B | The University of BBSRC Doctoral
!\I., Nottingham Training Partnerships

UNITED KINGDOM - CHINA - MALAYSIA

Understanding the use of sex pilus specific
bacteriophages to reduce conjugative
dissemination of antibiotic resistance

Ramon Pedraja Maluping
DVM, MS, MSc (Cantab), CSci FIBMS, CBiol MRSB

Thesis submitted to the University of Nottingham

for the Degree of Doctor of Philosophy

School of Veterinary Medicine and Science
University of Nottingham, UK
December 2022



Abstract

Antimicrobial resistance (AMR) is considered as one of the greatest
threats to human public health and in agriculture and food security. To
address this threat, a Global Action Plan encourages development of
alternatives to antibiotics, including the use of bacteriophage to control
infections. A large proportion of transmissible antibiotic resistance is
encoded on conjugative plasmids. Transmission requires sex pili and a sex
pilus targeting (SPS) phage could provide a selection against plasmid

carriage.

The aim of this research is to isolate novel SPS phage to tackle AMR
bacteria. Fifteen SPS phages were isolated, eleven were ssDNA phages in
the Inoviridae family and four were ssRNA phages of the Leviviridae family.
All phages were able to infect strains with the F plasmid but there was some
phage plasmid specificity observed on different F like plasmid field isolates.
Phylogenetic analysis of the 11 ssDNA phages genomes and protein pIII
confirmed that they belong to genus Inovirus and are highly similar to
filamentous (Ff) phages (M13, fd, f1). Three of the ssRNA phages were
highly similar to genus Levivirus and the remaining ssRNA phage was
similar to Allolevivirus. Two ssDNA phages R4 and R7, and ssRNA phage
R13 represent a new species of Inovirus and Allolevivirus, respectively
under ICVCN guidelines. All the phages demonstrated good stability under

various conditions of temperature, pH and detergent.

One step growth analysis and plasmid loss kinetics of selected ssDNA
and ssRNA phages were tested against strains containing derepressed and

repressed plasmids. Phage growth on derepressed plasmid hosts had a



short latent period and large burst size compared to a longer latent period
with shorter rise period and burst size observed on repressed plasmid hosts.
Selected phages demonstrated ca. 60% plasmid loss on derepressed hosts.
Selection was limited on more repressed plasmid hosts, with a minimum
loss of 0% and a maximum loss of 14%. These results suggest that
treatment with phage will have variable efficacy in reducing plasmid borne
AMR and that repression may pose a limit on the effectiveness of this
approach to treat or reduce infections by targeting the plasmids. However,
further investigations are required to fully understand SPS phage impact

under additional environmental selective conditions.
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Chapter 1. Introduction

1.1 Antimicrobial resistance - the problem
Antimicrobial resistance (AMR) is considered as one of the greatest
threats to human public health and has a significant impact in agriculture
and food security (World Health Organization, 2016). This is due to the
rapidly increasing number of antibiotic-resistant bacterial infections in
humans and animals and reports of bacterial strains that are resistant to all
clinical drug options available (Fernandes et al., 2016, Mediavilla et al.,
2016, Pulss et al., 2017, Wang et al., 2018). It is estimated that a
continued rise in resistance by 2050, would lead to 10 million people dying
every year and a reduction of 2% to 3.5% in Gross Domestic Product (GDP)

costing the world up to 100 trillion USD (O’Neill, 2014).

The appropriate and inappropriate constant use of antibiotics has
exerted a strong pressure on bacteria to develop resistance (Cohen, 1992,
Austin et al., 1999, Levy and Marshall, 2004). One of the mechanisms of
antibiotic resistance is through acquired resistance - when antibiotic
susceptible bacteria become resistant through the acquisition or gain of
resistance genes (Rice, 2012). The overuse and misuse of antibiotics, which
select for resistant bacteria has been identified as one of the drivers of
acquired resistance. In humans, these include unnecessary prescription for
viral infections, against which they have no effect; too frequent prescription
of “broad-spectrum antibiotics”; and patients not adhering to the prescribed
duration of medication (ECDC, 2014). In animals, the use of antibiotics as
growth promoters may have contributed to the development of acquired

resistance especially in low- and middle-income countries (LMICs). Since



2000, meat production has plateaued in high-income countries but
accelerated in LMICs by more than 60% in Africa and Asia, and by 40% in
South America, as countries in these regions shifted from low- to high-
protein diets (Van Boeckel and Pires, 2019). Consequently, pressure to
produce more meat to address this demand has risen resulting in the
increase use of antibiotics to reduce infections and to increase body mass
of livestock and poultry (Van Boeckel and Pires, 2019). A study has
revealed that more than 131,000 tons of antibiotics were used in food
animals worldwide and is estimated to increase up to more than 200,000
tons by 2030 (Van Boeckel et al., 2017, Van Boeckel and Pires, 2019).
Another study conducted by Tiseo et al. (2020) on global trends in
antimicrobial use in food animals from 2017 to 2030 estimated global
antimicrobial sales in 2017 at 93,309 tonnes and predicted to rise by 11.5%
in 2030 to 104,079 tonnes. Data from the US Food and Drug Administration
(FDA) revealed that 80% of antibiotics were consumed in food animals;
either to prevent disease or as growth promoters (Love et al., 2011). In
the study conducted by Van Boeckel and Pires (2019) it was revealed that
occurrence of antibiotic resistance has nearly tripled in disease-causing
bacteria within the period of 18 years. Antibiotics that could be used for
treatment failed more than half the time in 40% of chickens and 30% of
pigs raised for human consumption. The highest resistance rates were
observed with the most commonly used classes of antibiotics in animal
production such as tetracyclines, sulphonamides, and penicillins (Van

Boeckel and Pires, 2019).

Among the more than 15 classes of antibiotics, Beta lactams have

been amongst the most successful for the treatment of bacterial infections
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for the past 60 years (Bush and Bradford, 2016). The B-lactam antibiotics
act by binding to cell wall trans-peptidases known as penicillin-binding
proteins (PBPs) and disrupting peptidoglycan cross-linking during cell wall
synthesis. Inhibition of PBPs weakens the cell wall, resulting in bacterial
lysis and cell death (Ghuysen, 1991). The B-lactam antibiotics are the first
drug of choice to treat most bacterial infections in humans and animals but
have been plagued by the problem of increasing acquired resistance. The
most common resistance mechanism to B-lactams occur through expression
of B-lactamases - a group of enzymes that break down antibiotics belonging
to the penicillin and cephalosporin groups. These enzymes are plasmid
encoded and are the most frequently described enzymes conferring

resistance to these antibiotics (Ghuysen, 1991).

The B-lactamases are classified based on either the revised Ambler
classification scheme or the Bush-Jacoby system (Bonomo, 2017). The
revised Ambler classification scheme classified B-lactamases from A to D
based on amino acid sequence homology whereas, the Bush-Jacoby system
classes these enzymes from group 1 to 4 based on its substrate hydrolysis
profiles (Hall and Barlow, 2005, Bush and Jacoby, 2010). Table 1.1
provides a list of selected B-lactamases of Gram-negative bacteria and their
updated classification; with the corresponding substrate (antibiotic) on
which the enzyme acts (Jacoby and Munoz-Price, 2005, Bush and Jacoby,

2010, Bonomo, 2017) (Table 1.1).



Table 1.1. Classification of selected B-lactamase & its substrates.

Adopted from (Jacoby and Munoz-Price, 2005, Bush and Jacoby, 2010, Bonomo,

2017).

B-lactamase

B'hs%h—
Jacoby
(Ambiér)
group

Representative
enzyme(s)

Distinctive
s’hbst%ate(é)

Defining
¢ a %&e i tic(s)

Broad-
spectrum

AmpC

Extended-

spectrum

Carbapene-
mase

2b (A)

2d (D)

1(C)

2be (A)

2de (D)

2f (A)

2df (D)

3a (B1)

3b (B2)

TEM-1, TEM-2,
SHV-1

OXA-1, OXA-10

ACT-1, CMY-2,
FOX-1, MIR-1

TEM-3, SHV-2,
CTX-M-15, PER-1,
VEB-1

OXA-11, OXA-15

KPC-1, KPC-2,
IMI-1, SME-1

OXA-23, OXA-48

IMP-1, VIM-1,
CcrA, IND-1

CphA, Sfh-1

Penicillins, early
cephalosporins

Cloxacillin

Cephalosporins

Extended-
spectrum
cephalosporins,
monobactams

Extended-
spectrum
cephalosporins

Carbapenems

Carbapenems

Carbapenems

Carbapenems

Similar hydrolysis
of benzylpenicillin
and cephalosporins

Increased
hydrolysis of
cloxacillin or
oxacillin

Greater hydrolysis
of cephalosporins
than
benzylpenicillin;
hydrolyses
cephamycins

Increased
hydrolysis of
oxyimino-B-lactams
(cefotaxime,
ceftazidime,
ceftriaxone,
cefepime,
aztreonam)

Hydrolyses
cloxacillin or
oxacillin and
oxyimino-B-lactams

Increased
hydrolysis of
carbapenems,
oxyimino-B-
lactams,
cephamycins

Hydrolyses
cloxacillin or
oxacillin &
carbapenems

Broad-spectrum
hydrolysis including
carbapenems but
not monobactams

Preferential
hydrolysis of
carbapenems




The development of resistance to B-lactam antibiotics is rapid with
resistance reported less than 10 years since the introduction of a new B-
lactam antibiotic (Medeiros, 1997, Levy and Marshall, 2004, Rice, 2012,
Eiamphungporn et al., 2018) (Figure 1.1). The rapid emergence and spread
of extended spectrum B-lactam resistant enterobacteria has resulted in the
greater use of last resort antibiotics such as carbapenems for the treatment
of infections caused by these ESBLs resistant bacteria (Paterson and

Bonomo, 2005, Owens et al., 2011).

First clinical use of Cefotaxime Introduction of Ceftaroline

o FDA |
First chinical use of Penicillin First chinical use of Ampicillin I First clllmcal use of Imipenam I ?49:)‘;‘:;?::\ /Of

Vaborbactam
1942 1962 1979 1985 2010
2017

} ! b b

! ! L T

1949 1966 1985 1989 1993 1996 20012003 2009
| [ 1 [
Osteomyelitis due to penicillinase Description of TEM First clinical ESBL (SHV-2) First report of NDM-1 enzyme
producing Staphylococcus aureus penicillinase
First report of KPC-2 enzyme

First report of Carbapenem-resistant
Enterobacteriaceae

First report of CTX-M enzyme First report of KPC-1 enzyme

First Carbapenemase from
Enterobacteriaceae

Figure 1.1. Resistance timeline in B-lactam antibiotics.

This figure demonstrates the development of acquired resistance years after the
introduction of a new B-lactam antibiotic (Rice, 2012, Eiamphungporn et al., 2018).



1.2 Escherichia coli and the study of AMR

Escherichia coli is commonly used as a sentinel organism for
monitoring AMR in faecal bacteria as it is found frequently in a wide range
of hosts; constantly exposed to antimicrobials; acquires resistance easily;
and is a reliable indicator of resistance in other bacteria (Markovska et al.,
2014).

Several studies have looked at AMR in E. coli and how it changes in
different hosts and environments. One study from the US investigated
antibiotic susceptibility of 1,729 E. coli isolates isolated from humans,
cattle, chickens, and pigs between 1950-2002. They found a clear
correlation between commercial introduction of an antibiotic and
subsequent increased in prevalence of resistance (Tadesse et al., 2012).
Prevalence of resistance was higher the longer antibiotics had been in use,
such as tetracycline (40.9%) (introduced in 1948), sulphonamide (36.2%)
(introduced in 1936), streptomycin (34.2%) (introduced in 1943), and
ampicillin (24.1%) (introduced in 1961). This pattern was observed for
both human and animal isolates (Tadesse et al., 2012). Among the tested
antibiotics, human isolates were most resistant to sulphonamide,
tetracycline and ampicillin, whereas animal isolates were most resistant to
tetracycline, streptomycin, sulphonamide, kanamycin, and ampicillin
(Tadesse et al., 2012). In contrast, the reduction of total antimicrobial
consumption between 2010 and 2013 for veterinary use in Belgium in veal
calves, chickens and pigs have been correlated with the reduction of
antimicrobial resistance in commensal E. coli (Hanon et al., 2015). These

studies have demonstrated that development of resistance may increase or



decrease after the introduction or withdrawal of every major class of

antimicrobial drugs, respectively (Tadesse et al., 2012, Hanon et al., 2015).

