilitated the separation of the
DNA, with the flow-through being discarded. This process was repeated until the entire
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lysate had passed through the column. Following this, 400 microliters of wash solution A
were added to the column, which was centrifuged again for 1 minute at 8000 RPM. The
wash step was repeated twice more to ensure purity. The column was then spun for 2
minutes at 14000 RPM to dry it thoroughly, and the collection tube was discarded. Then,
the column was placed into an elution tube which was provided in the kit, and 75
microliters of elution buffer B were added. Centrifugation at 8000 RPM for 1 minute eased
the collection of phage DNA in the elution tube. Finally, the DNA sample was stored at -
20°C for subsequent analysis and experimentation. This method provides an efficient

means of extracting phage DNA for further molecular studies.

3.19 Isolation, Qualitative and Quantitative Analysis of gDNA

Genomic DNA was done from the phage sample using the Norgen Phage DNA Isolation Kit
(Cat. 46800, 46850). To assess the quality of the genomic DNA (gDNA) sample obtained, 5
microliters of the isolated DNA were loaded onto a 1% agarose gel. The gel electrophoresis
was conducted at 90V for 60 minutes to separate the DNA fragments and visualize the
presence of an intact band, indicative of high-quality genomic DNA. Additionally, to further
evaluate the purity of the DNA sample, one microliter was loaded onto a Nanodrop 8000
spectrophotometer to determine the A260/280 ratio. This ratio provides insight into the
level of contamination by proteins or other organic compounds, with a ratio close to 1.8
indicating pure DNA. By employing these methods, the integrity and purity of the genomic
DNA extracted from the phage sample were assessed, ensuring its suitability for

downstream molecular biology applications such as sequencing or PCR analysis.

A 1% agarose gel was prepared, by mixing 0.75 grams of agarose in 50 ml of 1X TAE buffer,
which was heated until the agarose has completely dissolved. Subsequently, 0.25
microliters of ethidium bromide (EtBr) were added to the solution to aid in DNA
visualization. The molten agarose gel was carefully poured into a casting tray and allowed
to solidify. Following gel preparation, 5 microliters of phage DNA, along with 1 microliter
of loading dye, were mixed and carefully loaded into a well on the gel. Additionally, a DNA
ladder, specifically Fermentas O’ Gene Rule 1 KB DNA ladder, was run alongside the sample
to serve as a size reference. Electrophoresis was then conducted at 70 volts for one hour
to separate the DNA fragments based on size. Upon completion of electrophoresis, the gel
was examined under a UV illuminator to visualize the DNA bands, allowing for analysis of
the phage DNA sample and comparison with the DNA ladder to determine fragment sizes.
This method serves as a fundamental technique in molecular biology for analyzing DNA

samples based on their size and migration pattern within the gel matrix.
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3.19.1 Library preparation of phage

The genomic DNA of the Phage was purified using AMPure beads (Beckman Coulter,
United States) in a 1:1 ratio, followed by quantification using Qubit (Thermo Fisher
Scientific, United States). The sample was then normalized to a concentration of 0.2 ng/uL.
Next, the normalized sample underwent tagging and indexing using the Nextera Indexing
Kit (Ilumina, United States). After indexing, the library was purified using AMPure beads
at 0.8X concentration and quantified using the HS kit (Thermo Fisher Scientific, United
States). The library's quality was assessed using a bioanalyzer and subsequently
normalized to a final concentration of 4nM. To enhance diversity, 5% of a 4 nM PhiX spike-
in was added to the normalized library. Following this, the library was denatured using
NaOH. The denatured library was then diluted to 20 pM and subsequently to 10 pM using
hybridization buffer. Finally, the resulting 10 pM library was loaded onto the lllumina
MiSeq platform using the MiSeq Reagent Kit V3 600-cycles (lllumina, United States).

3.20 Whole Genome Sequencing

After confirming the presence of phage DNA through gel electrophoresis, the entire
genome sequencing of the phage ACB-1 DNA samples was sent to the Center for
Molecular Diagnosis (CMDN) located in Thapathali, Kathmandu for sequencing analysis.
Before sequencing could commence, the DNA underwent library preparation, which
involved fragmenting the DNA into smaller pieces and attaching adaptors to both ends.
Indexing was then performed to distinguish between different samples. The prepared DNA

samples were subsequently processed on the lllumina platform for sequencing.

During sequencing on the NGS MiSeq Illumina platform, DNA fragments were loaded onto
a flow cell where bridge PCR amplifies the DNA segments, generating clusters of DNA.
Sequencing was carried out using lllumina's Sequencing by Synthesis method, where each
base was added individually, and fluorescently labeled bases emit signals upon addition.
These signals were recorded by the computer. After each cycle, excess bases were washed
away, and the process continued until the entire DNA fragment was sequenced. The
sequencing signals were stored in BCL files, which were then converted to FastaQ files for
downstream analysis. After identifying viral sequences, annotation of viral genes was
carried out using tools like PHASTER and Proksee to derive information from the viral

genome.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Ildentification of Host Bacteria

Acinetobacter baumannii, ACB-1 (named from the original isolate), was revived in Nutrient

Agar. It formed small, smooth, and round cream-colored colonies in Nutrient agar plates.

Figure 4.1 ACB-1 on NA

4.2 Gram Staining

After selecting a single isolated colony from a nutrient agar plate, Gram staining was
conducted, revealing that the bacterium was gram-negative and exhibited a coccobacilli
morphology. Gram staining serves as a fundamental technique in microbiology for
distinguishing between different types of bacteria based on their cell wall composition.
Gram-negative bacteria typically possess a thinner layer of peptidoglycan in their cell walls
compared to gram-positive bacteria, along with an outer membrane containing
lipopolysaccharides. Gram-negative rod becomes spherical at the stationary phase of

growth.

