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Abstract

Bacteriophage (phage) typically infect a narrow range of hosts. In this thesis, we try
to control phage-host specificity through the directed evolution of phage receptor-
binding domains. As a proof of concept, we aim to re-adapt the binding affinity of
T7 phage so that it no longer requires lipopolysaccharide (LPS) for the infection of
E. coli and instead utilises only an outer membrane protein (OmpF). To this end,
we remove an essential gene from T7 and complement it in the host, thus linking
phage propagation with the presence or absence of the in trans essential gene. By
then providing E. coli with a receptor to be targeted by T7, we can positively select
for those phage that bind to strains with that receptor, or negatively select against
phage that bind strains without that receptor. We begin by demonstrating that we
can amend the T7 genome in vivo and, moreover, can engineer a chimeric tail fibre
fused from two different phage species (T7 and Yep-phi phage). We then identify an
issue with this engineering process, namely, the appearance of individually deficient
T7 that can propagate through co-infection, and both model the phenomena and
take steps to address it. To inform the design of the directed evolution experiments,
we develop a system of delay differential equations for modelling different strategies.
For our first set of evolution experiments, we show that we can effect the binding
affinity of T7 phage to different LPS phenotypes, and investigate the impact of
different strategies on the outcome. We subsequently make use of this knowledge to
coerce T7 affinity towards the OmpF receptor and find indirect evidence of evolved
T7 infecting with the OmpF receptor, in the absence of a full LPS phenotype.
Finally, we model the stochastic transfer of phage between phenotypes of different
receptor binding affinities.
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Anti-microbial resistance (AMR) has rapidly evolved into an ongoing concern for

governments and forward-looking health authorities such as the WHO. It is pre-

dicted that by 2050, there will be 10 million deaths (according to the AMR review

[1]) resulting from antibiotic-resistant bacteria worldwide (though this veracity

of this number has been questioned [2]). As of September 2018, resistance to all

treatments for Klebsiella pneumoniae has been observed worldwide (WHO). While

the pipeline of new antibiotics slows (only 3 new classes of antibiotics have been

brought to market from 1980-2013 [3]1) and with industry bringing to market

redevelopments or combinations of known active molecules [4], the international

community has found itself looking for alternative solutions. Bacteriophage, and in

particular phage therapies, are making something of resurgence outside of Russia,

Georgia and Poland, where research into phage therapy continued during the

Cold War. As natural killers of bacterial pathogens, bacteriophage are an obvious

candidate for the control of rogue infections. Nevertheless, several arguments

against phage therapy still loom large. Detractors point to the low concentrations

of phage versus traditional antibiotics. Typical titres for phage manufactured under

good manufacturing practices (GMP) are on the order of 1010 − 1012 PFU/ml,

and probably can not exceed 1013/ml [5] (compared with, for instance, ≈ 1018

molecules/ml in a 2.5 mg/ml vancomycin treatment). Phages tend2 to have a

narrow range of action, infecting a particular species of bacteria, or even a particular

strains and phenotype variants of said species [8]. There are difficulties overcoming

regulations for engineered phage products (which are, quite understandably, classed

as genetically modified organisms) and in patenting WT phage products. There

are questions also on whether different phage cocktails (the amalgamation of more

1and up until the time of writing, as far as this author can tell
2phages that display broader efficacy have been isolated [6, 7]
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than one phage genotype into a given product) will need to be patented separately,

as phage therapy joins the wavefront of other medicines pushing for regulation

reform in the wake of a personalised medicine revolution. Safety and efficacy are

also a concern. Though many bacteriophages live among us in our gut microbiota,

liver tissue, lungs, skin and urinary tracts [9], our understanding of their interaction

with humans is limited, and an area of research still in its juvenile stages. It

appears that bacteriophages are able to exchange genetic material with eukaryotes

(see bacteriophage WO [10]) which should give pause to those tempted to apply

‘complete’ synthetic biology approaches to antibiotic resistance [11, 12].

In defense of the therapeutic application of bacteriophage, phage can replicate

at the site of interest, increasing the concentration of phage locally [13]. When

compared with the safety of current standard, antibiotic treatments can come with

a myriad side effects (cardiotoxicity, nephrotoxicity and hepatotoxicity amongst

others [14]) which too have to be considered when assessing alternatives. Where

phage specificity does create issues for drug design and application in the clinic, it

also offers an opportunity to avoid non-pathogenic members of the microbiome [15],

whose disruption can lead to long-lasting side effects (such as type I diabeties, and

effects on immune system regulation [16]). In fact, as of September 2018, we are fast

approaching a point where sequencing and analysing a patient’s microbiome could

be possible in a short timeframe. For instance, the US-based company Aperiomics

claims to be able to identify all know bacteria and viruses within a sample using

next-generation sequencing, and to provide results in 2-3 weeks (with aims to

reduce this to 1-2 days in the coming years).