1.3 AMR and plasmids

Genetic determinants of antibiotic resistance in enteric bacteria can be
mediated via a mutation in the bacterial chromosome (mutational
resistance) or by gene acquisition on a transmissible element; such as
plasmid or transposon (transmissible or acquired resistance). Mutational
resistance can only be transmitted to a progeny during replication hence its
ability to spread between related organisms is limited. In contrast,
transmissible resistance has the potential to spread resistance horizontally
since intra-species, inter-species and inter-genera transfer can take place

(Smith and Lewin, 1993).

Transmissible resistance in enteric bacteria, including E. coli is
mediated by a plasmid, which is a circular, extra-chromosomal double-
stranded DNA molecule that replicates autonomously in a host cell. They
contain genes that are essential for plasmid maintenance, such as initiation
and control of replication; and genes that are useful to their host such as
antibiotic resistance (Thomas and Nielsen, 2005). Plasmids mainly act as
vehicles for antibiotic resistance genes capture and dissemination between
related bacteria through bacterial conjugation (Carattoli et al., 2005b,
Carattoli, 2009). For instance, resistance to most commonly used
antibiotics such as B-lactams, aminoglycosides, macrolides, sulphonamides,
tetracyclines, chloramphenicol and trimethoprim were reported to be
plasmid mediated (Smith and Lewin, 1993). The first report of plasmid

mediated AMR transfer between E.coli was reported in 1969 (Smith, 1969).



The following year, AMR transfer from E. coli to S. Typhimurium was
demonstrated to occur in the alimentary tract of chicken and calves (Smith,
1970). Recently, transfer of MDR plasmid from Salmonella to commensal
E. coli was reported in an in vitro chicken gut model (Card et al., 2017).
Furthermore, critically important antibiotics such as colistin once thought of
as chromosomally mediated, have been identified more recently as plasmid-

encoded resistance genes (Liu et al., 2016).

A major public health concern is that AMR plasmids can be transmitted
to other opportunistic pathogens particularly important in human medicine,
such as the ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species) (Founou et al., 2016, Santajit and
Indrawattana, 2016). Consequently, the high proportions of resistance to
third generation cephalosporins reported in these opportunistic pathogens
means that treatment of severe infections caused by these bacteria must
now rely mainly on another antibiotic family that is more expensive and
may not be available in resource-constrained settings (Liu et al., 2016, Ye
et al., 2016). The increase in resistance has led to an increased pressure
to use antibiotics that are identified as critically important antimicrobials
reserved for last resort use in for human medicine. However, pan drug
resistant (PDR) bacteria including carbapenem-resistant and colistin-
resistant E. coli are now being observed in clinical cases (Peng et al., 2019).
The need for alternative approaches to treat increasing PDR bacterial
infections is becoming more acute. This thesis describes the investigation
of phage as a potential selective agent against bacteria with common AMR

plasmids.



1.3.1 Classification of plasmids

There are two ways to classify plasmids. The first scheme is based
on the plasmid’s ability to be transferred from one bacterium to another.
The second scheme is based on incompatibility grouping, which is the most
frequently used scheme for classifying plasmids.

Based on the first scheme, plasmids can be grouped as either
conjugative or non-conjugative. Plasmids that are conjugative enable
conjugation to proceed, through a sex pilus that is expressed from the
donor cell and binds to the recipient cell (Carattoli et al., 2005a). These
plasmids contain transfer genes (tra) that allow plasmids to be transferred
from one bacterium to another through conjugation. Bacteria containing
these plasmids are indicated as F positive (F*), and bacteria lacking the
plasmids are F negative (F7). When an F* bacterium conjugates with an F-
bacterium, two F* bacteria result (Ippen-Ihier and Minkley Jr, 1986). In
contrast, non-conjugative plasmids cannot start the conjugation process
solely on its own. These plasmids can only be transferred through sexual
conjugation with the help of donor conjugative plasmids utilizing its transfer
expressed conjugative plasmid components at high frequency (Kaiser and
Suchman, 2013).

Plasmids can also be classified based on incompatibility (Inc), which is
the failure of two co-resident plasmids to be stably inherited together in the
absence of external selection. Inc is a universally inherited property by
which plasmids control replication initiation and stable inheritance.
Plasmids of the same incompatibility group share these functions and
cannot be stably coinherited. Plasmids are incompatible if they have the

same reproduction strategy or replication control in the cell. Therefore, if



the introduction of a second plasmid negatively affects the inheritance of
the first, the two are considered to be incompatible (Novick et al., 1976).
This is because the number of plasmids in a cell is governed by elements
encoded within the origin of replication (ori) and it is not possible to
maintain two plasmids that use the same mechanism for replication in a

single cell.

1.3.2 Incompatibility group and AMR

Currently, there are 28 types of F conjugative Inc plasmids in
Enterobacteriaceae (Helinski, 1996, Carattoli, 2009, Shintani et al., 2015).
However, six types namely IncF, IncI, IncA/C, IncL (previously designated
IncL/M), IncN and IncH, carry the greatest variety of AMR genes
(Rozwandowicz et al., 2018). For instance, many of the genes encoding
ESBLs, quinolone and carbapenem resistance genes found in
Enterobacteriaceae are located on large plasmids that belong to the
incompatibility groups IncF, IncH, and Incl (Cantén et al., 2008, Coque et
al., 2008, Hawkey, 2008). These plasmids encode type IV secretion
systems that enable conjugative transfer to other Enterobacteriaceae
through horizontal gene transfer via bacterial conjugation (Su et al., 2008,
Llosa et al., 2009). To determine the distribution of antimicrobial resistance
genes that are carried by known Inc plasmid types in Enterobacteriaceae,
a study by Rozwandowicz et al. (2018) comprehensively analysed all
publications found in PubMed using the key words ‘resistance plasmid’ or
‘Inc plasmid’ as search criteria, One of the highlights from this study was
the finding that ESBLs are the most frequent encoded resistance genes
carried by plasmids regardless of the Inc type (Rozwandowicz et al., 2018).

It was also shown that various plasmids seem to be associated to a specific
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range of antibiotic resistance gene classes. For instance, IncF carry a wide
variety of gene classes which include the B-lactams, extended-spectrum B-
lactams and aminoglycosides, while IncI plasmids are only mainly
associated with ESBLs. The figure below shows the Inc plasmids in
Enterobacteriaceae and the resistance genes they carry (Rozwandowicz et

al., 2018) (Figure 1.2).

11



Incl

Total = 1816 Total = 792
IncA/C Lz

15

Total = 495 Total = 841

Other Genes conferring resistance to:
45

m {arbapenems

B Extended szectrum beta-lactams
B AmpC

®m Betalactam

B Ammnogycoside

m Quinoione

B Suiphonamide

Total = 1631 m Tetracyciing

m Other

Figure 1.2. Resistance genes carried by plasmid Inc plasmid types.
The distribution of antibiotic resistance genes carried by all known AMR-related
Inc plasmid types in Enterobacteriaceae (Rozwandowicz et al., 2018).
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1.3.3 Incompatibility F (IncF)

This project focuses on the IncF plasmids as they are a well
characterised group with several useful constructs and tools. The IncF
plasmids group comprises a diverse set of conjugative plasmids that
produce type F pili and were among the first plasmids known to carry
antibiotic resistance genes (Meynell et al., 1968). It is the most frequently
described plasmid type from human and animal sources. Transmissible F
plasmids contain a functional set of genes that are involved in conjugation,
DNA transfer and autonomous replication (Helinski, 1996). They range
between 45 and 200 kb in size and encode approximately 40 genes within
their transfer region. The most frequently described resistance genes in
IncF plasmids are those encoding for ESBL, carbapenemases,
aminoglycoside-modifying enzymes and plasmid-mediated quinolone
resistance (Rozwandowicz et al., 2018). The two most important of these
ESBL resistance genes include blacrx-m-15in E. coli 025:H4-ST131 clone and
blanom. The former is mostly associated with ESBL production and
fluoroquinolone resistance while the latter produces a metallo-beta-
lactamase enzyme, which makes the bacteria resistant to almost all B-
lactam antibiotics, including carbapenems (Leflon-Guibout et al., 2008,

Nicolas-Chanoine et al., 2014, Rahman et al., 2014).

1.3.4 Repression and derepression in IncF plasmids

The survival of plasmids as genetic units requires a positive balance
of factors that favour dissemination, such as the horizontal transmission via
conjugation; and factors that lead to loss of plasmids in a population such
as the fitness costs of maintaining conjugative plasmids and the attack of

sex-pilus specific (SPS) phages (Bergstrom et al., 2000). As an effective
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adaptation to the latter, many natural conjugative plasmids encode a
fertility inhibition (FinOP) system that represses transfer gene expression
in the majority of plasmid-carrying cells. The majority of native IncF and
Incl plasmids possess such a fertility inhibition system, an example is the
IncFII plasmid R1 (Koraimann et al., 1991, Koraimann et al., 1996).
However, kinetic studies of plasmid transfer in vitro revealed that even if
repressed plasmids are introduced at low frequencies in a bacterial
population, transconjugants that have acquired the plasmids rapidly
dominate the population (Lundquist and Levin, 1986). The successful
spread of these plasmids in clinically relevant bacteria has been suggested
to be supported by this transitory derepression and was suggested to last
for ca. six generations before fertility inhibition is re-established in the
transconjugant cell (Cullum et al., 1978, Lundquist and Levin, 1986,
Simonsen, 1990).

Over the years, genetic modifications which are sometimes referred
to as superspreader mutations, have dramatically enhanced the conjugation
efficiency of naturally repressed conjugative plasmids belonging to diverse
incompatibility groups (Virolle et al., 2020). This type of mutation was first
characterised in the F plasmid, which carries an IS3 insertion sequence into
the finO gene. FinO inactivation destabilizes the FinP-traJ mRNA duplex,
thus resulting in the upregulation of traJ and the constitutive expression of
tra genes resulting to derepression (Cheah and Skurray, 1986). This
naturally occurring mutation accounts for the enhanced transfer efficiency
of the F plasmid compared with the related IncF repressed plasmids in which
the FinOP regulatory system is still active (Yoshioka et al., 1987). Both the

repressed (or F-like) and derepressed IncF plasmids belong to same group
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(MOB¥12) based on comparison and phylogenetic analyses of relaxase (tral)
and coupling protein (traD) genes (Garcillan-Barcia et al., 2009).
Mutations in the FinOP regulatory system might not be the only
mutations causes of derepression. It was also shown that insertion of the
Tn1999 transposon into the tir (transfer inhibition of RP4) gene of the
IncL/M-type plasmid pOXA-48a, responsible for the dissemination of
specific ESBL genes in Enterobacteriaceae, increases the transfer efficiency
by 50-100-fold without affecting traM expression levels (Potron et al.,
2014). Finally, there are also other families of conjugative plasmids such
as IncP and IncW plasmids, which are considered to be naturally
derepressed, as they do not repress conjugative gene expression (Bradley

et al., 1980).

1.3.5 The fertility inhibition (FinOP) system

The fertility inhibition (FinOP) system consists of an antisense RNA:
FinP and a protein: FinO, which together repress Tral expression (van
Biesen and Frost, 1994) (Figure 1.3). The Tral, a 27 kDa protein acts as a
positive regulator of the tra operon, required for activation of high levels of
transcription from the pY promoter (Willetts, 1977). The FinP, which is
transcribed from the opposite strand and in a direction opposite to traJ, is
a small 79 base antisense RNA molecule which is complementary to part of
the 5’ untranslated leader of traJ mRNA (Mullineaux and Willetts, 1985).
The intracellular levels of FinP are dependent on co-expression of a 21.2
kDa protein FinO, which binds to FinP and prevents its degradation. FinO
stabilizes FinP by protecting it from endonuclease, RNase E (Lee et al.,
1992, Jerome, 1999). The untranslated leader of traJ mRNA forms a duplex

with FinP resulting to duplex formation. This prevents traJ mRNA

15



translation through occlusion of its ribosome binding site, leading to
repression of plasmid transfer (Lee et al., 1992, Jerome, 1999). Repression
by FinOP leads to a 50-100-fold decrease in levels of plasmid transfer (van

Biesen and Frost, 1994).

FinO

e +ve
traM /\ tral /\ tra operon
| Sy RBS pY

| /

oriT ﬁ ﬂ finP

FinP
Figure 1.3. Simplified diagram of the FinOP system.

Transcription of the tra operon from pY is activated positively (+ve) by the traJ
gene product, which in turn is negatively (-ve) regulated by the FinP antisense RNA
and the FinO protein. RBS: ribosome-binding site; pY: promoter for the tra
operon; oriT: origin of DNA transfer. Horizontal arrows indicate open reading
frames. Adopted from (van Biesen and Frost, 1994).

1.4 Bacteriophage
General Characteristics

Bacteriophages or phages are viruses that exclusively infect bacteria
and include viruses of eubacteria and archaea. Bacteriophages are
ubiquitous in the environment and are considered one of the most abundant
organisms on Earth (Sulakvelidze et al., 2001). Bacteriophages were first
described in 1915 as lytic agents which are capable of self-amplification on
a suitable bacterial host; and were eventually used in therapy to control
bacterial infections (Twort, 1915, D'Hérelle, 1926 ).