The cellular structures crucial for maintaining cell shape in bacteria include key
components of the bacterial cytoskeleton, notably FtsZ, MreB, and penicillin-binding
proteins. Among these, MreB plays a significant role in the shift from rod-like to spherical
cell shapes, though it may not always be present in this transition phase (Howard et al.
2012).

ACB-1 as coccobacilli bacteria was characterized by their shape, appearing as short, oval,
or round rods, often resembling cocci. This classification provided important preliminary
information about the bacterium, laying the groundwork for further identification and

characterization through additional tests, such as biochemical assays or molecular
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techniques, to determine its specific genus or species and understand its biological

characteristics.

Figure 4.2 Gram Staining of ACB-1

4.3 Biochemical Test of Host Bacteria

After gram-staining, biochemical tests of ACB-1 were performed. Some key biochemical
tests that were performed for the identification of ACB-1 included catalase, oxidase,
motility and citrate test. It was further tested for growth at 44°C predicting the bacteria to
be Acinetobacter baumannii. It is the only bacterium in the genus that can grow at 44°C
(Asif et al., 2018).

Table 4.1 Biochemical Tests of ACB-1

Tests Result Inference
Catalase Positive
Oxidase Negative
MR Negative The detected bacteria were indicative of
VP Negative Acinetobacter baumannii
Motility Negative
Citrate Positive (Blue)
Growth at 44°C Positive

4.3.1 Catalase test

Catalase test is used to identify organisms which produce the catalase enzyme. The
production of oxygen gas represented by resulting bubbles clearly indicated a catalase

positive result by ACB-1. The catalase enzyme detoxifies hydrogen peroxide by breaking it
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into water and oxygen gas. Thus, the enzyme helps organisms to neutralize harmful forms

of oxygen that are generated during metabolism.

Figure 4.3 Catalase Test with Positive Result for ACB-1

4.3.2 Oxidase test

The oxidase test is a common biochemical method used in microbiology to determine
whether a bacterial strain possesses cytochrome c oxidase activity. This enzymatic activity
is vital in indicating the organism's capability to perform aerobic respiration. For example,
bacteria are recognized as oxidase-negative, meaning it doesn't contain the cytochrome c

oxidase enzyme.

Figure 4.4 Oxidase test with negative result for ACB-1

As a result, when ACB-1 underwent the oxidase test, it showed a negative outcome. This
was indicated by no color alteration or the emergence of a pink to purple shade within a
set timeframe after applying the oxidase reagent. This method helped in correctly
categorizing ACB-1 strains, facilitating their identification within a varied microbial

environment.

4.3.3 IMViC test

The four IMVIC series tests ACB-1 was subjected to were Indole production, Methyl Red

test, Voges-Proskauer test, and Citrate utilization test.
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Table 4.2 Result of IMVIC Test of ACB-1

S.No. Test Result
1. Indole Production Negative
2. Methyl Red Test Negative
3. Voges-Proskauer Test Negative
4, Citrate Utilization Test Negative

ACB-1 depicted a negative indole test result. Indole tests are commonly used to
differentiate bacterial species based on their ability to produce indole, a metabolic
byproduct of the breakdown of the amino acid tryptophan. Acinetobacter baumannii is

generally known to be indole-negative, meaning it does not produce indole.

ACB-1 vyielded a negative result in the methyl red test, indicating it did not produce
significant amounts of stable acidic end products from glucose fermentation. The methyl
red test is a biochemical test which is used to determine the ability of an organism to
perform mixed acid fermentation of glucose, producing stable acidic yielded end products

such as lactic acid, acetic acid, and formic acid.

ACB-1 showed a negative result in the VP test, which indicated no production of significant
amounts of acetoin. The Voges-Proskauer (VP) test is a biochemical test used to detect the
presence of acetoin, a metabolic product produced by some bacteria during glucose

fermentation.

ACB-1 was negative for citrate utilization, meaning it could not use citrate as a carbon
source. The citrate utilization test was done to determine whether an organism can utilize

citrate as its sole carbon source for growth.
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Figure 4.5 IMVIC Test of ACB-1
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4.3.4 Growth at 44°C

ACB-1 exhibited very little growth at 44°C. This result led us to the preliminary
confirmation of bacteria to be Acinetobacter baumannii. Acinetobacter baumannii
typically does not grow well at elevated temperatures like 44°C. This bacterium is
considered mesophilic, meaning it thrives at moderate temperatures typically found in the
environment or the human body, such as around 35°C - 37°C. At temperatures significantly
higher than its optimum range, Acinetobacter baumannii may experience reduced growth

rates or even fail to grow altogether.

Figure 4.6 Growth of ACB-1 at 44°C

Several studies have examined the survival of Acinetobacter baumannii, primarily focusing
on clinical isolates. As per a study, clinical strains of A. baumannii can grow within a
temperature range of 25 to 45°C, with optimal growth occurring at 37°C (Antunes et al.
2011).

The above result was comparable to the studies made by the team of Shristi Raut and
researchers, in which Acinetobacter baumannii was confirmed by using different
phenotypic tests including: Gram-negative coccobacilli, oxidase negative, catalase
positive, non-fermentative (oxidative), non-fastidious, gas negative, growth at 44°C, H,S
negative, urease negative, methyl red positive, indole negative, Voges-Proskauer negative

and citrate positive (Antunes et al. 2011).