In light of this, it would be useful to engineer a molecular machine that could be
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redesigned to adsorb to different pathogens selectively, based on their genomic

sequence, without requiring many alterations to that underlying machinery. When

infecting Gram-negative bacteria, phages typically rely on cell surface structures

to grab a stable foothold for DNA ejection, or fusion with the outer membrane

[17]. Of these cell surface structures, antigens are those most plentiful (occupying

about 75% of total surface area [18]). That being said, the pathways producing

these antigens are complicated (typically involving more than 10 genes) and are

difficult to manipulate (though not completely infeasible [19]). Outer membrane

proteins (OMPs) are less abundant on the cell surface [20, 21], but the regions which

could bind to phage are better understood. Typically these are loop structures

that protrude extracellularly [22–24] and that can be manipulated by mutating

individual genes. Subsequently, they are more amenable to DNA cloning in E. coli

and are also rather tolerant to changes in those structures [25, 26]. We thus propose

a general methodology for tackling pathogenic infections. 1) Identify and analyse

the pathogen genome; 2) Identify OMPs that could serve as phage receptors; 3)

Design or evolve phage that infect the pathogen using the identified receptor.3 In

this thesis, we will attempt to deliver on this last part of this methodology. We

will use E. coli as a rudimentary model for a given pathogen, by expressing the

chosen receptor heterologously, and then design phage which infect E. coli using

solely that receptor. This strategy therefore does not necessitate the culturing of

these pathogens for success (or that the pathogen is indeed culturable) with the

obvious benefits that entails.

3A limitation of this methodology is that extracellular capsules, such as O-antigen structures,
restrict access to outer membrane proteins. Further work would also be needed to ensure
productive replication in the target pathogen, or at least lysis.
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1.1. Bacteriophage overview

1.1 Bacteriophage overview

Known bacteriophage are categorised into 4 varieties: tailed - which constitute

the vast majority of phages categorised (≈ 96% in 2007 [27]); filamentous - long

and rod-like; pleomorphic - with eclectic, tapered shapes; and polyhedral. Phages

largely consist of an external structure to transport a given nucleic acid cargo within,

so that when inside a complementary host they can reproduce those components,

and pass sustainably from generation to generation [28]. The nucleic acid is double-

stranded DNA (dsDNA) in tailed and pleomorphic phage. Whereas filamentous

phages with either single or double-stranded nucleic acids (DNA or RNA) have

been isolated [29]. The external structure is usually formed of protein capsomeres

which assemble to encapsulate the internal structure in a protein capsid. In rarer

cases the external structure also consists of lipids that derive from whichever host

that phage infects (be they bacterial or archaeal [30]).

1.1.1 Bacteriophage life cycles

Phage infection strategies can be classified into 4 distinct types: 1) lytic and non-

temperate; 2) chronic and non-temperate; 3) lytic and temperate; and 4) chronic

and temperate [31]. In addition to which phage undergo 2 varieties of life cycle,

known as a lytic cycle or a lysogenic cycle. The term ‘lytic’ refers to phages which

at some point lyse (break open) the host cell from the inside out. Those phages

that can undergo lysogenic life cycles, but which are not strictly limited to doing

so, are called ‘temperate’ phages. In a lysogenic cycle DNA transduced into the

host is either integrated into the host genome, or exists as an extrachromosomal

plasmid (or rarely, as linear DNA [32, 33]). Phage DNA in this form, referred to
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1.1. Bacteriophage overview

as a prophage, is replicated with host DNA during cell division. There are then

2 ways for phage to release progeny from inside their hosts. The typical strategy

entails entering a lytic cycle, producing mature virions within the host, followed at

some stage by lysis of the cell membrane from within. The less common strategy,

which is characteristic of what are known as ‘chronic’ infections is virion extrusion,

in which immature virions are transported across the cell wall before maturation

extracellularly. A good example of this strategy is employed by the filamentous

phage M13 [34]. The tailed phage class (or otherwise, the order Caudovirales)

possesses phages that make use of either or both of these life cycles. Caudovirales

is made up of 3 families: Myoviridae, Siphovirdae and Podoviridae all of which

harbour linear dsDNA genomes. Siphovirdae have long, flexible tails which do not

contract upon-infection, Myovirdae have long, straight tails that do contract, and

Podoviridae tails are non-contractile and short (see Figure 1.1) [35].

PodoviridaeMyoviridae Siphoviridae

Figure 1.1: Idealised illustrations of Caudovirales phages. Adapted from Nobrega
et al. [36].
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1.2. The case for a T7 bacteriophage scaffold

1.1.2 Bacteriophage which interact with prokaryotic outer

membrane proteins

Since the aim here is to develop a phage which utilises only outer membrane

proteins when infecting bacteria, it is apparent that we should discuss phages which

are already known to make use of outer membrane proteins in an exclusive way. λ

phage of the Siphovirdae family uses the maltose porin LamB for infection, and

has been experimentally evolved to use OmpF instead [37]. The gp65 tail sheath

of Podoviridae N4 phage interacts with the approximately 5 copies of NfrA in the

outer membrane of E. coli [38]. The T7-like phage Yep-phi has been shown to

interact with Ail and OmpF outer membrane proteins, in addition to the LPS

during infection of Yersinia pestis. There are several cases of Myoviridae phage

which have been established to utilise outer membrane proteins for infection (T4,

M2, Ox2 [39]). In particular, the T2-like Myoviridae phage Ox2 phage uses OmpA

as a receptor [40, 41] and successive mutants isolated from plates of appropriate

E. coli mutants indicated that it could flexibly switch its binding from OmpA to

OmpC and even the LPS [42].

1.2 The case for a T7 bacteriophage scaffold

From this stand point, any of these phages, especially Ox2, could be good candidates

for establishing a phage scaffold that could adapt to a given outer membrane protein.