The core structural components of bacteriophage include a capsid,
which is a protein coat enclosing the nucleic acid (DNA or RNA) and may be
further surrounded by a lipid layer (Chanishvili, 2012a). In addition to the

capsid (head), tailed bacteriophages (order Caudovirales), possess a tail
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which may either be contractile or non-contractile.  Other structural
components include collar, basal plate, spikes and tail fibres, which are
involved in attachment and injection of the nucleic acid into the host
(Ackermann, 2007, Ackermann, 2009).

Classification

The classification of phages carried out by the Bacterial and Archaeal
Viruses Subcommittee (BAVS) of the International Committee on Taxonomy
of Viruses (ICTV) was traditionally based on their genome type, viral
morphology and host range (Ackermann, 2005, Ackermann, 2007). Since
then, these criteria have been the basis for classifying phages

(Adriaenssens and Brister, 2017)

Phage genomes are composed of either DNA or RNA, which may be
double-stranded or single-stranded. This genetic material is packaged into
a capsid that can be polyhedral (Microviridae, Corticoviridae, Tectiviridae,
Leviviridae and Cystoviridae), filamentous (Inoviridae), pleomorphic
(Plasmaviridae) or connected to a tail (Caudovirales) (Ackermann, 2007,
Ackermann, 2009) (Table 1.2 and Figure 1.4). To date, the majority of the
reported phages are tailed and have dsDNA genomes and classified under
the Order Caudovirales, with the remaining Orders containing the

polyhedral, filamentous and pleomorphic (PFP) phages (Ackermann, 2007).

The advancements in next generation sequencing methods have led
to an increase in the use of phylogenetics to classify both culturable and
uncultured phages rapidly broadening our understanding of phage in the
environment (Cook et al., 2021). As more phages are being sequenced,

the number of phage family and genus has dramatically increased in the
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last 15 years. For instance, in the 8™ ICTV Report, phages were classified
into only one Order belonging to 13 Families but this has since increased
into 14 Orders belonging to 145 Families (Fauquet et al., 2005, Walker and
Siddell, 2020). In the ICTV’s Bacterial and Archaeal Viruses Subcommittee
latest update a further new order, 10 families, 22 subfamilies, 424 genera
and 964 species were added (Adriaenssens et al., 2020).

Due to the advancement in metagenomics, there have been changes
in the taxonomy of the ssDNA filamentous and ssRNA phages. A new Order
Tubulavirales, was added in the group Family Inoviridae, together with
Family Plectroviridae and a new Family Paulinoviridae (Knezevic et al.,
2021). The Family Leviviridae has been reclassified into a Class
Leviviricetes. As part of the reclassification, the genera Levivirus and
Allolevivirus were renamed as Emesvirus and Qubevirus, respectively
(Callanan et al., 2021). As these changes are very recent and are still not
widely implemented in the phage scientific community, the current research

will still refer to the previous and still more widely used phage taxonomy.
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Table 1.2. Phage classification based on morphology & nucleic acid.

Adopted from (Ackermann, 2007).

Shape

Nucleic acid

Family .

Ry

Characteristics

Tailed

Polyhedral/

Spherical

Filamentous

Pleomorphic

dsDNA, linear
dsDNA, linear

dsDNA, linear

ssDNA, circular
dsDNA, circular
dsDNA, linear
ssRNA, linear

dsRNA, linear

ssDNA, circular

dsDNA, linear

dsDNA, circular
dsDNA, circular
dsDNA, linear

dsDNA, linear

Myoviridae
Siphoviridae

Podoviridae

Microviridae
Corticoviridae
Tectiviridae
Leviviridae

Cystovridae

Inoviridae

Lipothrixviridae

Plasmaviridae
Fuselloviridae
Ampullaviridae

Globuloviridae

tail contractile
tail long, noncontractile

tail short

conspicuous capsomers
complex capsid, lipids
inner lipid vesicle
poliovirus-like

enveloped, lipids

a. long filaments
b. short rods

enveloped, lipids

enveloped, no capsid
lemon-shaped
bottle-shaped

paramyxovirus-like
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DNA Phages

Tailed Polyhedral/Spherical
Q Q @ Filamentous
Podoviridae
Microviridae Corticoviridao Teotviidee = =
Myoviridao SSDNA, circular  dsDNA, circular  ggpna, linear Upothrixviridae
Siphoviridae dsDNA, linear

dsDNA, linear
Pleomorphic f z

dsDNA, circular dsDNA, circular  dsDNA, linear dsDNA, linear

RNA Phages
Polyhedral/Spherical
Inoviridae
O @ sSDNA, circular
Leviviridae Cystoviridae

ssRNA, linear  dsRNA, linear

Figure 1.4 Classification of bacteriophages.

Bacteriophage family classified based on morphology and nucleic acid
characteristics. Figure adopted from Ackermann (2007) with modifications.
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Bacteriophage life cycle

Bacteriophages show several life cycles: lytic, lysogenic, chronic and
pseudolysogenic infections (Ackermann, 1987, Miller and Day, 2008,
Wernicki et al., 2017) (Figure 1.5). In a lytic cycle, a phage redirects the
host’s metabolism towards the production of new phages, resulting in lysis
of the host cell and release of progeny virions (Ceyssens and Lavigne,
2010). Phages that replicate only via the lytic cycle are also known as
virulent phages. In the lysogenic cycle, the phage genome assumes a
quiescent state called prophage. This prophage is often integrated into the
host genome and replicates along with the host, until the lytic cycle is
induced. A ‘lysogenic decision’, whether or not to establish a prophage
state is made by the phage after infection (Ackermann, 1987). Phages
using both lysogenic and lytic cycles are also known as temperate phages
(Ripp and Miller, 1997).

There are also phages such as the filamentous ssDNA phages that are
neither lytic nor lysogenic but follow a chronic life cycle. In the chronic life
cycle, the host cell is infected, but unlike in the lysogenic cycle, the phage
DNA does not form a stable relationship with host cell. However, the normal
host cell processes still function alongside phage production. During chronic
infection, phage progenies are constantly released from the host cell by
budding or extrusion without lysing it (Ackermann, 1987, Russel et al.,
2004). Lastly, in a pseudolysogenic infection (phage carrier state), phages
multiply in a fraction of the population as phage nucleic acid simply resides
within the host cell in a non-active state and may result in persistent

infections (Ripp and Miller, 1997).
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Figure 1.5. Types of bacteriophage life cycle.
The figure is adopted from Wernicki et al. (2017) with some modifications.

1.5 AMR, plasmid and the F pilus specific phage

The relationship between bacteria containing plasmids and
bacteriophages is complex. Both plasmids and phages can confer
phenotypic traits on recipient bacteria, including AMR; and both are
involved in transmissibility (Rodrigue et al., 1992). Most of the more recent
interest in phage has centred on their use to reduce levels of bacterial
infection using phage which target surface structures, usually LPS or
capsules (Sulakvelidze et al., 2001). Only few studies have investigated
the use of phages, which specifically target the AMR plasmid-mediated sex
pilus (Ojala et al., 2013, Ojala et al., 2016, Colom et al., 2019). One of the
advantages of targeting the AMR plasmid mediated sex pilus is that the

phage will only kill bacteria containing the AMR plasmid. Furthermore, the
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development of phage resistant bacteria is desirable; since these resistant
bacteria do not have the plasmids (antibiotic sensitive); or the plasmids are
no longer self-transmissible.

Conjugative F plasmid mediated pili in Gram negative bacteria can be
both thick and flexible that are attached to most donor cells (e.g. IncF,
IncH); or rigid that are usually found free in the medium and rarely
visualised attached to a donor cell (e.g. Incl, IncP). (Bradley et al., 1980).
In the present study, we are focusing on the F plasmid-mediated sex pilus
specific (SPS) phages. Previous studies revealed that these SPS phages
are either spherical/icosahedral - single stranded RNA (ssRNA) or
filamentous - ssDNA phages (Marvin and Hoffmann-Berling, 1963,

Ackermann, 2005).

1.5.1 Single-stranded DNA (ssDNA) bacteriophages

The Family Inoviridae contains F pili specific sSDNA bacteriophages
that are filamentous measuring >500 nm x 6-7 nm. The virion is composed
of circular ssDNA packed in a two-stranded helix, surrounded by a tube
made of thousands of helically arrayed major coat protein (pVIII) subunits.
The tube is closed by two different proteins at each end (pVII/pIX and
plIl/pVI) (Day, 2011) (Figure 1.7). The most known phages under this
family are f1, M13 and fd; collectively known as filamentous phages, Ff.
They are 98% identical to each other at the DNA sequence level and have
been studied interchangeably (Russel et al., 2004, Rakonjac et al., 2017).
The nine genes of Ff phage encode for 11 proteins in which five proteins
form the phage coat whilst six are required for DNA replication and phage

assembly (Russel et al., 2004, Mai-Prochnow et al., 2015) (Table 1.3).
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Figure 1.6. Electron micrograph & diagram of an ssDNA phage.

A: An electron micrograph of an ssDNA phage at 100,000 x magnification (image
by this author). B: A schematic diagram of an M13 phage showing the location of
each of the five proteins that constitute the phage coat containing the circular
ssDNA genome. Adopted from (Russel et al., 2004).
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Table 1.3. The genes and proteins of filamentous (Ff) phage.
Adopted from Russel et al. (2004) and Mai-Prochnow et al. (2015) with some
modifications.

Gene Protein Amino Mol. Wt. Function
name Acids (kDa)
Replication (R)

gll pII (G2P) 410 46.12 Replication - Endonuclease
Replication e Plays an essential role in viral
protein DNA replication (the positive

strand synthesis).

e Cleaves the dsDNA replicative
form I (RFI) and after binding,
generates the dsDNA
replicative form II (RFII).

e Joins the ends of the displaced
strand to generate a circular
single-stranded molecule ready
to be packed into a virion.

gv pV (G5P) 87 9.67 Replication - ssDNA binding
DNA binding e Binds to ssDNA in a highly
protein cooperative manner without
pronounced sequence
specificity.

e  Prevents the conversion into
the double-stranded replication
form during synthesis of the ss
(progeny) viral DNA.

o Displaced by the capsid protein
pVIII (G8P) during phage
assembly at the inner bacterial

membrane.
gX pX (G10P) 111 12.67 Replication
Replication e Translational product from an
associated protein internal start codon within gene

II; identical to the C-terminal
domain of PII (G2P)

e Binds to double-stranded DNA
and prevents hydrolysis by
nucleases.

e Inhibitor of DNA replication

Structural (S)

glll pIII (G3P) 424 42.68 Structural - Minor Virion Protein,
Coat protein A — Adsorption
Attachment
protein e  Plays essential roles both in the

entry of the viral genome into
the bacterial host and in the
release from the host
membrane, as well as forming
the pIII-pVI virion cap.

e Mediates adsorption of the
phage to its primary receptor
(F-pilus) during initiation and
secondary receptor (domain III
of TolA protein).

e Mediates the release of the
membrane-anchored virion
from the cell via its C-terminal
domain.

e Interacts with pVI (G6P), pVIII
(G8P) and host TolA.
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Gene Protein ' Arhino Mol. Wt. Furictiori
S R, R 5 H
narhe l&ﬁgé (kDa)
gVl  pVI (G6P) 112 12.26 __ Structural - Minor Virion Protein,
Coat Protein D
Minor virion
protein e Plays essential roles in the
release of virions from the host
membrane.

e  Formation of the G3P-G6P
complex is essential for correct
termination of filamentous
phage assembly and formation
(structure) of the pIII-pVI
virion cap.

gVvIl pVII (G7P) 33 3.59 Structural - Minor Virion Protein,
Coat protein C
Minor virion
protein e Initiates with pIX (G9P) the
virion concomitant assembly-
export process by interacting
with the packaging signal of the
viral genome.
gVIII  pVIII (G8P) 73 5.23 Structural Major Virion Protein -
Coat protein B
Major capsid
protein e Assembles to form a helical
filament-like capsid, wrapping
up the viral genomic DNA.
gIX pIX (G9P) 32 3.65 Structural - Minor Virion Protein -
Coat protein C
Minor virion
protein e Initiates with pVII (G7P) the
virion assembly-export process,
by interacting with the
packaging signal of the viral
genome.
Assembly &
Secretion (A-S)
gl pI (G1P) 348 39.50 Morphogenesis - Phage Assembly
Virion assembly- e Inner membrane component of
export protein the trans-envelope
assembly/secretion system.
e Interacts with pIV (G4P)
glv pIV (G4P) 426 45.79 Morphogenesis - Phage Assembly
and Virion Export
Virion assembly-
export protein e Acts in the assembly and
export of the bacteriophage by
forming a gated channel across
the host outer membrane.
e Interacts with pI (G1P).
gl pXI (G1P) N/A N/A ¢ Translational product from an

Virion assembly
export protein

internal start codon within gene
I

e Required for phage assembly.

e Part of a trans-membrane
complex with pI and plV to
protect pI from cleavage by
endogenous proteases.
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The filamentous ssDNA phages attach either to the tip (e.g. M13), or
to the side (e.g. Pf3) of the pilus. The typical life cycle of a filamentous
ssDNA (e.g., M13) is summarised in Figure 1.5. The absorption phase of
replication begins upon the diffusion of an infective particle to the tip of the
host’s sex pilus. When viral DNA arrives in the cytoplasm, it synthesizes a
complementary strand, creating a double-strand replicative form (RF). The
resulting circular DNA molecule then replicates by a rolling circle replication,
where a newly-synthesized DNA strand is used to displace an old strand.
The old strand then serves as a template for the synthesis of a
complementary strand or is packaged into a virion (Russel et al., 2004,
Rakonjac, 2012, Rakonjac et al., 2017).