4.4 Antibiotic Sensitivity Test (AST)

4.4.1 Antibiogram Assay

From the antibiotic susceptibility test (AST) by using Kirby Bauer Disk diffusion method the
bacteria ACB-1 showed resistance to more than 3 antibiotics, and thus were found to be

multidrug resistant. The bacteria displayed Multidrug Resistance (MDR) when they were
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exposed to a range of antibiotics spanning different generations and classes, including

qguinolones, aminoglycosides, and B-lactams.

Table 4.3 Antibiotic Susceptibility Pattern of ACB-1 bacteria

S.N. Bacterial Antibiotics Conc. | Zone of resistivity | Resistant | Sensitive
sample Mcg (mm
Standard

Ciprofloxacin 5 <18 Resistant
Gentamicin 10 <12 Resistant
Cotrimoxazole 14 <10 Resistant

1. A. baumannii - |"Amikacin 30 <14 Resistant
Ceftazidime 14 <14 Resistant
Meropenem 10 <15 Resistant
Imipenem 10 <15 Resistant
Amoxicillin 10 <13 Resistant
Nalidixic acid 10 <13 Resistant
Cefepime 30 <18 Resistant
Nitrofurantoin 300 <14 Resistant
Cefoperazone 75/30 <15 Resistant
Sublactam

The antibiotics used were of a different generation and various classes and the host

bacterium showed resistance to all the tested antibiotics.

The study conducted in Saudi Arabia suggests that Acinetobacter baumannii is becoming
more resistant to multiple classes of antibiotics. A retrospective study at Riyadh Military
Hospital, between 2005 and 2010, found an increase in the number of A. baumannii

strains isolated from blood cultures that were resistant to several antibiotics (Aldali, 2023).

The overuse of broad-spectrum antibiotics, including carbapenem, has been identified as
one of the primary factors contributing to the worldwide increase in multidrug-resistant
(MDR) A. baumannii. In Nepal, the easy availability of antimicrobials over the counter
(OTC) poses a significant challenge and further exacerbates the development of
antimicrobial resistance (Karna & Khanal, 2020). According to a study conducted in Iran,
the prevalence of multidrug-resistant A. baumannii increased from 50% to 94% between
2001 and 2011 (Moradi, Hashemi, & Bahador, 2015). Several studies have demonstrated
a 57-77% cure rate of colistin in severely ill patients infected with Acinetobacter species
(Maragakis & Perl, 2008).
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Figure 4.7 Antibiogram Assay of ACB-1

4.4.2 Confirmation of Antibiotic susceptibility using Vitek Compact System 2

The confirmation of antibiotic susceptibility testing was conducted using VITEK Compact
System-2 analyzers, yielding results consistent with our laboratory tests. Furthermore, the
assessment revealed resistance to other antibiotics and also to Colistin, a last-resort
antibiotic. Colistin resistance presents a serious concern since it's one of the limited
options available for tackling multidrug-resistant bacteria. When bacteria develop
resistance to antibiotics such as Colistin, it significantly hampers our ability to manage
infections effectively. This emphasizes the vital need for cautious antibiotic usage and the
pressing exploration of new antibiotics or alternative treatments to address the challenge

of antibiotic resistance.

4.5 Genomic DNA Extraction

Genomic DNA of ACB-1 was extracted by CTAB method. The purified phage was used to
infect the host bacterium ACB-1, and then the bacterial genome was extracted. The
extracted DNA was run through gel electrophoresis and viewed under UV illuminator, to
observe distinct band of DNA.Figure 4.8 Gel Electrophoresis of Extracted DNA viewed under UV
light

Host DNA Band

Figure 4.9 Gel Electrophoresis of Extracted DNA viewed under UV light
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4.6 Quantification and purity check of isolated Bacterial DNA

Table 4.4 Concentration Determination of Extracted DNA

Sample ID

Concentration (ng/ul)

A260/280

ACB-1

343.7

1.88

4.7 Molecular Identification of Host

The Vitek Compact System 2 was employed for the molecular detection of bacteria. The

VITEK 2 automated compact system is a fully automated platform designed for high-

throughput bacterial identification and antimicrobial susceptibility testing (AST). It

achieves bacterial identification through biochemical analysis using colorimetry. This

technique enables efficient processing of large numbers of samples, making it valuable for

laboratory workflows. It detected bacteria to be Acinetobacter baumannii.
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Figure 4.10 Molecular Identification of Host by Vitek Method
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4.8 Whole Genome Sequencing of Host ACB-1

Whole-genome sequencing (WGS) of the host bacterium ACB-1 was conducted to
determine the complete DNA sequence of this bacterium's genome. WGS provided

detailed information about the genetic makeup of the bacterium.

4.9 BLAST Result

The sequences of the genes were examined using the Chromas program, with the results
stored in a fasta file. This file was then analyzed using the BLAST program to compare it
with sequences in the NCBI database. The closest match was found with the sequence of
Acinetobacter baumannii. Among 100 similar organisms, 66 of the matches were

identified as Acinetobacter baumannii.

[CRCE R E B RN BB RN R R E< <R

items: 1 to 20 of 66 RNy 0T
Acinstobactar baumannil
Acinetobacter baumannii sin YEY 3 Cwomosome. compisle osnoms
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44255 ¢ 2474932° Find related data
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R

Figure 4.11 FASTA file analyzed using the BLAST Program
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4.10 Genome analysis of ACB-1 by PROKSEE

PROKSEE (https://proksee.ca/) is a popular tool in bioinformatics used for annotating

bacterial and archaeal genomes. It predicts genes and other genomic features and
provides a standard output format for downstream analysis. In the circular diagram we
could visualize the rec genes. In Acinetobacter baumannii, the recB and recC genes are
part of the bacterial DNA repair system. These genes encode proteins involved in the
homologous recombination pathway, which is crucial for repairing DNA damage, such as
double-strand breaks (Peng V et al., 2012). The UGENE software revealed that the
complete genome sequence of ACB-1 DNA spans 3,319,573 base pairs.