There are, however, a few additional constraints that we apply when choosing a

phage to work with. We would like that the candidate can be thoroughly understood

from the literature, so that we can be sure of the components that would be applied

in the clinic. The best understood phages are λ (Siphoviridae), T4 (Myoviridae)
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1.2. The case for a T7 bacteriophage scaffold

and T7 (Podoviridae). Each of these phages infects E. coli, which is the model

organism for Gram-negative, and comes with useful resources, such as single-gene

knockouts for every non-essential gene [43, 44]. λ phage is a temperate phage,

and integrates its DNA into the E. coli chromosome post-infection, making it

a riskier option for genetic modification. The lysogenic cycle can be prevented

with a frameshift mutation to the cI repressor (denoted cI26 [37]). Nevertheless,

recombination in the wild can not be discounted. T4 already requires OmpC (in

addition to the LPS) for the infection of E. coli K12 [45]. However, using the

numbers as presented in De Paepe et al. [46], and the Bull et al. equation [47]

for phage growth rate (with a constant bacterial concentration of 108 CFU/ml,

and with cell and phage death neglected) T7 is asymptotically ≈ 2.6 times more

productive than T4 (i.e. produces 2.6 times more phage over a sufficiently long

period of time). In addition, since the latent period for T7 is roughly twice that

of T4, T7 phage undergoes more frequent cycles of genome diversification and

selection. The T4 genome is roughly 169 kb vs 40 kb for T7 (bringing with it

a substantial increase in complexity) which means that the tail genes make up

a smaller proportion of the genome. T7 is known to be able to tolerate high

mutational loads [48]. T7 also lends itself better to replication in continuous

culture systems where the phage replication rate has to exceed the bacterial growth

(determined by the dilution rate) in order to hinder co-evolution in the cellstat [49].

Because of these advantages, we decided to determine if T7 could be engineered

to move from using LPS as a receptor, to outer membrane proteins, as a starting

point for a phage therapeutic.

However, with the benefit of hindsight, we should note that Cryo-EM imaging of

T7 tail fibres prior to and during infection show no evidence of flexibilty at the
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1.3. T7 bacteriophage

“knee” [50, 51] which limits the potential for binding to receptors that are less

frequently found on the surface of E. coli. This can be contrasted with T4 long

tail fibres which are composed of proximal and distal parts, each totalling roughly

70 nm in length, [52, 53] separated by hinge protein which does appear to flex to

a near right angle, as well as extend outwards [54]. As a rough guide, there are

≈ 4× 104 copies of the outer membrane protein OmpF [20] on the surface of E.

coli versus 106 copies of LPS [21]. Even accounting for the fact that these OMPs

are concentrated at the poles of E. coli [55] in the early stages of the cell cycle, we

can expect a significantly reduced likelihood of T7 being bound to enough OMPs

to stabilise the cell-phage interaction and initiate infection, if that interaction was

mediated by the gp17 tail fibres. Were T7 able to find another functional domain

for binding to cell surface molecules, for instance, by using the central gp12 tail

tube, this issue could be overcome.

1.3 T7 bacteriophage

T7 bacteriophage was first officially reported by Demerec and Fano in 1944, following

isolation on E. coli B [56]. It is widely studied, and a standard pedaological example

for bacteriophage. This podovirdae phage fits a dsDNA genome of ≈40 kb into a

≈ 56nm3 icosahedral protein capsid assembled from 415 gp10 molecules, roughly

95% of which are gp10A, and the remainder from the frameshifted gp10B [57].

The capsid is connected to the associated tail elements with the suitably named

head-tail connector gp8 (see Figure 1.2). Attached to this is the gatekeeper protein

gp11, into which the gp17 tail fibre trimers dock. The central tail tube gp12 is

sighted just below, providing part of the conduit for DNA release.
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1.3. T7 bacteriophage

T7 capsid
gp10

Tail �bres
(gp17)

Tail tube
gp12

Tail adaptor
(gp11)

dsDNA
genome

Figure 1.2: A 2D depiction of the pertinent, and externally visible, structural genes
of bacteriophage T7. Note in particular that each T7 has six tail fibres, as opposed
to the two shown here. Moreover, the T7 capsid is composed of 415 separate
proteins.

1.3.1 T7 infection

Prior to attachment to E. coli, T7 phage diffuse randomly in the extracellular space.

The tips of the tail fibres extend out and away from the capsid in a stochastic

manner. About 50% of the population will extend a single tail fibre (gp17 trimer);

very few will have either all tail fibres fully extended, or all of them left bound

to the capsid [50]. After colliding with the host cell, Molineux speculates that

T7 moves from a 3D to a quasi-2D diffusion process, reversibly binding along

the cell surface until a suitable site for infection is found. How T7 irreversibly

binds to the host prior to DNA ejection is not fully understood [58] though we

do know that lipopolysaccharide (LPS) is required for DNA ejection in vitro [51].

Succeeding a stable attachment of T7 to the LPS, an internal protein core consisting

of gp14, 15 and 16 is released. Gp14 spans the outer membrane; gp15 and 16 span

the periplasm and inner membrane, creating a channel for DNA entry [59–61].

Expression of T7 genes are broadly arranged into 3 chronological classes. Class I

genes enter the host first, with E. coli RNA polymerase (RNAP) pulling in the

T7 genome through rapid transcription of the A1, A2 and A3 promoters [62] (see
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1.3. T7 bacteriophage

Figure 1.3).4 It takes roughly 10 minutes for the entirety of the T7 genome to be

pulled into the cytoplasm [62] with each class of genes entering the host sequentially.