One unique characteristic of filamentous (Ff) phages is their ability
not to lyse the host cells resulting in a chronic infection cycle. Instead,
progeny virions are released by secretion, using a dedicated filamentous
phage assembly secretion system (Rakonjac, 2012). Unlike most lytic
phages, ssDNA filamentous phages require a live and healthy host for its
assembly. Phage assembly requires a membrane-embedded assembly
machinery, an inner- membrane-embedded, phage-encoded ATPase, and

proton-motive force while inside the host (Feng et al., 1997).

1.5.2 Single-stranded RNA (ssRNA) bacteriophages

The Family Leviviridae contains the non-enveloped, small (about 26
nm in diameter), ssRNA phages that are spherical and exhibit icosahedral
symmetry. Members are considered as the simplest and smallest phage
(Olsthoorn and van Duin, 2001, Van Duin and Tsareva, 2006). The genome
only contains three or four genes which encode four types of proteins

namely maturation, coat, lysis and replicase (Olsthoorn and van Duin,
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2001). The capsid contains 180 copies of 14 kDa coat protein (CP); the
virions contain one molecule of positive (+) sense ssRNA of 3466-4276 nt
in size and one copy of a 35-61 kDa A protein, which is required for virion
maturation and pilus attachment (Figure 1.7). The ssRNA phages infect
their host by attaching to the side of the F pili (Olsthoorn and van Duin,
2001, King, 2012). Aside from Enterobacteriaceae, they can also infect
other species of the genera Caulobacter, Pseudomonas and Acinetobacter
and other Gram negative bacteria, provided they express the appropriate
sex pili on their surface (King, 2012).

Phages under the Family Leviviridae were originally classified into
four subgroups. However, based on recent genomic and phylogenetic
studies they are now been grouped into two genera: Levivirus, which
include subgroups I and II; and Allolevivirus, which includes subgroups III
and IV (Watanabe et al., 1967, Friedman et al., 2009, Murphy et al., 2012).
Phage MS2 is the type species of the genus Levivirus and has a shorter
genome of 3577 nt (3466-3577 nt). Phage QBeta (QB) is the type species
for the genus Allolevivirus and has longer genome of 4217 nt (4217-42716
nt), with its extra RNA encoding a C-terminal extension of CP (King, 2012).
Figure 1.8 shows a comparative general genetic map of a representative

Levivirus (MS2) and an Allolevivirus (QB) phage.
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1 copy of maturation protein
180 copies of coat protein
1 single stranded RNA

26 nm

Figure 1.7. Schematic representation of Leviviridae virion.
Adopted from (King, 2012).
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Figure 1.8. Genetic map of a (A) Levivirus and (B) Allolevivirus.
Enterobacteria phage (A) MS2 and (B) QB (QB). The maturation protein is
also called A-protein. The lysis gene overlaps the replicase gene in a +1
frameshift. Arrows indicate repression of replicase translation by capsid
protein binding to an RNA hairpin structure (the operator) present at the
start of the gene. The UGA nonsense codon (nt 1743) is occasionally (ca.
6%) misread as tryptophan to produce the read-through protein (A2).
Adopted from (King, 2012).
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Bacteriophages of the family Leviviridae infection proceeds via
adsorption, penetration, replication, assembly, and release. The infection
cycle of MS2, a type species for this family is presented in Figure 1.5. The
infection cycle starts when MS2 attaches to the side of the pilus via its single
maturation protein (Tars, 2020). The precise mechanism by which phage
RNA enters the bacterium is still not completely understood. However, it is
believed that phages use various mechanisms to breach the cell wall of
bacteria and inject their genomes into the cytoplasm of the host. Once the
viral RNA has entered the cell, it begins to function as a messenger RNA for
the production of phage proteins. The relative synthesis of the four phage
proteins is altered by elaborate translational control, via differential access
of ribosome binding sites (RBS). For instance, the coat protein (most
abundant protein) is immediately translated as it has the most readily
accessible RBS on the phage RNA molecule, while the A (maturation) gene
can only be translated during the replication of viral positive (+) strands.
The MS2 replicase protein associates/assembles with three host proteins
(ribosomal protein S1 and translation elongation factors EF-Tu and EF-Ts)
to form a viral RNA-specific RNA polymerase. A fourth protein, called host
factor is needed for synthesis of the minus (-) strand. This protein is not
associated with the polymerase complex but acts directly on the RNA. The
MS2 replicase is an RNA-templated RNA polymerase and makes both
positive and negative strands of viral RNA. There is no DNA intermediate
during MS2 replication. Late in infection, coat-protein dimers act as
translational repressors of the replicase gene by binding to a RNA hairpin,
the operator that contains the start site of this gene. This protein—-RNA

complex is considered to be the nucleation site for encapsidation (the
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enclosure of viral nucleic acid within a capsid). Virions assemble in the
cytoplasm around phage RNA and results in cell lysis releasing phage

progenies per cell (King, 2012, Tars, 2020).

1.6 Bacteriophage (phage) therapy

The idea of Felix d'Hérelle that phages can be used to treat bacterial
diseases was explored as early as 1917 (D'Herelle, 2007). The first human
phage therapy was recorded in France in 1919, when d’'Hérelle successfully
treated several children suffering from severe dysentery (Sulakvelidze et
al., 2001). The first use of phage therapy in veterinary medicine is believed
to be carried out by Felix d’Hérelle (date unknown) against chicken typhus
and bull haemorrhagic septicaemia (Kvesitadze, 1957). A declining interest
was observed after World War II (especially in the West), due to excessive
and often unrealistic claims, but with little understanding of the nature of
bacteriophages and their strengths and limitations (early 1920s into the
1930s). The idea was eventually side lined in the West with the advent of

antibiotic therapy.

The increasing incidence of antibiotic resistant bacterial infections
coupled with a very slow antibiotic development has led to the revival of
interest in bacteriophage therapy. Phage therapy was “rediscovered” in the
English-language literature, starting with the work of Smith and Huggins in
the 1980s (Smith and Huggins, 1982, Smith and Huggins, 1983, Smith et

al., 1987a, Smith et al., 1987b).
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1.7 Inhibition of conjugation and plasmid DNA
transfer

Bacterial conjugation is the main mode of horizontal gene transfer
whereby bacteria become resistant to antibiotics due transfer of resistant
plasmids from F* cells to F- cells, as previously described (Ippen-Ihler and
Minkley Jr, 1986, Waters, 1999). The worldwide spread of ESBLs,
particularly the widely distributed CTX-M-15 enzyme, is due to mobile
genetic elements including conjugative plasmids from the IncF families
(that encode F-like plasmids) (Pitout, 2010). Strategies for inhibiting
conjugation and plasmid DNA transfer may be useful for preserving the
effectiveness of antibiotics and preventing the emergence of multi drug
resistant bacterial strains. Therefore, the search for conjugation inhibitors
has become a priority in the fight against the spread of antibiotic resistance

genes (Baquero et al., 2011, Baym et al., 2016).

1.7.1  Pilus specific phage as inhibitor of conjugation

The F - conjugative sex pili are targeted by a variety of phages such
as the filamentous ssDNA and ssRNA phages. Several decades ago, ssDNA
and ssRNA phages were observed to inhibit bacterial conjugation, however
its mechanism was not fully understood (Novotny et al., 1968, Ou, 1973).
It is now known that lytic phages such as ssRNA actively destroy the
bacterial cell wall and cell membrane; and kill bacteria by making many
holes from the inside out. This mechanism is different to antibiotics’ mode
of action of inhibiting bacteria from doing a specific cellular process, such
as cell wall synthesis. Since the above two studies, no research has been
published yet investigating the use of lytic ssSRNA phage to target actively

conjugating bacteria.
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Treatment with lytic pilus specific bacteriophage may select for phage
resistant bacteria. However, this event is desirable since phage resistant
bacteria are antibiotic sensitive and the plasmids are no longer self-
transmissible (Leon and Bastias, 2015). This is because phage use
structures present on the bacterial surface, such as lipopolysaccharide and
outer membrane proteins, which can be virulence factors in different Gram-
negative bacterial species (Koebnik et al., 2000, Raetz and Whitfield, 2002).

The chronic infection cycle by the filamentous ssDNA phages (M13,
fd, and f1) can have a range of effects. These include reduction of the
fitness of host cells resulting in decrease of F* cells in the population over
time. It was also observed that infection appears to cause pilus retraction,
so the F* cells might not be competent as donors. Furthermore, infection
reduced the average number of pili per cell, but infected cells still possess
pili from an average of 3.4 to 0.73 pili per cell (Jacobson, 1972).

A recent study on the inhibition of bacterial conjugation by phage
M13 has revealed that the N-terminal domains of g3p (or pIII) may block
contact with a recipient cell through physical occlusion of the F pilus or TolA
(Lin et al., 2011). The occlusion of the conjugative pilus is mediated
primarily by phage coat protein, g3p. The study revealed that
overexpression of the N-terminal domains of g3p has led to the periplasmic
localization of this protein, consequently inhibiting conjugation (Lin et al.,
2011). It was also shown that exogenous addition of the soluble fragment
of g3p inhibited conjugation at low nano molar concentrations.
Furthermore, association between the pili and g3p has prevented
transmission of an F plasmid encoding tetracycline resistance (Lin et al.,

2011).
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1.7.2 Other strategies to inhibit conjugation and plasmid
DNA transfer

The use of heterocyclic compounds, intercalators, and acridine dyes
to inhibit conjugation was investigated (Hahn and Ciak, 1976, Molnar et al.,
1992, Nash et al., 2012). However, it was shown that these molecules were
unspecific, mainly affecting bacterial growth and DNA synthesis rather than
conjugation itself. Recently, two new drugs: rottlerin and the red compound
were shown to inhibit conjugal transfer of plasmids pKM101, TP114,
pUB307, and R6K (Oyedemi et al., 2016). Another strategy has looked at
compounds that target proteins, such as relaxase, which initiates
conjugation upon nicking plasmid DNA at the origin of transfer. One study
has investigated the potential of relaxase-specific inhibitors etidronate
(Didronel) and clodronate (Bonefos) (Lujan et al., 2007). Another study
has investigated a specific single chain Fv antibodies (intrabodies) against
the conjugative plasmid R388 relaxase’s - TrwC (Garcillan-Barcia et al.,
2007).

Other research has investigated a genetically modified M13 phage
encoding a restriction endonuclease BglIl gene and a modified phage
lambda S holin genes as bactericidal agents against E. coli (Hagens and
Blasi, 2003). Results showed that genetically engineered phage exerted a
high killing efficiency while leaving the cells structurally intact; and release

of endotoxin was minimized after infection.

1.8 Other published reports on phage therapy
Most phage therapy utilizes lytic phages to kill their respective
bacterial hosts, while leaving the human/animal cells intact and reducing

the broader impact on commensal bacteria that often results from antibiotic
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use (Furfaro et al., 2018). Aside from the pili, the location and nature of
the host cell receptors recognised by phages varies greatly. Examples
include peptide sequences and polysaccharide moieties in the cell wall of
both Gram-positive and negative bacteria; capsules; and flagella (Fehmel
et al., 1975, Xia et al., 2011, Shin et al., 2012, Marti et al., 2013). The list
below summarises several phage therapy investigations done in humans
and animals models targeting the different surface receptors enumerated
above. The different routes for phage therapy are also listed with

corresponding key results (Lin et al., 2017) (Table 1.4).
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Table 1.4. Phage therapy reports in humans and animal models.
Table adopted from Lin et al. (2017) with some modifications.