Figure 4.12Circular diagram of Host Bacteria genome using PROKSEE

4.11 MLST profile of Acinetobacter baumannii (ACB-1)

Based on the Multi-Locus Sequence Typing (MLST) analysis, the bacterium was identified
as Acinetobacter baumannii. MLST is a technique used to characterize and classify bacteria
based on the sequences of several housekeeping genes. By comparing these sequences to
a database of known sequences, researchers can determine the species or strain of the
bacterium. In this case, the MLST profile matched known profiles for Acinetobacter

baumannii, confirming its identity.

pactace ces.fasts abausannii 2 - Pas_cpnee(~as) Pas fusa{~284) Pas_zIta(~328) Pas_pyre(le) Pas_reci(3%) Pas_rpls(112) Pas_rpo3(1%7)

Figure 4.13 MLST profile of ACB-1
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4.12 PHAGE ISOLATION, SCREENING AND MANIPULATIONS

4.12.1 Sample Collection and Isolation of Bacteriophage by DLAA Method

Sample Collection

Sewage sample was collected from the most polluted section of the Bishnumati River at
Gongabu. The sample was collected in a 50 ml Falcon tube and then transported to the

laboratory for further analysis.
Isolation of Bacteriophage by DLAA Method

Using MDR ACB-1 as the host strain, a previously unidentified phage was isolated from
sewage water and designated it as Acinetobacter phage i.e. ACB-1 phage.

A single bacteriophage was isolated against the strain of Acinetobacter baumannii
collected from hospital. Although sewage/ water samples were collected from various
places of Kathmandu and Lalitpur, we were able to isolate phages from the water sample
of Bishnumati river, Gongabu. This might be because of the polluted water in the

respective river compared to others.

Table 4.5 Phage and their site of isolation

S.N. Name of sample collection site Host 1
1 Bagmati (Balkhu) -
2 Bagmati (Teku) B
3 Bishnumati (Gongabu) +
4 Karmanasa (Hattiban) -
5 Nakkhu Khola ( Bhaisepati) -

Single type of plaque was isolated from Bishnumati river flowing through Gongobu. The
plague morphology observed were small pin-headed clear plaque. A single clear plague
was selected for further processing. There were different sized but similar morphological
plagues which indicated the presence similar phages in the water sample. The size of a
plague correlates with how effectively the phage attaches to host cells, the duration of its

latent period, and the number of progeny phages released during the burst.

Variability in plaque sizes can occur when phages infect cells at different stages of bacterial
growth; those that attach early tend to create larger plaques than those attaching later.
Additionally, the physical size of the phage itself influences plaque size: smaller phages
diffuse more readily through semi-solid agar, creating larger zones of lysis, whereas larger

phages struggle to diffuse and therefore form smaller plaques. A phage that replicates
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slowly, producing fewer progeny, typically results in smaller plagues compared to fast-
replicating phages. A clear plague indicates that the host cell is fully susceptible to the
phage.

Likewise, reduced lytic efficiency may result from aging of the bacterial lawn, leading to
larger microcolonies within the lawn, or from phenomena such as lysis inhibition observed
in certain phages like the T-even phages. The halo zone surrounding a plaque indicates
that the phage has released enzymes, like depolymerases, that break down the bacterial
host's capsule.

Phages were isolated following double agar assay. It helped to form greater uniformity of
plaque and form greater size plaque due to high rate of phage diffusion in soft agar. During
phage extraction/storage SM (sodium chloride and magnesium sulphate buffer was used.
The gelatin present in SM buffer helped to stabilize the phage particle while storage.
Chloroform maintained the sterility of phage stock by obstructing Bacterial growth not
causing any harm to phage. The visualization of visible plagues denoted the positive result
for phage isolation. Plaques are clear zones which are formed in a lawn of cells because of
lysis by phage. The phages were isolated in high titre without enrichment which indicated
that the rivers of Kathmandu valley are heavily polluted with hospital waste because
Acinetobacter baumannii is a pathogen normally causing tissue infection. Another major
concern is that there is the presence of multidrug resistant pathogens in river flowing
around Kathmandu valley which may result in MDR pathogen infection in people.
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Figure 4.14 Sample Collection Site (Bishnumati River, Gongabu)
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4.12.2 Clonal Purification of Bacteriophage

The initial isolation plate may contain a mixture of different phage strains, making it
necessary to purify a single strain for further study. This purification process involved
streaking individual plaques (clear zones where bacterial cells have been lysed by phages)
onto fresh plates multiple times until a pure culture of a single phage strain was obtained.
Once a single plaque was obtained, it represented a population of phages derived from a
single phage particle. From this plaque, progeny plaques (plaques resulting from the
infection of bacterial cells by phages from the original plaque) were selected for further
propagation. The progeny plaques selected from the single mother plaque were used to
prepare a phage stock. This involved transferring the phages from the progeny plaques
into a liquid medium, such as a buffer or bacterial culture, to create a concentrated stock
of the purified phage. The progeny plaques selected from the single mother plaque are
used to prepare a phage stock.
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Figure 4.15 Purification of Phage

Pin- headed plaque formation, characterized by a clear inner zone surrounded by a turbid
outer zone, can arise due to various factors affecting the efficiency of phage-induced
bacterial lysis. This phenomenon may occur more prominently during the late phase of
plague development, suggesting changes in phage-host interactions over time. Factors
such as the aging of the bacterial lawn and associated increases in colony size can impact
the distribution and efficiency of bacterial lysis by phages. Additionally, certain phages,
like T7 phages, may exhibit lysis inhibition, further influencing plague morphology. The
presence of different phage types within a sample can also contribute to the formation of
plagues with varying degrees of transparency and sizes, reflecting the diverse interactions

between phages and their bacterial hosts.