All class I genes are transcribed by the host machinery, including the synthesis

of T7 RNAP (gp1) mRNA, which proceeds to transcribe the remainder of the

genome (the class II and III genes). Gp2 inhibits the host RNAP, which otherwise

prevents the formation of productive progeny through unarrested transcription

into the middle and late regions of the T7 genome [64]. It has been posited that

this leads to pausing of the T7 RNAP (when polymerisation is interrupted by a

slower moving host RNAP) resulting in double-stranded breaks to the DNA [64–67].

Class II genes are predominately involved in T7 DNA replication and degradation

of the host genome. E. coli encodes thioredoxin, TrxA, which participates in

numerous redox reactions [68]. T7 hijacks TrxA as processivity factor for DNA

replication, binding to gp5, the T7 DNA polymerase, in the thioredoxin binding

domain. This complex then binds to hexameric gp4 (see Figure 1.4) to unwind the

dsDNA genome, and synthesise daughter strands. gp2.5 protects ssDNA during

replication [69] and improves the rate of lagging strand DNA synthesis [70]. The

class III genes are responsible for progeny formation and host lysis. To initiate the

latter, holins (gp17.5) create pores in the inner membrane of E. coli which allow

the passage of endolysins (gp3.5) to degrade the peptidoglycan. Permeabilisation

of the inner membrane also enables complexed spanins (gp18.5 and gp18.7) to

disrupt the outer membrane, resulting in lysis of the host [71–74].

4T7 RNAP, expressed by the host, or by some other means, can also enable DNA entry in
absence of E. coli RNAP [63].
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1.3. T7 bacteriophage

Lagging strand

Leading strandT7 DNAP
(gp5)

trxA

gp2.5
Primer

Helicase

Primase
gp4

a bPolymerase loading Polymerase release

synthesised
DNA

Lagging strand

Leading strand
T7 DNAP
(gp5)

trxA

synthesised
DNA

Figure 1.4: Leading and lagging strand synthesis of T7 DNA. a) Four proteins,
T7 DNA polymerase (T7 DNAP, or gp5) the processivity factor thioredoixin
(trxA), gp4, a hexameric protein with combined helicase and primase activity, and
ssDNA binding protein gp2.5, work in tandem to replicate T7 dsDNA. Leading
strand synthesis occurs whilst the lagging strand is parsed for RNA primer sites.
Following RNA primer synthesis by the primase, complexed gp5-trxA is loaded
onto the lagging strand at that site. b) Once loaded, concomitant release of the
polymerase from the helicase occurs, and leading to synthesis of Okazaki fragments
on the lagging strand. In rare instances where few polymerases are available,
the polymerase will remain bound to the helicase while synthesising the Okazaki
fragments. Figure and text adapted from [75–78]
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1.4 Non-rational design: directed evolution

The drawback of using T7 phage is that it is not known which alterations to the

genome might be required in order to change binding affinity from LPS to OMPs,

and that the tail genes are too large to make practical libraries from (gp11, 12

and 17 totalling ≈ 4.5 kb in length). In such instances, directed evolution offers a

solution, providing we can suitably design an environment which is advantageous

for the desired phage phenotype. One such example can be in seen in the work

of Lenski et al. [37]. The authors found that E. coli B grown in glucose-limited

conditions with λ cI 26 would generate mutants that down-regulated the expression

of the phage receptor, LamB. λ cI 26 would still persist in these conditions, however,

seemingly because the mutants would spontaneously produce the receptor. This

environment was hypothesised to favour the emergence of λ cI 26 phages that could

utilise a receptor other than LamB for infection, and serial passaging of phage and

cells in those conditions demonstrated that λ cI 26 could be adapted to OmpF,

whilst retaining the ability to infect via LamB. T7 phage has been subjected to

numerous directed evolution experiments [48, 79–82]. Of particular interest are

experiments which impacted its host range. Heineman et al. passaged T7 in

mixtures of permissive E. coli C strain with either non-permissive E. coli B or K12

so that T7 would adapt to avoid E. coli B or K12 respectively [83]. Permissiveness

was determined by the presence or absence of the host factor trxA - necessary for the

production of T7 progeny. In a similar set of experiments, Benmayor et al. learnt

that when varying ratios of susceptible and resistant bacteria in co-cultures with a

lytic Psuedomonas phage, that larger proportions of susceptible bacteria could be

associated with increased opportunity for mutation in the phage population, and

that higher proportions of resistant mutants increased selection pressure to infect
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1.5. Characterising LPS-independent T7 infection

resistant hosts [84].

The procedure of PACE (Phage-Assisted Continuous Evolution) though not strictly

phage evolution, invokes the concept of in trans essential gene complementation

to direct fitness increases in a linked gene circuit element [85, 86]. We will do the

same with T7, leaning on that work, and the work of Heineman et al. [83] by

removing the essential gene g5 from T7, and complementing it in strains that we

want T7 to generate increased fitness for.

1.5 Characterising LPS-independent T7 infection

Kdo Kdo

Hep

Hep Hep

Glc

Glc

Glc

Gal

Hep

∆waaC

Lipid A

∆waaF

∆waaG

∆waaO

∆waaR

“∆waaU”

WT

Glc: D-glucose
Hep: L-glycero-D-manno-heptose
Gal: D-galactose
Kdo: 3-deoxy-D-manno-oct-2-ulosonic acid

Figure 1.5: Generalised LPS structure of E. coli BW25113 for various LPS mutants.
Note that waaU is an essential gene, and so is not represented in the Keio collection.
Adapted from [87–89].