Causative Agent Mgde; /. Route! Condition Result summary? Reéfererice
! W . % Lo b AR R AN

Shigella dysenteriae Human Oral Dysentery All four treated individuals (Chanishvili,
recovered after 24 h 2012b)

Vibrio cholerae Human Oral Cholera 68 of 73 survived in treatment  (Chanishvili,
group and only 44 of 118 in 2012b)
control group

Pseudomonas Murine Oral Sepsis 66.7% reduced mortality (Watanabe et

aeruginosa al., 2007)

Clostridium difficile Hamster Oral lleocecitis Co-administration with C. (Ramesh et al.,
difficile prevented infection 1999)

C. difficile Hamster Oral lleocecitis 92% reduced mortality (Ramesh et al.,

1999)

Vancomycin-resistant  Murine i.p. Bacteraemia 100% reduced mortality (Biswas et al.,

E. faecium 2002)

B-lactamase Murine i.p. Bacteraemia 100% reduced mortality (Wangetal.,

producing E. coli 2006b)

Imipenem-resistant Murine i.p. Bacteraemia 100% reduced mortality (Wang et al.,

P. aeruginosa 2006a)

E. coli Murine i.p.or Meningitis & 100% and 50% reduced (Pouillot et al.,

s.C. sepsis mortality for meningitis and 2012)
sepsis, respectively

MDR Vibrio Murine i.p. & Sepsis 92% and 84% reduced (Junetal.,

parahaemolyticus oral mortality for i.p. and oral 2014)
routes, respectively

S. aureus Rabbit s.C. Wound Co-administration with S. (Wills et al.,
aureus prevented infection 2005)

MDRS. aureus Human Topical Foot ulcer All 6 treated patients (Fish et al.,
recovered 2016)

Unclassified bacterial  Human Oral Dysentery Phage cocktail improved (Chanishvili

dysentery symptoms of 74% of 219 and Sharp,
patients 2008)

Salmonella typhi Human Oral Typhoid In cohort of 18577 children, (Kutateladze
phage treatment associated and Adamia,
with 5-fold decrease in 2008)
typhoid incidence compared
to placebo

Antibiotic resistant . Human Oral Otitis Phage treatment safe and (Wright et al.,

aeruginosa symptoms improved in 2009)

double-blind, placebo-
controlled Phase I/1l trial

1i.p.: intraperitoneal injection; s.c.: subcutaneous injection. 2Reduced mortality is for phage-
treated groups and are relative to 100% mortality in control animals, unless otherwise

specified.
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In vivo studies have demonstrated that phage can be effective in
treating bacterial infections in chickens, mice, calves, pigs, lambs and fish
(Smith and Huggins, 1982, Smith and Huggins, 1983, Berchieri et al., 1991,
Barrow et al., 1998, Park et al., 2000, Sklar and Joerger, 2001, Huff et al.,
2002, Huff et al., 2003). The efficacy of a phage (HP3), against E. coli
ST131 strains in reducing bacteraemia in an immunocompromised mouse
was also demonstrated (Green et al., 2017). While the use of phage
therapy is not still being used in in human clinical practice in the European
Union (EV), an EU project called PHAGOBURN

(https://cordis.europa.eu/project/id/601857/reporting) were completed

evaluating phage therapy for the treatment of E. coli and P. aeruginosa burn
wound infections (Jault et al., 2018). Finally, phages are increasingly being
recognized as a potential solution to the detection and biocontrol of
bacteria, which cause food spoilage and decreased microbiological safety of

foods (O'Sullivan et al., 2019).

1.9 Advantages and disadvantages of phage
therapy

Phage therapy is rapidly evolving and has resulted in cases of life-
saving therapeutic use and multiple clinical trials. Despite its many
advantages there are several disadvantages that need to be addressed
(Loc-Carrillo and Abedon, 2011) (Table 1.5). One of the biggest challenges
phage therapy has to hurdle relates to regulations and policy surrounding
clinical use and implementation beyond compassionate cases (Furfaro et

al., 2018).
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Table 1.5. The advantages and disadvantages of phage therapy.

Advantages Reference Disadvanitages Refefence

Bactericidal (Carlton, 1999) Not all phages make for (Hyman and Abedon,
good therapeutics 2010)

Can increase in number (Abedon and Thomas- Narrow host range (Hyman and Abedon,

over the course of Abedon, 2010) 2010)

treatment where hosts
are located (auto dosing)

Non-toxic

Tend to only minimally
disrupt normal flora

Narrower potential for
inducing resistance

Lack of cross-resistance
with antibiotics

Easily discovered

Formulation and
application versatility

Disrupting bacterial
biofilms

(Kutter et al., 2010)
(Gupta and Prasad, 2011)
(Hyman and Abedon,
2010)

(Gupta and Prasad, 2011)
(Hyman and Abedon,
2010)

(Kutter et al., 2010)

(May et al., 2011)

Phages are not unique
pharmaceuticals

Unfamiliarity with phages

(Loc-Carrillo and Abedon,
2011)

(Kutter et al., 2010)
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1.10 Objectives of the study

The main objective of this research is to isolate and characterise sex
pilus specific (SPS) bacteriophages, associated with
transmissible/conjugative Incompatibility group F plasmids. The aim is to
investigate the potential of these phages to interfere with AMR transfer and

maintenance.
Specific objectives of this project were:

1. To isolate SPS bacteriophages and test them against selected field
strains of E. coli isolated from chickens;

2. To analyse the morphological, genomic, and growth features of the SPS
bacteriophages;

3. To describe the kinetics of AMR plasmid loss in bacterial strains
harbouring derepressed and repressed F plasmids after interaction with

SPS phages in vitro.
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Chapter 2. Materials and Methods

2.1 Bacterial strains and culture condition
The bacteria used for isolation and characterisation of sex pilus

specific (SPS) bacteriophage are listed in Table 2.1. This included the F
plasmid negative strain (F7) E. coli 162 (711), which is a non-lactose

fermenting E. coli mutant (Clowes and Rowley, 1954, Barrow and Hill,
1989). Two strains of Salmonella from which the large 54 kb virulence

plasmid (pVP) had been previously eliminated, namely S. Enteritidis 125109
ApVP and S. Typhimurium F98 ApVP were also included as F~ strains (Smith
and Tucker, 1975, Barrow, 1991, Halavatkar and Barrow, 1993). A

derepressed F plasmid, pFlac::Tn3 (AmpR) was introduced to these F~

strains generating the corresponding F plasmid positive strains (F*): E. coli

J62 pFlac::Tn3, S. Enteritidis 125109 ApVP pFlac::Tn3 and S. Typhimurium
F98 ApVP pFlac::Tn3 (Smith and Tucker, 1975, Barrow, 1991, Halavatkar

and Barrow, 1993).

Several E. coli field strains containing repressed AMR F plasmid (from
Prof. Paul Barrow’s bacterial collection). isolated from poultry in the U.K.
were selected for determining the host range, phage sensitivity and plasmid
loss experiments (Smith, 1969). These repressed F-like plasmid were
designated as pF16, pF18, pF21, pF23, pF26 and pF27. An F-like plasmid
from P. aeruginosa was also included and was designated as p80610. The
presence of the repressor gene finO of the correct size was previously
detected by PCR for all these strains (Colom et al., 2019). E. coli J62 RifR

was used as recipient strain for the effect of ssDNA phage R4 on plasmid
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transfer rate during conjugation. Other wild-type F-like AMR plasmid from
E. coli: pP13 and pP31; and Pseudomonas aeruginosa: p80610 were
included for determining the host range of phage R4. The presence of traA
gene in the F plasmid was also determined by PCR using the following
primers: traA FW: AGTGTTCAGGGTGCTTCTGC and traA RV:
CCCGACATCGTTTTATTTCC giving an amplicon size of 373 bp.

Bacteria were revived and purified by routine inoculation in Luria-
Bertani (LB), Miller broth (L3152, Sigma-Aldrich, St. Louis, Missouri, us)
and LB agar (L2897, Sigma-Aldrich, St. Louis, Missouri, US), and incubated
at 37°C for 18 hours. All isolates were confirmed as E. coli by test oxidase
(PL.390, Pro-Lab, Merseyside, UK) and spot indole (PL.391, Pro-Lab,
Merseyside, UK) tests; API® 20E (20100, BioMerieux, Marcy |'Etoile,
France); and by 16S rRNA PCR using published primers ECO-
1:GACCTCGGTTTAGTTCACAGA & ECO-2:CACACGCTGACGCTGACCA
(Mamun et al., 2016). The plasmid Incompatibility group of the wild-type
E. coli strains was previously determined as belonging to Incompatibilty
group F by PCR-based replicon typing using primers FIA, FIB, FIC and Freps
(Carattoli et al., 2005a, Colom et al., 2019).

The ssRNA phage MS2 (Overby et al., 1966); ssDNA phage M13 MP7
(Dr. Janis Rumnieks Collection, BMC, Riga, Latvia) and tailed dsDNA phage

vB_EcoP_R (Smith and Huggins, 1980, 1982) served as control phages.
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Table 2.1. Bacterial strains used for SPS phage isolation.

; g ! Ay : 5 33
... e
£ coli }e2/711 Frnon-lactose fermenter
E. coli 162 pFlac::Tn3 F*, lactose fermenter, Amp®
Salmonella Enteritidis 125109 F, non-lactose fermenter
5. Enteritidis 125109 pFlac:-Tn3 F*, lactose fermenter, Amp®
3. Typhimurium FO8 F’, non-lactose fermenter
5. Typhimurium F98 pFlac::Tn3 F*, lactose fermenter, Amp®

2.2 Source and samples for phage isolation

Crude and mixed human sewage effluent were collected mainly from Severn
Trent Water (STW) and other sewage treatment plants around England;
and water river samples' from around Wales. The table and figure below
summarise the site and sample type used for phage isolation (Table 2.2 and

Figure 2.1).
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Table 2.2. Source and sample type for phage isolation.

Code Sample Type Site/Source Date of Collection
CcsD Crude Sewage Derby STW 24/04/2017
MSD Mixed Fluid Sewage Derby STW 24/04/2017
csL Crude Sewage Leicester STW 04/05/2017
MSL Mixed Fluid Sewage Leicester STW 04/05/2017
CSLo Crude Sewage Loughborough STW 18/05/2017
MSLo Mixed Fluid Sewage Loughborough STW 18/05/2017
CSEL Crude Sewage East Leake 17/05/2017
CSSB Crude Sewage Sutton Bonnington 16/05/2017
CSR Crude Sewage Reading STW 23/05/2017
CSS Crude Sewage Slough STW 23/05/2017
CSSw Crude Sewage Swindon STW 22/05/2017
CSiLo Crude Sewage Loughborough STW 12/12/2016
Taff River Wales 01/04/2017
USK River Wales 01/04/2017
WYE River Wales 01/04/2017
Priv River Wales 01/04/2017
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Figure 2.1. Site for phage isolation

44



2.3 Phage Isolation

The isolation of sex (F) pilus specific bacteriophage was carried out
according to previously described methods (Bradley and Pitt, 1974, Carey-
Smith et al., 2006), with several modifications. Ten mL of samples were
collected from different sources (Table 2.2), centrifuged at 6,100 x g for
10 minutes and the supernatant filtered through a 0.45 uym pore size
syringe filter (FIL6588, Minisarts Syringe Filters, Sartorius, Gottingen,
Germany). A total of 0.2 g of LB broth powder and 100 pL of an overnight
culture of E. coli 162 pFlac::Tn3 were added to ca. 10 mL filtered samples
and were incubated overnight without shaking at 37°C. After incubation
the samples were centrifuged for 10 min at 6,100 x g. To prepare a phage
lysate, the supernatant was filtered through a 0.45 pm syringe filter
(FIL6588, Minisarts Syringe Filters, Sartorius, Géttingen, Germany) and

kept at 4°C until further use.

2.4 Confirmation of sex (F) pilus specificity

A phage lysate spot test was performed to determine the F pilus
specificity of the phage isolates. If the lysate is pilus specific, the lysates
should form plaques on plates seeded with F* strains but not on the F
strains. Serial 10-fold dilutions of the phage lysates in SM buffer were
prepared in 96-well plates (from 10! to 108 dilutions). Volumes (10 pL) of
each of the phage lysate dilutions were spotted onto LB agar plate overlaid
with 3 mL of molten top agar seeded with 100 pL of the bacterial strains
with (F*) and without (F°) F plasmid. The F strains include E. coli 162, S.
enteritidis 125109 and S. typhimurium F98. The F* strains include E. coli

J62 pFlac::Tn3, S. enteritidis 125109 pFlac::Tn3, and S. typhimurium F98
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pFlac::Tn3. After spotting, the plates were allowed to dry and incubated at
37°C for 18-24 hours. The phages that demonstrated plaques on plates
seeded with F* strains but not on the F- strains were identified to be F pilus

specific and were further propagated and purified.