Table 4.6 Plaque morphology of Phage ACB-1

S.N. Name of phage Plaque morphology Lysis

1. ACB-1 Phage Pin head Clear
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4.12.3 Determination of Phage Titer/ Spot assay

Countable plaques were observed in dilution 101°in the DLAA plates. Phage titer was
calculated using formula given below and found to be 1.1x 10 pfu/ml.

Number of plaques observed
Pfu/ml= —
Volume of phage sample x Dilution

96 / (1ml x10%)

9.6x10°

Where, Pfu/ml = Plaque forming unit per milliliter of the sample

Table 4.7 Phage Titre of ACB-1

S.N. | Name of the phage Dilution Pfu/ml = —oof plaques observed
Dilutionx Volume of sample
1.| ACB-1 phage 108 9.6 x10°

Figure 4.16 Determination of Phage Titre of ACB-1
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4.13 Physiochemical characterizations of phage

4.13.1 Multiple Host range analysis of Phage

The phages were tested against several other gram-negative microorganisms, including
carbapenem and colistin-resistant Pseudomonas aeruginosa, Klebsiella pneumoniae,
Acinetobacter baumannii, E. coli, and Salmonella spp. Based on the spot test,
Acinetobacter phages did not show any inter host range property results as depicted in

table below.

Table 4.8 Multiple host range of ACB-1 Phage

S.N. Bacteria Phage Lysis
1. Pseudomonas 6661 Negative
2. Klebsiella 6667 Negative
3. E.coli 5 ACB-1 Negative
4, E. coli 10 Negative
5. Acinetobacter (ACB) Negative
6. Pseudomonas 3 Negative
7. Pseudomonas 4 Negative

The ability of phages to infect and destroy their bacterial hosts determines their host
range. Molecular studies often emphasize the attachment phase in broad-host range
phages. However, after attaching to the host, phages must successfully replicate, which is
influenced by their genetic and regulatory mechanisms. Furthermore, the modulation of
host range can also be heavily influenced by various proteins, including host receptor

binding proteins (RBPs), and their adaptations.

Several studies have demonstrated the potential to broaden the host range of phages by
genetically modifying tail fiber proteins, resulting in improved therapeutic efficacy against
clinical multi-drug resistant (MDR) bacterial infections. Spontaneous mutations in tail
tubular structures may be common in Acinetobacter phages, enabling the expansion of
phage host ranges and enhancing their ability to overcome resistance during treatments
(He et al., 2024).
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Figure 4.17 Host Range Analysis

4.14 Stability of phage at different pH range

A pH stability test was conducted to determine the optimal pH of ACB-1 Phage at various
pH levels for 1 hour at room temperature. The phage titre decreased at lower pH levels
and became inactive at pH 1 and 2. However, the phage titers then increased significantly

at higher pH levels, demonstrating effective lysis up to pH 12.

pH Stability of ACB-1 phage
40 37
35 35
35
30
25

20

pfu/ml

15

10

Graph 4.1 pH stability of Phage ACB-1

As shown in graph, phage ACB-1 showed its lytic activity even at pH 12 where it was
inactivated at pH 1 and 2 and its optimal pH was in range of 4 to 10.

Many phages are relatively stable at neutral pH. They can maintain their infectivity and

structural integrity under these conditions. Some phages are stable under acidic
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conditions, while others may experience reduced stability or loss of infectivity. Acidic pH
conditions can denature phage proteins and affect their ability to infect bacterial hosts.
Phage stability can vary at basic pH levels. Some phages may remain stable, while others
may lose infectivity or undergo structural changes. Basic pH conditions can also affect
phage proteins and viral particles, potentially leading to loss of function. Extreme pH
conditions (very low or very high pH) can often lead to the denaturation and inactivation
of phages. However, some extremophile phages have evolved mechanisms to survive and

remain stable in extreme pH conditions (Dekic, S. et al., 2018).

Obeidat et al. (2014) in his studies observed the survival of clinical A. baumannii isolates
for up to 23 days in distilled, tap, and saline water environments, at temperatures ranging
from 18 to 24°C and pH levels between 4.5 and 8.

4.15 Stability of the phage at different temperature

Thermal stability tests were conducted to assess the heat resistance of phage ACB-1. The
phage's ability to withstand different temperatures over varying incubation periods was
evaluated. It was observed that phages remained stable even when exposed to
temperatures as high as 70°C for up to 10 minutes. The result showed that viability of
phage diminishes as the temperature increases and as the temperature increases plaque

morphology also changed to small size.

Thermal stability of ACB-1 phage
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Graph 4.2 Thermal stability of Phage ACB-1
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Figure 4.18 Stability of the ACB-1 phage at different temperatures

Bacteriophages are viruses that target and infect bacteria, and their stability can vary
depending on the specific type. Generally, bacteriophages are stable within a certain
temperature range, typically around the normal human body temperature of 37°C
(98.6°F), which is often the optimum temperature for their stability and activity. Most
bacteriophages can be stored in a refrigerator (2-8°C) for several months, and
lyophilization (freeze-drying) is a common method for long-term storage. While some
phages are stable at higher or lower temperatures, they may be sensitive to freeze-thaw
cycles. For instance, phages found in extreme environments, such as hot springs, may be
stable at high temperatures. However, some phages may be inactivated at temperatures
exceeding 60°C. Apart from temperature, pH is another critical factor affecting phage
stability, with most phages stable in a pH range of 6 to 8. The structure of the phage,
particularly its capsid, is essential for stability, as some phages have a more robust capsid,
allowing them to withstand harsher conditions. While the stability of phages in
environmental conditions such as salinity and exposure to UV light may vary, it's essential
to consult specific literature or data provided for a particular phage to determine its
stability in various conditions (Harada et al., 2020; Moelling et al., 2018; Schooley et al.,
2017).