Qimron et al. demonstrated that T7 infecting BW25113 ΔwaaC, which possesses

a truncated LPS phenotype (see Figure 1.5) produces at least 100-fold fewer

plaques on plating than when challenged with BW25113. In particular, the authors
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postulate that T7 binds to either the terminal heptose sugar of the BW25113 LPS,

or the first or second glucose [87]. We will exploit this phenomena to indirectly

determine whether an engineered T7 can infect E. coli without interacting with

the LPS.

1.6 Aims of this work

The overarching objective of this work is to establish a process for changing the

receptor of T7 phage from the lipopolysaccharide of E. coli to a desired outer

membrane protein. In chapter 2 the first aim is to establish a reliable method for

engineering T7 bacteriophage. Following this, I clone a novel tail fibre chimera

between T7 and a T7-like phage that is known to interact with Yersinia pestis

OMPs during infection, with a view to engineering a T7 phage that requires outer

membrane proteins for infection of E. coli. In chapter 3, I prepare the constructs

required for directed evolution of T7 phage receptor tropism, and in chapter 4, I

design and perform those experiments, using mathematical modelling in parallel to

simulate different evolution strategies in silco.
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2 Engineering a T7 Yep-phi chimeric

tail fibre
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2.1 Introduction

2.1.1 Phage tail fibre chimeras

Phage tail fibres typically show variation in chunks between conserved sequences [90–

92], indicating that recombination between tail proteins is common. Subsequently,

nature hints at a clear path for the rational design of novel tail fibre fusions.

One such example is Tétart et al. where the authors exchanged parts of the

hypervariable regions of T4 tail fibres with that of the SV76.3 and Mi phages,

permitting robust growth on Yersinia pseudotuberculosis [93]. More recently, Ando

et al. [15] demonstrated the modularity of T7, and the T7-like phage T3, by

generating a variety of different phage fusions through the exchange of regions of

the tail fibre, gp17. In the region of T7 gp17 known to dock with a dodecamer

of gp11, the N-terminal 149 aa [94] T7 and T3 tail fibres share 97% amino acid

homology. T7 and T3 phage generated with each other’s tail fibres effectively

exchanged host ranges, and this was similarly true when only the C-terminal gp17

regions (the last 410 aa for T3, and the last 405 aa for T7) were swapped [15].

2.1.2 Yep-phi phage

Yep-phi is a T7-like Podivridae phage isolated by Zhao et al. [24] which infects

Yersinia pestis while using the LPS as a receptor. The authors determined that

linear peptides of Yep-phi tail fibres bound to the outer membrane proteins Ail and

OmpF. Amino acids 518N, 519N, 522C and 523S were essential for the interaction

with Ail and residues 518-519 and 523 were similarly essential for OmpF. Ail,

attachment invasion locus (also known as OmpX) is a beta-barrel protein with 4
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2.1. Introduction

extracellular loops (see Figure 2.1) which mediates adherence and internalisation

of Y. pestis into monocytic (THP-1) and epithelial (HEp-2) cells [95–97]. OmpF

is a beta-barrelled porin which is ≈ 60% homologous to E. coli OmpF. Though

Yep-phi interacts with Ail and OmpF, deletion mutants indicate that the proteins

are not required for Yep-phi plaque formation (an ≈ 3-fold reduction in adsorption

rate is seen in the absence of Ail [24]).

Extracellular
space

Periplasm

Outer
membrane

Ail

Figure 2.1: Ail from Yersinia pestis. Visualised in PyMOL (PDB: 3QRA [98]).

2.1.3 Motivation for a T7 tail fibre fusion

As outlined in chapter 1, we are aiming to construct a T7 phage whose binding

is mediated by outer membrane proteins (OMPs). Subsequently, we considered

whether it would be viable to graft this capability onto T7, using a receptor binding

domain from another phage that had been shown to bind to OMPs during infection.

For such a fusion to be successful, there were two properties that it would need to

possess. First, the tail fibre chimera would have to correctly trimerise in vivo and

dock with gp11 [91]. Second, the tail fibre would need to able to signal when stable

adsorption to the host has occurred, and induce the delivery of the T7 genome [51].

It was not known, for instance, if changing the length of gp17 would effect how

this signal was transduced. In the preceding sub-section, we saw that Yep-phi, a
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2.1. Introduction

T7-like phage, does interact with OMPs during infection. The T7 and Yep-phi tail

fibres share a 38% protein sequence identity, with particularly high homology in the

N-terminal domain that docks with the tail adaptor protein in both phage (gp11

and gp32 respectively). It therefore seemed possible that a fusion with Yep-phi

gp17 could result in a tail fibre with the required properties, in addition to utilising

OMPs for infection.

2.1.4 T7 engineering strategies

The first alterations made to the T7 phage genome came about through random

mutagenesis and selection [99, 100]. In the time since, three general strategies

for have emerged for precisely controlling the insertion (or deletion) of a given

sequence into (or from) T7: in vivo homologous recombination in E. coli followed

by marker [101, 102] or non-marker-based selection [103, 104]; and recombineering

in yeast (Saccharomyces cerevisiae) followed by rescue in E. coli 10G cells [15].