2.5 Production of phage lysate

Individual plaques showing distinctive morphology were picked and
suspended onto 100 pL of SM buffer. SM buffer was prepared by adding 6
g of 1M of Tris base (Thermo Fisher Scientific), 5.8 g of NaCl, 2 g of
MgS04.7H20 and 5mL of 2% w/v gelatin to 1 L (final volume) of RO water.
The pH of the solution was adjusted to 7.5 with concentrated HCl and
sterilised by autoclaving. Twenty (20) uL of this preparation was again
spotted onto lawns of F* and F- bacterial strains to further verify its pilus
specificity. Individual plaques from phage that only demonstrated plaques
on F* strains were picked and further purified by streaking isolated plaques
on LB agar and left to dry. The plates were then overlaid with 3 mL of soft
top agar seeded with 100 pL of an F* strain (E. coli 162 pFlac::Tn3).
Individual plaques were picked and suspended in 100 pL of SM buffer and

re plaque purified for three times.

To produce phage lysate, this purified phage suspension was
propagated in E. coli 162 pFlac::Tn3 as the host strain. Briefly, 10 mL of
pre warmed LB broth was inoculated with an overnight culture of the host
strain to achieve an optical density (OD) of 0.01 (ODsoo nm). The culture
was incubated at 37°C, shaking (150 rpm) for 2 h or until the cells reached
mid-exponential growth phase at ODeoo nm = 0.5 (ca 10® CFU/mL). The

culture was then infected with the purified phage suspension at a
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multiplicity of infection (MOI) of 0.1. The culture was further incubated with
gentle agitation (150 rpm) overnight at 37°C and then centrifuged at 6,100
x g for 10 min. The supernatant containing the phage was filtered using a
0.45 um pore size syringe filter (FIL6588, Minisarts Syringe Filters,
Sartorius, Gottingen, Germany). The phage titre was determined by
performing a plaque assay, described below. Briefly, the purified phage
lysate was serially diluted in SM buffer and selected dilutions were plated
out on LB agar plates using the double agar overlay method as previously

described (Baig et al., 2017). All phage lysates were stored at 4°C.

2.6 High titre phage propagation

To produce high titre phage lysate (ca 10!* CFU/mL), 500 uL of an
overnight culture of the host strain, E. coli 162 pFlac::Tn3 and 10 pL of
phage lysate was inoculated on LB agar plates, overlaid with 15-20 mL of
molten top agar cooled to 45°C, mixed by swirling and incubated overnight
at 37°C. For each phage isolate, two to three LB agar plates were prepared.
After incubation the top agar layers from several plates were scraped off,
transferred to 50 mL conical centrifuge tubes (11347201, Thermo Fisher
Scientific) and centrifuged for 20 min at 6,100 x g. The supernatant
(lysate), containing the phage was filtered using a 0.45 um pore size
syringe filter (FIL6588, Minisarts Filters, Sartorius, Géttingen, Germany)

and the titre was determined by plaque assay as described below.

2.7 Plaque assay and morphology
The phage titre was determined by a plaque assay as described
previously, with modifications (Ploss and Kuhn, 2010). Filtered phage

lysate was serially diluted in SM buffer and selected dilutions were plated
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out on LB agar plates using the double agar overlay method as previously
described (Kropinski et al., 2009), with modifications. Briefly, five mL
melted LB top agar was mixed with 100 pL of diluted phages and 500 pL of
overnight culture of the host strain, E. coli 62 pFlac::Tn3. and plated on
LB-agar plates. Each dilution was plated at least in duplicate and were
incubated at 37°C overnight. Formed plaques on the bacterial lawn were
morphologically characterised, mean count determined and phage titre

reported as PFU/mL.

2.8 Polyethylene Glycol (PEG) precipitation

A 200 mL pre-warmed LB broth (L3022, Sigma-Aldrich, St. Louis,
Missouri, US) was inoculated with 10 mL of host bacteria, incubated at
37°C, shaking (150 rpm) until ODeoo nm = 0.5 (ca. 1-2 h) and then 200 pL
of 1 M MgS0O4 (M7506, Sigma-Aldrich, St. Louis, Missouri, US) was added.
The suspension was inoculated with 5 pL of high titre phage lysate at an
MOI of 0.05 and were incubated shaking (150-200 rpm) at 37°C for 4 h.
The suspension was then centrifuged at 6,100 x g for 10 min and the
supernatant was filtered using a 0.45 pm pore size syringe filter (FIL6588,
Minisarts Syringe Filters, Sartorius, Géttingen, Germany) and the titre was

determined.

The supernatant (ca. 200 mL) containing phage particles was
precipitated by addition of 6.15 g sodium chloride (S9625, Sigma,
Sfeinheim, Germany) and PEG 8000 (V3011, Promega, Madison, WI, USA)
to concentrations of 0.5 M and 10% (w/v), respectively, and was incubated
for 24 to 48 hours at 4°C. The suspension was centrifuged at 6,100 x g for

30 mins at 4°C. The supernatant was decanted, and the PEG-phage pellet
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was resuspended with 2 mL of 20 mM Tris-HCI, pH 7.5 (Sigma, UK). The
PEG precipitated suspension was treated with DNAse I (ENO521, Thermo
Fisher Scientific) to a final concentration of 10 pg/mL and incubated at 37°C

for 15 mins.

2.9 Phage purification by Caesium chloride
centrifugation

The PEG-precipitated phage lysate was layered on top of a preformed
five-step caesium chloride (CsCl) (C4036, Sigma-Aidrich, St. Louis,
Missouri, US) gradient (equal volumes of CsCl solutions in 20 mM Tris-HCI
pH 7.5 (Sigma, UK) with densities (p) of 1.7, 1.6, 1.5, 1.4 and 1.3 g/mL)
and ultracentrifuged (Hitachi Ultracentrifuge CP80 NX) at 141,000 x g at
4°C for 18 hours as previously described (Rumnieks and Tars, 2012,
Nasukawa et al., 2017). The gradient was fractionated by carefully
withdrawing 16 - 500 pL fractions from the top of the tube with a
micropipette, trying not to stir up the contents of the tube. The fraction
with the phage is indicated by the presence of a sharp band. This is further
verified by measuring the optical density (OD) at 260 and 280 nm using a
NanoDrop™ (ND-2000, Thermo Fisher Scientific, Waltham, Massachusetts,
US). The corresponding fraction containing the band with the highest
absorbance peak at both 260 and 280 nm in the gradients was dialysed
against one litre of 20 mM Tris-HCI (Sigma, UK) pH 7.5 overnight at 4°C.
The preparation was concentrated to 500 pL of the purified phage lysate
preparation using Amicon Ultra - 0.5 mL 30K MW cut-off spin unit
(UFC503008, Millipore, UK) following the manufacturer’s instructions and
was treated with DNAse I (EN0521, Thermo Fisher, Scientific, UK) to

remove any remaining bacterial DNA. To verify the recovery of the purified
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phage from the dialysed phage lysate, 10 uL of this preparation was loaded
onto a 1% Agarose gel (BP1356, Fisher bioreagents, UK), run at 140 volts
for 45 mins and stained with ethidium bromide (EtBr) and Coomassie Blue

(LC6060, Thermo Fisher Scientific, UK).

2.10 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) of high titre phage lysates
and selected phage infecting the host strain (E. coli J62 pFlac::Tn3) was
performed. For TEM phage infection sample preparation, 50 uL of overnight
culture of the host strain was mixed with 150 pL of high titre phage lysate
and diluted with 700 pL of SM buffer. The mixture was incubated for 5 mins
at 37°C. The sample was fixed with 37% formaldehyde adjusting the final
concentration to 3%. For negative staining, 3 pL of the sample was applied
to a hydrophilic (freshly glow discharged) carbon coated 300 square mesh
copper EM grid (Agar Scientific Ltd., UK); and left to stand for 2 minutes to
adsorb. Excess sample was removed by touching (at 90° to) the edge of
the grid with a small piece of Whatman No. 1 filter paper just leaving a thin
film of sample on the grid surface. The grid was immediately rinsed twice
by adding 5 pL distilled deionised water. One drop of uranyl acetate (1%
and 0.22 pm filtered) was applied to the grid and the excess removed
immediately. The grids were then allowed to dry and were observed on a
JEOL JEM-1400 TEM with an accelerating voltage of 100 kV. Digital images

were recorded using a SIS Megaview III digital camera with iTEM software.
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2.11 Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE)

The structural proteins of phage were analysed by SDS-PAGE. All
reagents for this analysis came from Thermo Fischer Scientific, Waltham,
Massachusetts, US, unless mentioned otherwise. Dialysed and CsCl purified
phage lysate were mixed with NUPAGE™ LDS Sample Buffer (NPO007) and
then heated at 95°C in a heat block for 10 mins. To demonstrate the
separation of proteins, the samples were run in a NUPAGE™ 12% Bis-Tris
protein gel (NP0342BOX) with NuPAGE™ MOPS SDS (NP0001) as running
buffer and Pierce™ Unstained Protein Molecular Weight Marker
(SM0431/26610). The samples were also run in a low molecular weight
NuPAGE™ 4-12% Bis-Tris (NP0322BOX) gradient protein gel with NUPAGE™
MES SDS (NP0002) as running buffer and Mark12™ Unstained Molecular
Weight Marker (LC5677, Invitrogen, UK). Both types of gels were run at
150 V (25 mA) for 90 to 120 mins in a XCell SureLock™ Mini-Cell
Electrophoresis System (EI0O001, Invitrogen, UK). The gels were stained
with SimplyBlue™ Coomassie Blue (LC6060) and Pierce™ Silver Stain Kit
(4612). Protein bands were visualized in ChemiDoc™ MP Imaging System

(Bio-Rad, UK).

Biological Characterisation

2.12 Ribonuclease (RNAse) sensitivity

To determine the type of nucleic acid composition of the phage
isolates, a plate ribonuclease sensitivity assay was performed as previously
described (Bradley et al., 1981). Briefly, 10 pL of phage lysate (1 x 108

PFU/mL) were spotted on LB agar plates overlayed with E. coli 162
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pFlac::Tn3 containing pancreatic RNAase at a final concentration of 25
Hg/mL. Another LB plate without RNAse was also spotted. Phage MS2 was

included as a control RNA phage. The experiment was repeated twice.

2.13 Chloroform sensitivity

Sensitivity to chloroform was performed based on previously described
methods with some modifications (Ackermann, 1987, Basdew and Laing,
2014). Bacteriophages with titre ranging from 107 to 10'° PFU/mL were
used, including MS2 as control. Overnight culture of E. coli 162 pFlac::Tn3
was used as the host strain. Briefly, 1,000 uL each of each phage were
treated with 10 uL (ca 1 drop) of chloroform and was gently mixed at room
temperature. The aqueous phase was withdrawn after 2 minutes, 1 and 2
hours contact time. Phage titre (PFU/mL) was determined by serially
diluting the lysate in SM buffer at time 0 (TO) and after treating with
chloroform (T2min, T1h and T2h). The lysates were spotted on LB plates
overlayed with the host strain as previously described. The experiment was

independently repeated three times.

2.14 Thermal stability

To determine the thermal stability of phage at different temperatures,
a stability assay was developed based on previously described methods with
some modifications (Zhang et al., 2015, Jurczak-Kurek et al., 2016). To
strictly maintain the correct temperature throughout the experiment, a
Bioer Gene Touch 2™ (Alpha Laboratories, Hampshire, UK) gradient
thermocycler was used. Two sets of a 50 pL of high titre (ca 10! PFU/mL)
dialysed phage lysate were incubated at room temperature (RT) at 20°C,

37°C, 75°C, 86.3°C and 95.1°C. One set is incubated for 30 mins and the
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other one for 60 mins. After incubation, phage titre was determined by
preparing a serial 10-fold dilution in SM buffer and selected dilutions were
plated out on LB agar plates using the double agar overlay method as
previously described. Phage titre was also determined after long term

storage at 3°C after three months.

2.15 pH stability

The pH stability testing was performed according to previously
described methods with some modifications (Zhang et al., 2015, Jurczak-
Kurek et al., 2016). High titre dialysed phage lysate was added at 1:9 into
a solution containing 50 mM Tris, 10 mM MgSO, adjusted to pH 2, pH 4, pH
7.5, pH 10, pH 12 by either adding NaOH or HCl and then incubated at 37°C
for 60 min. After incubation the phage lysate were serially 10-fold diluted
in SM buffer pH 7.5. The phage titre was determined by plating selected
dilutions on LB agar plates using the double agar overlay method as

previously described.