4.16 One step growth curve of phage

A one-step growth curve of the phage was conducted to ascertain both the latent period
and burst size of the phage. This enabled the determination of how the phage number

varies throughout one replicative cycle.
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Growth curve of ACB-1 phage
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Graph 4.3 One Step Growth Curve of ACB-1 Phage

After the initial steady period, an increase in phage titer was seen after 30 minutes. Hence,
the latent period for ACB-1 phage was identified as 30 minutes. Each phage has a
characteristic burst size, and different phages require varying amounts of time to complete
one growth cycle. We determine successful reproduction of a phage when we can detect
plagues or circular areas with minimal or no bacterial growth on an agar plate, which are

covered with a thin layer of bacteria.

The burst size for the phage ACB-1 was computed to be 32 phage particles per infected
cell. The latent period was determined by the time between absorption of phage and the
initial rise in plague number. Burst size was determined by dividing the average number
of plaque-forming units (pfu) per infected cell during the post-rise phase of the growth

curve by the average number during the pre-rise phase.

The infection dynamics of phage ACB-1 were characterized using a one-step growth curve,
revealing a brief latent period. By the 40-minute mark, the phage had reached a plateau
stage, achieving a burst size of 32 pfu per cell. A smaller burst size may be due to factors
such as limited cellular resources necessary for viral replication, competition among
viruses within the same cell, or mechanisms that restrict viral production to prevent early
cell lysis, ensuring the survival of the viral population. These results indicate that phage

ACB-1 has a low replication capacity and lytic activity (Ackermann, 2003).
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Figure 4.19 One-step Growth Curve of Phage

4.17 Whole Genome Sequencing

4.17.1 Isolation, Qualitative and Quantitative Analysis of gDNA:

A. Gel electrophoresis of phage DNA

A fundamental requirement for all DNA sequencing technologies is the need for high-
quality nucleic acid preparations, devoid of contaminating RNA, proteins, or solvents.
Genomic DNA was extracted by breaking the phage capsid with heat and proteinase K
using the Norgen Phage DNA Isolation kit, and subsequently purified. The DNA of Phage
ACB-1 displayed A280/260 values of x and formed a faint band on agarose gel
electrophoresis. Following gel electrophoresis, the genomic DNA of the phage was found

to be y base pairs when compared with the ladder.
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Figure 4.20 Electrophoresis of phage DNA

In this study, gel electrophoresis was employed as an initial step to assess the quality of
Phage DNA prior to whole genome sequencing. However, the DNA extracted initially
exhibited a notably low quantification, prompting further investigation. Subsequent
attempts utilizing direct cell lysis resulted in an excessive smear pattern and fragmented
DNA, indicative of impurities. To address this issue, the lysate underwent purification using
0.5X AMPure beads, a critical refinement step that ultimately yielded a significant
improvement. Through this purification process, we achieved a substantial increase in
DNA concentration, particularly in high molecular weight fragments, thus enhancing the

quality and suitability of the DNA for subsequent sequencing analyses.
B. Quantitative analysis of gDNA

Table 4.9 Concentration Determination of Extracted DNA of ACB-1 phage

Sample ID Concentration (ng/ul) A260/280 A260/230
ACB-1 Phage 952.1 1.55 0.44

C. Genome analysis of Phage: PHASTEST annotation

PHASTEST, which stands for PHAge Search Tool with Enhanced Sequence Translation,
represents the next evolution in the lineage of PHAST servers dedicated to prophage
analysis. It is an online tool built to facilitate the speedy detection, annotation, and
visualization of prophage sequences present in bacterial genomes and plasmids in either

genebank or fasta format. It also enables quick annotation and interactive visualization of
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all genes, such as protein-coding regions and tRNA/tmRNA/rRNA sequences, found in
bacterial genomes. PHASTEST offers quicker and more precise prophage annotations
compared to previous versions. It also enhances whole genome annotations and improves
genome visualization, making it a potent tool for comprehensive genome annotation.
Additionally, PHASTEST introduces a modern and responsive interface, enabling users to
generate, edit, annotate, and interactively visualize high-quality genome maps (Wishart et
al., 2023).

Table 4.10 PHASTEST generated circular Genome summary of ACB-1 phage 1

Region length 48Kb

Completeness Intact

Score 150

Total proteins 64

Most common Phage PHAGE_Acinet_YMC11/11/R3177_NC_041866(24)

GC% 40.60%

Region newnm-qm Completeress Scne. lToquleim' Region Pesition ' Maost Common Phage GC%
' 8K Intact 50 8l SEOL8ENM D PHAGE_Atiost_ YIACTI/WRITT?. NC_O4186025) 20808

.......