For marker-based selection of recombinant T7, the essentiality of the host factors

trxA [105, 106] and cmk [87] to T7 production is exploited. As mentioned briefly

in section 1.3.1, TrxA complexes with gp4, gp2.5, and gp5 during T7 replication.

In the absence of TrxA, there is a 25-fold reduction in vitro T7 DNA synthesis

[105] and trxA-deficient E. coli are not permissive to T7 (no plaques are observed)

[105–107]. Cmk, or cytidine monophosphate kinase, transfers a phosphate group

from ATP to cytidine monophosphate, CMP, and deoxy-CMP [108]. Qimron et al.

performed a genomewide screen of E. coli BW25113 to find genes which inhibited

T7 growth [87]. In that screen cmk emerged as another potential marker for T7

recombineering. As a proof of principle, the authors cloned pGp5-cmk, a vector

with cmk flanked by 400 bp of upstream homology and 200 bp of downstream
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homology to g5 on the T7 genome. Following in vivo recombination with T7,

the resulting lysate was plated on cmk deficient cells and successfully screened

for recombinant plaques. For non-marker based selection, a similar procedure

was enacted, except with an in vivo CRISPR Type I-E system obviating phage

genomes that did not pick up the desired gene sequence [103]. Yeast-based T7

engineering mimicks Gibson Assembly in that the phage DNA to be assembled

in a replicative yeast plasmid (yeast artificial chromosome) is transformed into S.

cerevisiae with overlapping homology regions of at least 30 bp [15]. The yeast gap

repair machinery then assembles the transformed DNA, and the resulting plasmid is

extracted and transformed into E. coli 10G cells. Plasmids which contain functional

phage genomes will generate plaques in the bacterial lawn, enabling the selection

of viable recombinants. Each of these methods has their limitations and strengths.

Yeast-based engineering requires the culturing and maintenance of yeast cells,

though, as with CRISPR-based selection, it does not scar the recombined genome.

Selection using E. coli host factors does however leave an undesired gene product

(which, with some scarring, can potentially be removed using FRT flippase system

[109]) but the degree of selection is orders of magnitude more effective than with

Type I-E CRISPR (which also suffers from escape mutants that avoid the CRISPR

gRNA).

2.1.5 Rescue of non-functional engineered genes

So long as in silico protein folding remains unsolved [110, 111], the rational

engineering of fusion proteins will continue to be a challenging affair. To ensure

that the desired DNA sequences have indeed recombined into the phage, we can

express a functional copy of the WT gene in the host, to allow phages which
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have picked up the desired gene sequence to continue to be productive, even if

the recombined sequence encodes a non-functional phenotype (see Figure 2.2).

Specifically, we will express gp17 of T7 in E. coli so that should the recombinant

tail fibre have misfolded, or not be capable of binding to the outer membrane

structures of E. coli, then the recombinant sequence will be retained in the genome.

This sequence could then be further engineered, through directed evolution, or the

recombinant phage could be presented with a host which did possess the necessary

outer membrane structures for productive infection.

BW25113
+ gp17 

BW25113
WT tail �bres
(phenotype)

DNA encoding 
non-functional tail �bres
(genotype)

a b

Figure 2.2: a) T7 phage which phenotypically has WT tail fibres, but which
genotypically has DNA which only encodes for non-functional tail fibres. b) Rescue
of this phage mutant can be achieved complementing the WT tail fibre (gp17) in
the host. This allows the initial phage infection to produce phage progeny capable
of infecting proximal cells, resulting in observable zones of lysis in bacterial lawns
(called phage plaques).

2.1.6 Aims for this chapter

In this chapter, I aim to generate a chimeric T7 phage which interacts with outer

membrane proteins as part of its infection cycle. The tail fibre of T7-like virus

Yep-phi is known to interact with OmpF and Ail of Yersinia pestis and so my

intention is to take the interacting domain and swap it into the homologous domain

of T7, in an attempt to impart its properties on T7. To do so, I will need to 1)

establish a reliable method for engineering T7 phage; 2) determine whether the new
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chimera is capable of infecting E. coli ; 3) determine whether infection is dependent

on the interaction with heterologously expressed proteins from Y. pestis.
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2.2 Results

At the point of construction, there was no evidence in the scientific literature of T7

bacteriophage having been engineered as late into the genome as g17 (that DNA

being in the last 15% ejected into the host). Therefore, before constructing a tail

fibre chimera of T7 and Yep-phi phage, it seemed sensible to demonstrate that the

engineering methodology (selection using the trxA marker) could work in our hands.

In addition, we wanted to reduce the likelihood of this gene recombining with an in

trans complementation of T7 gp17 - present to rescue phages with non-functional

tail fibres.