2.16 SDS stability

Sodium dodecy! sulphate (SDS) (L4509, Sigma-Aldrich, St. Louis,
Missouri, US), a common surfactant in cleaning and hygiene products can
be found both in natural and clinical environments. To determine its effect,
phages were tested on 0.1% and 0.5% SDS according to a procedure
described previously, with some modifications (Jurczak-Kurek et al., 2016).
The phage lysate was added to 0.1% and 0.5% SDS solution (1:9) and was
incubated at 45°C for 30 min. After incubation, the phage titre was
determined by plating selected dilutions on LB agar plates using the double

agar overlay method as previously described.
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Genomic Characterisation and Sequencing
Figure 2.2 is a flow diagram summarising the methods used for

genomic characterisation and sequencing.
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Figure 2.2. Diagram showing genomic and sequencing methods.
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2.17 Genomic DNA and RNA extraction

Phage genomic DNA and RNA extraction was performed using the
phenol-chloroform extraction technique with modifications (Rumnieks and
Tars, 2012). Briefly, 500 pL of high titre purified phage lysate was mixed
with 500 pL of phenol, 10% SDS (added to a final cpncentration of 0.5%)
and 5 pL 1 M dithiothreitol (DTT). Basic phenol, pH 8 (P4557, Sigma, UK)
was used for DNA phage while acid phenol, pH 4.5 (P4682, Sigma, UK) was
used for RNA phage. The mixture was vigorously vortexed for 60 seconds
and centrifuged at 15000 x g for 5 minutes. The aqueous phase was
extracted two more times with a 1:1 (basic or acid) phenol - chloroform
mixture and once with chloroform. The DNA or RNA in the final aqueous
phase was precipitated by adding 2.5 volumes of ice-cold 96% ethanol and
0.1 volume of 3 M sodium acetate; vortexed to mix and incubated at -20°C
overnight. The precipitated DNA or RNA was centrifuged for 15 min at
15000 x g, then the supernatant was discarded, and the remaining pellet
was collected. To this, 1 mL of ice-cold 70% ethanol was added and
vortexed, then centrifuged for 15 min at 15000 x g and pellet collected.
This washing step was repeated twice; making sure that any remaining
ethanol was removed from the bottom of the tube. The pellet was air-dried
for 10-15 minutes then re-dissolved with 50 pL of diethyl pyrocarbonate
(DEPC) treated water. The DNA and RNA concentration was determined
using a Nanodrop. The quality of the extracted nucleic acids was analysed
in a 1% agarose gel electrophoresis (BP1356, Fisher, UK), stained with EtBr

and visualized in ChemiDoc™ MP Imaging System (Bio-Rad, UK). The
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GeneRuler 1 kb Plus (SM1333, Thermo Fisher Scientific, UK) served as

molecular weight ladder.

2.18 Preparation of replicative form (RF) of ssDNA
phage

To prepare the replicative form (RF) of the ssDNA phage, a high
frequency (Hfr) strain - E. coli K37 Hfr (Farber and Ray, 1980) was infected
with the isolated ssDNA phage. An Hfr strain has incorporated an F factor
into its chromosome and when infected with pilus specific ssDNA phage will
produce double-stranded (ds), closed-circular, RF of the phage in high copy
numbers. These RF in infected cells are essentially identical to those of
double-stranded, closed-circular plasmid DNAs in their physical

characteristics (Green and Sambrook, 2017).

A method was developed to isolate the double stranded - replicative
form (RF) of the isolated ssDNA phages. Briefly, 10 mL of pre warmed LB
broth was inoculated with an overnight culture of E. coli K37 to achieve an
optical density (OD) of 0.01 (ODeoonm). The culture was incubated at 37°C,
shaking (200 rpm) for 3 h or until the cells reached mid-exponential growth
phase at ODeoo nm = 0.5 (ca 108 CFU/mL). The culture was then infected
with the purified phage suspension at a multiplicity of infection (MOI) of
0.1. and non-infected culture served as a negative control. The culture was
further incubated with gentle agitation (150 rpm) overnight at 37°C and
then centrifuged at 6,100 x g for 10 min at 15°C. The supernatant was
discarded and the pellet containing the phage RF was collected. As the RF
is similar to double-stranded, closed-circular plasmid DNA; any of the
methods commonly used to isolate and purify plasmid DNA can therefore
be utilised. To do this, the QIAprep Spin Miniprep Kit (27106X4, Qiagen,
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Germany) was used following the manufacturer’s instructions. The RF
concentration was determined at 260 nm using a Nanodrop. The quality of
the isolated RF was analysed in a 1% agarose gel electrophoresis (BP1356,
Fisher, UK), stained with EtBr and visualized in ChemiDoc™ MP Imaging
System (Bio-Rad, UK). The GeneRuler 1 kb Plus (SM1331, Thermo Fisher

Scientific, UK) served as molecular weight ladder.

2.19 Restriction digestion

Restriction digestion of the double stranded RF was carried out by
several restriction enzymes (RE). Initially, 1 pg of dsDNA RF of phage R1
was digested by individual RE, which includes BamHI, EcoRI, EcoRV, Hincll,
HindIII and Notl (New England Biolabs, USA), following the manufacturer’s
instructions. Restriction digestion with two RE (double RE digestion) were
performed using RE that was able to demonstrate RE activity on single RE
digestion. After incubation at 37°C for 60 mins, electrophoresis of the
samples in 1% agarose gel (BP1356, Fisher, UK) stained with EtBr was
performed. The RE digested samples were visualized in ChemiDoc™ MP
Imaging System (Bio-Rad, UK) with GeneRuler 1 kb Plus (SM1331, Thermo

Fisher Scientific, UK) as molecular weight ladder.

2.20 cDNA synthesis of ssRNA phage genome
Synthesis of double-stranded cDNA from 3.5 ug of extracted RNA was
carried out using Maxima™ H Minus Double-Stranded cDNA Synthesis Kit
(K2561, Thermo Fisher Scientific, UK), following the manufacturer’s
instructions. Random hexamer was used as primer to generate the first
strand cDNA while the second strand cDNA is generated using the first

strand cDNA as a template. Purification of ds cDNA was carried using
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GenelET PCR Purification Kit (KO701, Thermo Fisher Scientific, Waltham,
Massachusetts, US) and eluted in 50 uL Elution Buffer (EB). Concentration
of ds cDNA was determined using a NanoDrop and reaction products were

visualized in ChemiDoc™ MP Imaging System (Bio-Rad, UK).

2.21 Phage genome sequencing
Whole genome sequencing (WGS) of the isolated phages was provided

by MicrobesNG (https://microbesng.com/). Upon receipt of the samples,

genomic DNA libraries were prepared using Nextera XT Library Prep Kit
(Illumina, San Diego, USA) and libraries were sequenced on the Illumina
HiSeq using a 2x250 bp paired-end reads protocol at a minimum coverage
of 30x. MicrobesNG also provided standard bioinformatics, including de
novo assembly of the reads using SPAdes and automated annotation using
Prokka (Bankevich et al., 2012, Seemann, 2014). The closest available
reference genome was identified using Kraken version 2 software (Wood

and Salzberg, 2014).

2.22 Genome sequence analysis

The sequencing results, in FASTA format, were further analysed for

any errors in contigs assembly using BLAST

(http://blast.ncbi.nim.nih.gov/Blast.cgi). Complementary strands were
generated using on-line reverse complement tool

(https://www.biocinformatics.org/sms/rev_comp.html). Since the genomes

of ssDNA phage are circular, they “start” at arbitrary positions in the FASTA
files. To circularise it, the start and the end of the genome was determined
based on a reference sequence and re-arranged. To identify the species of

each phage and how related they are to each other; further in silico
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analyses, including annotation, genomic illustrations, genomic sequence
alignments, and phylogenetic tree assembly were generated using

Geneious Prime 2021.1.1 (https://www.geneious.com) (Kearse et al.,

2012). Nucleotide sequence alignments were performed using Clustal
Omega run from within Geneious Prime and percent similarity and number
of non-identical bases were determined (Thompson et al., 1994). The
genome phylogenetic trees were constructed based on genetic distance
model Tamura-Nei evolution model (Tamura and Nei, 1993). Neighbor-
Joining (NJ) algorithm was used as tree build method (Saitou and Nei, 1987,

Tamura et al., 2004).

Species identification was based on the guidelines of the Bacterial and
Archaeal Viruses Subcommittee (BAVS) of the International Committee on

the Taxonomy of Viruses (ICTV) (https://talk.ictvonline.org/taxonomy/)

and according to 2019 Master Species List 35 (MSL35), vl taxonomy
release of the ICTV (ICTV, 2020). Enterobacteria phages NC_003287.2
M13, NC_025824.1 fd, and V00606.1 f1; Pseudomonas phage M19377.1
Pf3, and Vibrio phage NC_001956.1 fs2 served as reference strains for
ssDNA phages. Enterobacteria phages NC_001417.2 MS2 and AB971354.1
QB; other distantly related Leviviridae Enterobacteria phages
AF059243.1_NL95, NC_019922.1_Hgall, AF227250.1_KU1,
NC_001426.1_GA and X15031.1_fr; Pseudomonas phage NC_001628_PP7;
and Acinetobacter phage NC_002700.2_AP205 served as reference strains

for ssRNA phages.
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2.23 Protein and amino acid sequence analysis
Nucleotide sequences were translated into protein using a computer-
generated DNA-to-protein translation tool within Geneious Prime 2021.1.1

(https://www.geneious.com) (Kearse et al., 2012). Translation alignments

were performed on selected protein sequence using Clustal Omega in
Geneious Prime (Thompson et al., 1994). The length and percent similarity
of each protein and number of non-identical amino acids with the
corresponding proteins of the reference strain were determined.
Phylogenetic trees were constructed based on genetic distance model
Jukes-Cantor evolution model and Neighbor-Joining (NJ) algorithm was
used as tree build method (Saitou and Nei, 1987, Tamura et al., 2004, Som,

2006).

2.24 Naming and classification of phage isolates

The isolated phages were named and classified based on a “bottom-
up” approach following the latest guidelines set by the Bacterial and
Archaeal Viruses Subcommittee (BAVS) of the International Committee on
the Taxonomy of Viruses (ICTV) (Krupovic and Dutilh, 2016, Adriaenssens

and Brister, 2017, Adriaenssens et al., 2017).

Host range and growth dynamics

2.25 Phage host range in wild-type E. coli strains

A single step replication assay was performed to determine the ability
of the isolated phages to infect wild-type E. coli strains containing repressed
AMR F-like plasmids, as previously described (Colom et al., 2019).

Preparation of the host wild-type E. coli strains was made by diluting
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(1/100) an overnight culture of the strain in LB broth pre-warmed at 37°C,
incubated for 2-3h with shaking until the mid-exponential phase is
reached. One millilitre (1 mL) of the host strain preparation was then
aliquoted in individual Eppendorf tubes in pairs and was infected with a low
concentration of phage (ca 103 PFU/mL). One set of samples were taken
at 0 h (TO) to determine initial phage titre. The remaining tubes were
incubated at 37°C for 24 h without shaking after which phage titre was
determined at 24 h (T24). To determine phage titre, samples from TO and
T24 were serially diluted 10-fold in SM buffer and spotted on LB agar plates
in duplicate overlaid with 3 mL of soft top agar seeded with 100 pL of E.
coli 162 pFlac::Tn3. Plaques were counted to determine phage titre
(PFU/mL) and percent titre increase was calculated. An increase between
initial (TO) and final (T24) phage titre indicated phage replication in the host
strain. Phage MS2 was included as control. The experiment was

independently repeated three times.

2.26 Phage adsorption assay

Adsorption of selected phage was performed based on previously
published methods of Ploss and Kuhn 2001 and Baig et al., 2017 , with
modifications (Ploss and Kuhn, 2010, Baig et al., 2017). E. coli 711 pFlac

(with F* plasmid) served as the bacterial host strain for this assay.

A 50 mL volume of LB-broth was inoculated with 500 pL of overnight
culture of the host strain and incubated at 37°C for 2 to 2.5 hours, shaking
at 200 rpm or until an ODeoo = 0.5 is reached. The titre of the phage lysate
master stock was determined before the experiment and was adjusted to

at least x 10'° PFU/mL. The exponentially growing culture (37°C) were
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shifted to 4°C and was infected with the phage lysate at an MOI of 0.1 (for
those containing derepressed plasmids) and MOI of 0.01 (for those
containing repressed plasmids). The phage adsorption was performed at
4°C to allow virus binding to the F-pili and to avoid the entry of the phage
DNA into the host (Jacobson, 1972). Briefly, a 1 mL sample was taken out
at time 0 in an Eppendorf tube and subsequent 1 mL samples was taken at
every two minutes time interval for 16 minutes. The samples were
centrifuged at 17,000 x g for 1 minute. The supernatant containing the
unbound phage was collected in fresh Eppendorf tubes and kept at 4°C.
Each sample was serially diluted and selected dilutions were plated out on
the LB agar plates using the double agar overlay method. The adsorption
period was considered as the time taken to achieve a 90% reduction in free,
unbound phage (i.e., a one log reduction in PFU/mL). The plating was
performed in duplicate and the experiment was independently performed

three times.