Figure 4.21 PHASTEST generated circular Genome Map
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Table 4.11 PHASTEST generated Genome summary of ACB-1 phage 2

Region length 35.4Kb

Completeness Intact

Score 150

Total proteins 47

Most common Phage PHAGE_Haemop_SuMu_NC_019455(12)

GC% 40.60%

Megon  Regonlength  Completeness  Score  WTotalProteins  Region Postion Most Common Phage GCx
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Table 4.12 PHASTEST generated genome summary of ACB-1 Phage 3

Region length 23.3Kb

Completeness Intact

Score 100

Total proteins 27

Most common Phage PHAGE_Psychr_pOW20A_ NC_020841(6)
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Of the three phages studied, one was classified as a lysogenic phage. Its genome was
found to encode 64 intact proteins, with a calculated GC content of 40.60%. Moreover, a
circular genome map generated by PHASTEST revealed a length of 49,208 base pairs. The
other two phages are likely to be lytic phages, meaning they are believed to be capable of
infecting bacteria and causing them to lyse without integrating their genetic material into
the host's genomes. From the PHASTEST annotation, the region length of the second
infecting phage genome was determined to be 35.5 kb, encoding 47 intact proteins. The
GC content of the genome was found to be 40.60%. Similarly, the genome of the third
phage was found to be 23.3 kilobases in length, coding for 27 intact proteins. Its GC

content was calculated to be 43.20%.
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CHAPTER 5: SUMMARY

With the rising threat of antibiotic resistance, scientists are actively seeking effective
alternatives to address this pressing issue. Bacteriophages are increasingly recognized as
powerful solutions to combat the antibiotic crisis. Colistin-resistant Acinetobacter
baumannii is listed as the top critical pathogen prioritized by the WHO, responsible for
severe hospital-acquired infections. It is the most critical among multidrug-resistant
bacteria, which presents a significant threat in healthcare settings such as hospitals and
nursing homes. It particularly endangers patients reliant on medical devices like

ventilators and blood catheters.

Due to the significant health threats posed by Acinetobacter baumannii, our research has
concentrated on isolating and characterizing phages specifically designed to combat this
highly resistant strain. This thesis presents the discoveries regarding the biological
characteristics of these phages, including plague morphology, virion structure, and their
ability to lyse Acinetobacter baumannii strains. Additionally, genetic studies have been
conducted, establishing a foundation for phage research with potential therapeutic

applications.

Only one lytic phage was isolated, capable of infecting and lysing colistin-resistant bacteria
originating from human clinical isolates. Therefore, the null hypothesis is rejected as that

the lytic bacteriophage shows no activity against strains of Acinetobacter baumannii.

The bacterial strain was identified as Acinetobacter baumannii type 2 through molecular
analysis using MLST profiling. The isolated host, ACB-1, showed resistance to more than
three antibiotics, indicating multidrug resistance. Notably, it also exhibited resistance to
Colistin, an antibiotic of last resort, underscoring the urgent need for alternative
treatments. A bacteriophage, ACB-1, targeting Acinetobacter baumannii was isolated from
various sewage samples. Physiochemical characterization of phage ACB-1 revealed a burst
size of 32 virions per bacterium. Additionally, the phage demonstrated stability at
temperatures of up to 60 degrees Celsius and across a wide pH range of 4 to 10, with an
optimal pH of 7. Furthermore, it displayed a limited host range. Efforts to sequence the
entire genome of a bacteriophage were hindered by insufficient reads, prompting a shift
towards analyzing integrated phages within the bacterial genome. Eventually, three

integrated phages were identified.

Among them, one was identified as a lysogenic phage, hosting a genome encoding 64
intact proteins with a calculated GC content of 40.60%. A circular ggenome map generated
by PHASTEST revealed a length of 49,208 base pairs. The other two phages were classified
as lytic, indicating their ability to infect bacteria and induce lysis without integrating into

the host genome. The second phage's genome, according to PHASTEST annotation,
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spanned 35.5kb and encoded 47 intact proteins, with a GC content matching the first
phage at 40.60%. Similarly, the third phage's genome measured 23.3 kilobases in length,
encoding 27 intact proteins, and boasting a slightly higher GC content of 43.20%.
Bacteriophage ACB-1 had a limited ability to infect different hosts but showed impressive
resilience to fluctuations in temperature and pH levels. Its ability to cause bacterial lysis
was evident on agar plates. Although the genetic analysis of ACB-1 was not possible due
to limited data, the investigation of the Acinetobacter baumannii genome revealed the
existence of a lytic phage integrated within it, hinting at its potential relevance in phage

therapy.
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CHAPTER 6: CONCLUSION

Multidrug-resistant (MDR) Acinetobacter baumannii was isolated from the hospital
sample, demonstrating resistance to Colistin, the last-resort antibiotic.

A lytic bacteriophage, named ACB-1, was isolated, demonstrating its ability to lyse
multidrug-resistant Acinetobacter baumannii. This phage produced distinctive
pinhead colonies on Tryptic Soy Iron agar.

Phage ACB-1 displayed no host range, meaning it couldn't infect either closely
related or different bacterial strains of Acinetobacter baumannii.

The phage demonstrated its highest stability at 37°C. However, its ability to infect
decreased as the temperature rose. Despite this, the phage could survive even at
70°C although only for a short duration of 10 minutes.

The isolated phage showed its highest activity at pH 7, with its optimal pH ranging
from 4 to 10. Remarkably, phage ACB-1 displayed its lytic activity even at pH 12.
The burst size of the virus was determined to be 32 virions per infected cell. This
means that, on average, each infected cell releases 32 new virus particles during
the lytic cycle.

PHASTEST genomic analysis indicated a phage genome region length of
approximately 48kb, 35.5 kb, and 23.3 kb for phage 1, 2, and 3 respectively.
Within these regions, 64, 47, and 27 intact proteins were encoded for phage 1, 2,
and 3 respectively.

The GC content of the genomes was calculated to be 40.60%, 40.60%, and 43.20%
for phage 1, 2, and 3 respectively.