2.2.1 Design and cloning of a T7 g17 sequence with reduced

homology to the WT sequence

Seeing as any alteration to the g17 sequence of T7 could result in a non-functional

tail fibre phenotype (and subsequently, an unproductive phage) we thought it could

be useful to provide a copy of g17 in trans to rescue phages with DNA genomes

encoding non-functional tail fibres. Given that a WT copy of the T7 tail fibre

would provide plenty homology for recombination events with the phage genome,

we1 sought to reduce the likelihood of a phage genome recombining with an in

trans complementation of g17 by designing a version of g17 (herby referred to

as g17*) where stretches of homology between and g17* and the WT sequence

were limited to at most 8 nucleotides (see Appendix Figure A.1). The DNA for

this sequence was synthesised as a gBlock (GB002, see Methods 5.3.2) between a

1Preliminary sequence design was by Marc Guüell Vila-Ferran and Antonia Sagona. I later
re-designed and re-synthesised the gene to correct 4 aberrant mutations in the protein sequence
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synthetic T7 promoter (SBa_000446) and terminator (SBa_000587 [112]) with

RBS BBa_0064 immediately preceding the gene (see Figure 2.3a). SBa_000446

has at most 16 bp base pairs of homology to promoters found in T7 (increasing

to 19 bp if one base pair mismatch is allowed) and 15 bp of homology to the

consensus promoter sequence. SBa_000587 has a 12 bp homology with the T7

terminator Tφ. The SEVA vector pSEVA551 [113] was chosen as the backbone

and amplified in 2 overlapping sections using the primer pairs oPM013/14 and

oPM015/16 (lanes 1 and 2 in Figure 2.3b). Separately GB002 was amplified using

oPM017/18 (visualised in lane 3) before cloning of all 3 fragments by Gibson

Assembly (section 5.3.6). Colony PCR of the 12 transformants gave rise to only 1

amplicon (in lane 3) that was of the expected size (Figure 2.3c). Sanger sequencing

of the extracted plasmid (see section 5.3.8) indicated that there was a single base

pair mutation in g17*, T566G, generating a S189I amino acid substitution (Figure

2.3d).
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a

pSEVA551
pT7

g17*+

tetA

RS
F1

01
0

pSEVA551
g17*
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RS
F1

01
0

g17*

pT7

Gibson
Assembly

PCR

2 kb
3 kb

c

b

500 bp

2 kb
3 kb

d

500 bp

2 kb
3 kb2 kb

3 kb

Figure 2.3: Construction of a vector to complement g17-deficient T7 in trans. a)
Vector backbone was cloned from pSEVA551 [tetR, RSF1010 origin of replication].
The insert was synthetic DNA consisting of a T7 promoter, an RBS (BBa_00064
[114]), codon-altered g17 DNA, and a synthetic T7 terminator (SBa_000587 [112]).
Primers were designed to produce 3 overlapping fragments. For simplicity, single
lines represent dsDNA (primers excluded). b) Gel of resulting PCR fragments. c)
PCR amplicons from sampled transformants. d) Relevant frame of sequencing data
for transformant with correct PCR amplicon size. Sequence contains a T566G
base-pair mismatch (leading to a S189I amino acid substitution).
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2.2.2 Making T7 ∆g17 ::trxA

g17

WT T7
g12

g10B

g10A
Q398*

T118A

g11

g5

Figure 2.4: Sanger sequencing of g5, g11, g12 and g17 gene regions for WT T7
(see section 5.3.8). The sequence differed from the canonical NC_001604 sequence
in 2 places. The nonsense mutation Q398* replaces the last amino acid of the
non-essential, minor capsid protein gp10B with a stop codon.

Genes 5, 11, 12 and 17 of T7 phage were PCR amplified and Sanger sequenced

(Figure 2.4). Two non-canonical mutations were observed: one in the non-essential

minor capsid protein gp10B, and one in the N-terminal region of the T7 tail fibre.

The Gibson assembly method was used to clone pSB3T5-HRg17-trxA (see Figure

2.5). The amplicons used in this assembly came from the backbone of pSB3T5-HRg5-

cmk-trxA using primers oPM023/24, and the insert was generated by amplifying

GB004 with primers oPM025/26 (see section 5.3.2). pSB3T5-HRg17-trxA was then

electroporated into BW25113 ΔtrxA competent cells along with pSB6A1-gp17 (see

Figure 2.6a). pSB6A1-gp17 possesses an ampicillin resistance cassette and a pUC

origin of replication, making the plasmid compatible with the tetracycline resistance

and p15A origin of pSB3T5-HRgp17-trxA. BW25113 ΔtrxA pSB3T5-HRg17-trxA +

pSB6A1-gp17 was refreshed to log-phase and challenged with WT T7. The resulting

phage population was a mixture of WT phage and recombinant phage that had

traded g17 for trxA. Plating this against BW25113 ΔtrxA pSB6A1-gp17 selected
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against WT T7 that lacked the trxA gene required to replicate, and complemented

gp17 to those phage that had lost g17 in obtaining trxA (Figure 2.6b). 2 plaques

were picked from the plate shown in Figure 2.6c, and were screened for recombinant

and WT phage. As depicted in Figure 2.6d, primers flanking g17 (oPM046/47) and

primers that bind upstream, and the inside of g17 (gp17fwd/AG061rev) were used

to amplify both the plaques and a WT phage control (Figure 2.6e). Bands in the

WT lanes indicate that the primers were functional, and the gp17fwd/AG061rev

primer pair did not produce amplicons for the recombinant plaques.