2.27 One - step growth curve

One-step growth curve was performed for selected phage based on
previously described method of Ploss and Kuhn 2001, with modifications
(Ploss and Kuhn, 2010). E. coli 711 pFlac (with F* plasmid) served as the
host strain for this assay. Briefly, the host bacterial strain were grown in
50 mL LB medium to a cell density of ODewo = ca. 0.5. These mid-
exponentially growing cells were cooled to 4°C and infected with phage at
MOI of 0.1 and MOI of 0.01 for those containing derepressed and repressed
plasmids, respectively. The phages were allowed to adsorb to the time of
90% adsorption as calculated in the adsorption assay. Unbound phage

particles were separated from cells by centrifugation at 6100 x g for 5 min
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at 4°C. The supernatant containing the unbound phage particles was
discarded and the cell pellet was gently resuspended in 2 mL ice-cold LB
medium. Resuspended cells were transferred in 48 mL prewarmed LB
medium at time zero (t = 0). The resuspended cells were then shaken (100
rpm) at 37°C and 1 mL samples were drawn at various time points at 5,
10, 20, 30, 60, 90 and 120 minutes. An aliquot was taken from the sample
for bacterial titre determination and the rest was centrifuged immediately
at 16000 x g for 1 min at 4°C. The supernatant containing the extracellular
phage particles was withdrawn and titre was determined by plating selected
dilutions on LB agar plates using the double agar overlay method. The
plating was performed in duplicate and the experiment was independently

performed three times.

2.28 Burst size determination
The burst size was calculated as the difference in the PFU between the

end of rise period and the latent period (Bolger-Munro et al., 2013).

2.29 Plasmid population kinetics model with
derepressed plasmid

Plasmid population kinetics experiments were carried out following
the protocol from a previous study, with several modifications (Colom et
al., 2019). For the derepressed plasmid model, two 10 mL tubes of
prewarmed LB broth were inoculated (1/100) with an overnight LB broth
culture of E. coli 62 containing the derepressed pF/ac::Tn3 plasmid. Both
tubes were incubated at 37°C with shaking until an exponential growth
phase of ODeoo = 0.500 is reached (ca 2 hours). After incubation, one of

the tubes was inoculated with selected ssDNA (R1, R4, R10) and ssRNA
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(R13, R15) phages at a final MOI of 10 (treatment group). Both cultures
were then incubated at 37°C for 24 h with moderate shaking at 150 rpm.
The following day, aliquots from these cultures were used to inoculate
(1/100) another two fresh prewarmed LB broth, incubated at 37°C with
shaking until an exponential growth phase is reached; and then
corresponding phages were added to treatment group at MOI of 10 as
before. This process was repeated at 48 and 72 h. Aliquots were taken at
each time points, then serially diluted in LB broth and were plated on LB
agar to determine bacterial count (CFU/mL). For plasmid loss, a total of
100 colonies were randomly selected on LB agar and were replicate plated
on MacConkey agar (CM0007, Oxoid, Basingstoke, Hants, UK) with and
without ampicillin (100 ug/mL) and then incubated at 37°C for 24 h. The

percentage of plasmid loss was then calculated as:
(Ampicillin sensitive colonies/Total number of colonies) x 100

The plating was performed in duplicate and the experiment was

independently repeated three times.

2.30 Plasmid population kinetics model with
repressed plasmid

For the repressed plasmid model against selected ssDNA phages, two
10 mL tubes of prewarmed LB broth were inoculated (1/100) with an
overnight culture of an E. coli strain carrying an F-like repressed pF26
plasmid (SmR). Both tubes were incubated at 37°C with shaking until an
exponential growth phase of ODsgo = 0.500 is reached (ca 2 hours). After
incubation, one of the tubes was inoculated with selected ssDNA (R1, R4,

R10) phages at a final MOI of 10 (treatment group). Both cultures were
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then incubated at 37°C for 24 h with moderate shaking at 150 rpm. For the
repressed plasmid model against selected ssRNA phages, similar protocol
was followed but this time overnight culture of an E. coli strain carrying an
F-like repressed pF21 plasmid (SmR) served as the host strain. Treatment
group was inoculated with selected ssRNA (R13, R15) phages at a final MOI
of 10. The next day, aliquots from these cultures were used to inoculate
(1/100) another two fresh prewarmed LB broth, incubated at 37°C with
shaking until an exponential growth phase is reached; and then
corresponding phages were added to treatment group at MOI of 10 as
before. This process was repeated daily for 14 days. Aliquots were taken
at day 1, 7, 10 and 14, then serially diluted in LB broth and were plated on
LB agar to determine bacterial count (CFU/mL). To determine the plasmid
loss, a total of 100 colonies were randomly selected on LB agar and were
replicate plated on MacConkey agar (CM0007, Oxoid, Basingstoke, Hants,
UK) with and without streptomycin (100 pg/mL) and then incubated at 37°C

for 24 h. The percentage of plasmid loss was then calculated as:
(Streptomycin sensitive colonies/Total number of colonies) x 100

The plating was performed in duplicate and the experiment was

independently repeated three times.

2.31 Effect of R4 phage during conjugation

The conjugation experiment was performed based on a previously
described method with modifications (Colom et al., 2019). Overnight LB
broth cultures of donor E. coli J62 pFlac::Tn3 (derepressed) and wild-type
E. coli pF21 (repressed) and recipient E. coli 162 RifR strains were prepared.

For the conjugation, 5uL of the overnight culture of both donor and
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recipient strains were mixed together in the same fresh 5 mL LB broth with
or without ssDNA phage at a final MOI of 10. The mixture was then
incubated overnight at 37°C without shaking. After incubation, dilutions
were plated on MacConkey agar (CM0007, Oxoid, Basingstoke, Hants, UK)
supplemented with rifampicin (100 ug/mL) to enumerate the recipient
strain. Similarly, for the trans-conjugant counts dilutions were plated on
MacConkey agar (CM0007, Oxoid, Basingstoke, Hants, UK) with rifampicin
and ampicillin (100 pg/mL) for the donor plasmid. The plasmid transfer

rate was calculated as:

Trans—conjugant (CFU/mL)
Recipient (CFU/mL)

The plating was performed in duplicate and the experiment was

independently repeated three times.
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2.32 Statistical analysis

To evaluate the effect of ssSDNA and ssRNA phages on plasmid loss
and total bacterial count on derepressed and repressed plasmid the mean
of two samples per strain in one experiment was determined. The
experiment was repeated three times and the mean of each strain from
three independent experiments were analysed. The distribution of data was
tested for normality according to Shapiro-Wilk normality test (SPSS
statistics 26 software, IBM). The data were analysed by two-way ANOVA
with Tukey's multiple comparisons post hoc test using GraphPad Prism
version 9.3.1 for Windows (GraphPad Software, San Diego, California USA).

Correlations where P<0.05 were considered statistically significant.
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Chapter 3. Isolation and
Characterisation of SPS Phages

3.1 Introduction

Phages are the most abundant and diverse biological entities on the
planet that can outnumber bacteria by approximately tenfold in some
ecosystems. (Suttle, 2005). They are found in every explored environment,
from the human gastrointestinal tract to sewage; to rivers and lakes down
to the oceanic basement (Nigro et al., 2017). Given their abundance in the
environment, phages exhibit a variety of structural morphologies with
impressive genomic diversity and lifestyle. Phage genomes are composed
of either DNA or RNA, which may be double-stranded or single-stranded.
This genetic material is packaged into a capsid that can be
polyhedral/icosahedral, filamentous or pleomorphic collectively referred to

as PFP; or connected to a tail (Ackermann, 2009).

Conjugation is the main mode of horizontal gene transfer that spreads
antibiotic resistance carried in plasmids among bacteria. These plasmids
are transferred from one bacterium to another during conjugation through
plasmid encoded sex pilus that is expressed from the donor cell and binds
to the recipient cell, mediating DNA transfer. However, the presence of this
conjugative pilus can also confer a substantial disadvantage to the host cell,
since the pilus is used as the site of attachment for certain DNA and RNA
phages. Therefore, these sex pilus specific (SPS) phages constitute an
attractive therapeutic candidate that could be used either to prevent
bacterial conjugation or to inflict an evolutionary cost against bacteria-
harbouring resistance conferring conjugative plasmid (Ojala et al., 2016).
Among these SPS phages include ssDNA filamentous phages belonging to
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Family Inoviridae and the polyhedral ssRNA phages of the Family
Leviviridae. The majority of known phages are tailed (over 95%), which
may be a reflection of the ease of isolation and identification as compared
to SPS phages which are more difficult to isolate and are less reported (Dion
et al., 2020). The aim of this chapter is to attempt to isolate these SPS
phages employing our own developed protocol and to determine its

physical, morphological, structural, and biochemical characteristics.

3.2 Results

3.2.1 Phage isolation

A total of 15 sex pilus specific (SPS) phages were confirmed from
around 50 isolated suspected SPS phages isolated from crude and mixed
human sewage effluent obtained around East Midlands and Slough but none
were isolated from river samples (Table 3.1). All these phages were
confirmed to be F pilus specific as demonstrated by the presence of plaques
on plates seeded with strains containing F plasmid (pFlac::Tn3), but absent
on plates seeded with bacterial strains not containing the F plasmid (Figure

3.1).
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Table 3.1. List of isolated SPS phages and their sources.
R ;

ghgz% b sampdtype  site

R1 Crude Sewage Derby STW

R2 Crude Sewage Leicester STW

R3 Crude Sewage Leicester STW

R4 Mixed Fluid Sewage Leicester STW

R5 Crude Sewage Leicester STW

R6 Crude Sewage Leicester STW

R7 Mixed Fluid Sewage Leicester STW

R8 Crude Sewage East Leake

R9 Crude Sewage East Leake

R10 Crude Sewage Sutton Bonington
R11 Crude Sewage Sutton Bonington
R12 Crude Sewage East Leake

R13 Crude Sewage Slough STW

R14 Crude Sewage Slough STW

R15 Crude Sewage Loughborough STW

Figure 3.1. Spot test to demonstrate pilus specificity of phage.

Plate A is seeded with a bacterial strain lacking the F plasmid; while plate B is
seeded with a bacterial strain containing the F plasmid. In this figure, phage 11
(pointed by an arrow) is not a pilus specific phage as plaque could be seen in both
plates.
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3.2.2 Plaque morphology
Two types of plaque morphology were observed. The first type,

which is demonstrated by four phages (R5, R13, R14 and R15), were
characterised as being clear with varying diameter averaging at around
5mm. The second type, which was demonstrated by the remaining phages

were turbid, smaller (average 3mm) and uniform in sizes (

Figure 3.2).

A B

Figure 3.2. Plaque morphology demonstrated by isolated phages.
A - clear with varying sizes; B - turbid with fairly uniform sizes.

3.2.3 Ribonuclease sensitivity

This test was conducted to determine the nucleic acid composition of
the isolated phages whether it is a DNA or RNA. Phage R5, R13, R14 and
R15; including the control phage, MS2 demonstrated sensitivity to RNAase
at a final concentration of 25 ug/mL in LB agar seeded with E. coli 162
pFlac::Tn3. This was indicated by absence or significant reduction of plaque
formation compared to LB agar without RNAse. The remaining phages were

not sensitive to RNAse as indicated by formation of plaque (
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Figure 3.3). Based on these results, four phages (R5, R13, R14
and R15), could be putative RNA phages while the remaining 11 phages
(R1, R2, R3, R4, R6, R7, R8, R9, R10, R11 and R12) are most likely to be

DNA phages.

| RNAse Sensitivity Plate |

Figure 3.3. Ribonuclease sensitivity of the phage isolates.

Pancreatic RNAase was added on the plate at a final concentration of
25ug/mL.  Representative from two identical experiments. RNAse
sensitivity is indicated by the inability to produce plaque or substantial
reduction of plaque formation.

3.2.4 Phage lysate characterisation CsCl purification

All the isolated phages were purified using density gradient
centrifugation with CsCl. A band which mainly contain the concentrated
phage was demonstrated after CsCl density gradient centrifugation of the

phage lysate. The absorbance of ca 16 aliquots from along the CsCl
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gradient were determined at 260 nm and 280 nm, where the highest
absorbance peak in the gradients corresponds to the location of the phage
band (Figure 3.4). Phages were divided in two groups based on the location
of the band in the density gradient of the phage lysate preparation. Group
I, consisting of phage isolates R1, R2, R3, R4, R6, R7, R8, R9, R10, R11
and R12 have bands that are located higher in the density gradient, as

compared to group II, which consists of phages R5, R13, R14 and R15.|
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Fraction Absorbance
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