This study on colistin-resistant Acinetobacter baumannii could potentially be the
first of its kind in Nepal. It aims to enhance our understanding of phage
characterization, propagation, and adsorption, offering valuable insights into
phage genomic analysis as well.

Bacteriophage ACB-1 showed limited host range but strong stability across various
temperature and pH conditions, with observed lytic activity on plates. Despite
insufficient data for genomic analysis, examination of Acinetobacter baumannii's
genome indicated the presence of a lytic phage within, hinting at potential

implications for phage therapy.
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CHAPTER 7: RECOMMENDATION

This study primarily focused on examining the morphological, physiochemical, and to
some extent molecular attributes of the phage. However, the study uncovered some

limitations, which led to the following suggestions for future research.

1. The study should expand its scope beyond one bacterium and include multiple
MDR bacterial hosts.

2. It is recommended to conduct extensive genome analysis and submit the whole
genome to GenBank. Collaborating with a bioinformatics expert can enhance the
findings and conclusions of the study.

3. Investigating the cloning of endolysin genes and modifying phage endolysin-based
proteins for phage therapy represents an important area of research within the
field of phage studies.

4. Utilizing animal models in the study would furnish reliable and valuable data to
support the assertions posited. Initiate well-designed clinical trials to evaluate the
efficacy and safety of phage therapy for treating bacterial infections in humans.
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APPENDIX

Media compositions and Reagent preparations

Nutrient Broth/Agar (NB/NA) — HiMedia

Ingredients Grams / Liter
Peptone 10.000

Beef extract 10.000
Sodium chloride 5.000

pH (after sterilization) 7.3+0.1

Sodium Magnesium Buffer (SM Buffer)

Ingredients Concentration
Sodium chloride 100 mM
Magnesium sulfate (heptahydrate) 10 mM
Tris-HCI (pH 7.5) 50 mM
Gelatin 0.01 % (w/v)

Mueller Hinton Agar (MHA) — HiMedia

Ingredients Grams / Liter
Meat, infusion solids from 300g

Casein acid hydrolysate 17.5

Starch 1.500

Agar 17.000

Final pH (at 25°C) 7.3+0.1

Tryptic Soy Broth (TSB)/Soybean-Casein Digest Medium — HiMedia
Ingredients Grams / Liter

Pancreatic digest of casein 17.000

Papaic digest of soyabean meal 3.000

Sodium chloride 5.000

Dextrose 2.500

Dibasic potassium phosphate  2.500

Final pH (at 25°C) 7.3+0.2
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Luria Bertani Broth-HiMedia
Ingredients

Casein enzymic hydrolysate
Yeast extract

Sodium chloride

Phosphate Buffered Saline (PBS)
NaCl-8.0g

KCl-0.2¢g

Na2HPO4 -1.44 g

KH2PO4 -0.24 g

Gram/liter
10g
5g

10g

Table: Thermal stability of ACB-1phage at different temperatures

S.N. Time(minutes) Pfu/ml Pfu/ml Pfu/ml Pfu/ml
37°C 50°C 60°C 70°C
1. 10 49 47 45 2
2. 20 45 45 32 0
3. 30 40 45 12 0
4, 40 39 40 8 0
5. 50 30 38 0 0
6. 60 25 32 0 0

Table: One step Growth curve of phage ACB-1

S.N. Time (minutes) Pfu/ml
1. 0 0
2. 10 9
3. 20 15
4. 30 17
5. 40 49
6. 50 52
7. 60 54

Table : pH stability of ACB-1 phage

S.N. pH Pfu/ml
1. 1 0
2. 2 0
3. 3 3
4, 4 13
5. 5 27
6. 6 35
7. 7 37

72



10. 10 26

11. 11 13

12. 12 8

13. 13 0

Myoothetical oroteln .m

W mana
enl pretein .CDS

B GC Content
)

Setical prutedn .G:Skew-

Jywetheticel pratein

thetical protein | M

thetirel

protein

> ¢al pratein
hypotheticzal protels
hy iral prot

Iy "

progein

mheaT

Wcos

"wﬂvwﬂ(ln scetnin

Mectoeticyl prpteis

nypotheticel srutein Myiathetlodl pruteln WorF
\ ;
myutaetizal yrgtels Tmumr.xri-} protein W GC Consent
A
Gy ) | GC Skews
sresthetionl pretein P ."‘ Sypathetizal prateln @

WGC Skew-

Sypotneticsl prutein ‘,?';l\'lh'ncl: pretein
~

Mvpethetitel prutein

migothetizal grotele—

hyputsetical proteln—— " ——typuthetical proteln

nypothetical proteir ) =
o " f Ty eutartical proteis

ol proteis

nypoTRel

” ~
nyeecnecizal protols fopatantical pre

7
sypetheticel seutein 7/
rypotheticel proteln / /

’ 7 - v
nyeattetical srptetn / f ted \

Mypotheticel protein

3 protein

4 1
typotnetical xf&tun I |
f I
nreatheticsl proteis MyDotheticel sroteln
4 a1
pnotsatiiel preteis Wypotheticel prec
nypcthetizal arutuls

73




ypotheticel protein

WoRrF

W RNA
Mcos

W GC Content
B GC Sxews
B GC Sxew-

hypotnetical protein

nypotnetical protein
mypotaetical protein

darey

Aypotaetical proteln

orf
orf
orf
orf

arf
oef NZ_CP073241.1

orf ! Im 3319573 bp

Figure: Concentration of Phage ACB-1 DNA check on nanometer

74



Photograph: Sample Collection site Photograph: Observing bacteria through microscope
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