a

 

tetA

pSB3T5
HRg5-cmk-trxA p15A

trxA
HR

HR

cmk

pT7

+
HR
g17

HR
g17

pT7

PCR

Gibson
Assembly 

trxA

 

tetA

pSB3T5
HRg17-trxA p15A

trxA

b

4 kb
3 kb

1 kb

Figure 2.5: Construction of HR plasmid for deleting g17 from T7 phage. a) A
vector, pSB3T5 HRg5-cmk-trxA, previously used to remove g5 from T7 phage
through the insertion of cmk and trxA is re-designed to do the same for g17 with
trxA. The new insert flanks the trxA gene with 90 bp DNA sequences homologous to
areas immediately upstream and downstream of g17. The location of the upstream
homology arm necessitates the inclusion of the corresponding T7 promoter and
RBS for g17. The colours on each primer are to indicate where the necessary
overlaps occur for Gibson assembly. b) A gel of the PCR fragments used for the
Gibson assembly (left - backbone, right - insert).
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WT T7

trxAg17 in trans
g17

pT7
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BW25113 ∆trxA

b

pT7
in trans
g17*
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trxA

g17
WT

recombinant
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1 kb

WT R1 R2 WT R1 R2 
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Figure 2.6: Engineering a g17 deficient T7. a) WT T7 phage infect ΔtrxA cells
containing a plasmid with homology arms designed to replace g17 with trxA on
the T7 genome. The T7 promoter upstream of the plasmid-borne trxA ensures
some expression of TrxA, and hence enables T7 replication. Additionally, gp17 is
complemented in trans to functionalise g17 -deficient phage. b) Resulting phage, a
mix of WT and phage that picked up the trxA insertion (recombinant), are plated
on ΔtrxA complemented with in trans gp17. The absence of TrxA ensures that
only recombinant phage can replicate (superinfection effects excluded). c) The
relevant plaque assay plate from sub-panel b. d) A diagram indicating where the
primers used to characterise the phage plaques from sub-panel c bind to on the
recombinant and WT genomes. e) Gel of recombinant plaques (R1 and R2) and a
WT control following the described PCRs (the colours specify which primer pair
was used).
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2.2.3 Design and construction of a functional T7/Yep-Phi

tail fibre chimera

Figure 2.7: Close-up of C-terminal end of a T7 tail fibre (visualised in PyMol
[115]). The pyramid and tip domains are coloured in blue and purple respectively.
Sandwiched between those domains, in green, is a small flexible loop (Val464-
Lys466, i.e. VAK) which was left in tact when replacing the tip domain of the T7
tail fibre, with one from the Yep-phi phage. The crystal structure (PDB ID: 4A0U)
is from Garcia-Doval & van Raaij [91].

Having succeeded in inserting the trxA selection marker into the tail fibre region

of T7, the next objective was to design and engineer a functional fusion of the

tail fibre regions of T7 and Yep-phi. Garcia-Doval & van Raaij [91] suggested

that the short linker between the pyramid and tip domain (Val464-Lys466) is

somewhat flexible (see Figure 2.7). Following this observation, and based on

homology between the T7 and Yep-phi tail fibres (Figure 2.8) a fusion between

the two tail fibres was designed (see Figure 2.9a) which agreed with the design

made by Antonia Sagona independently. The design takes the first 466 amino

acids of the T7 tail fibre and pairs them with amino acids 485-569 from Yep-phi

gp17. The homology regions upstream and downstream of the sequence to be

replaced (aa 467-553 of T7 gp17) were retained and that DNA was synthesised

30



2.2. Results

T7_17  1    MANVIKTVLTYQLDGSNRDFNIPFEYLARKFVVVTLIGVDRKVLTINTDYRFATRTTISL  60
            MAN I TV TY L+GS  +F I FEYLARKFV+VTLIG DRK L +N DYRF  +T I+ 
YP_17  1    MANKISTVRTYPLNGS-VNFTITFEYLARKFVLVTLIGKDRKELVLNQDYRFTAKTQITT  59

T7_17  61   TKAWGPADGYTTIELRRVTSTTDRLVDFTDGSILRAYDLNVAQIQTMHVAEEARDLTTDT  120
             +AW  ADGY  IE+RR TS TDRLVDF DGSILRAYDLN++QIQT+HVAEEARDLT DT
YP_17  60   ARAWTAADGYEMIEIRRFTSATDRLVDFADGSILRAYDLNISQIQTIHVAEEARDLTADT  119

T7_17  121  IGVNNDGHLDARGRRIVNLANAVDDRDAVPFGQLKTMNQNSW----QARNEALQFRNEAE  176
            IGVNNDG+LDARGR+IVNLA A  D DAVP  Q+     + W    +A  +A +   EA 
YP_17  120  IGVNNDGNLDARGRKIVNLAFATSDYDAVPLKQITDRESSVWNAVTKASEQADRSNKEAN  179

T7_17  177  TFRNQAEGFKNE----------SSTNATNTKQWRD-------ETKGFRDEAKRFKNTAGQ  219
              R++A+  K E          S+T A   K+  D        +KG+ D        A  
YP_17  180  RSRDEADRAKREADRSTQQAGVSATQAVEAKKQADRSNSEANRSKGYADSMTASVEAAKG  239

T7_17  220  YATSAGNSASAAHQSEVN----------------------AENSATASANSAHLAEQQAD  257
            +A SA   A+ + ++E N                      A+N A  S+  A+ A+ +AD
YP_17  240  HAESASKEANRS-RAEANRAADEVTKAAAEVSKAAAHVASAKNQADRSSTEANRAKSEAD  298

T7_17  258  RAEREADKLENYNGLAGAIDKVDGTNVYWKGNIHANGRLYMTTNGFDCGQYQQFFGGVTN  317
            RA+ EADKL N N  AG ++KV+G    +K  I               G +    G  T 
YP_17  299  RAKTEADKLGNINEFAGTLEKVEGVTPTFKSGIK-----------LRSGDFYAESGSFTK  347

T7_17  318  RYSVMEWGDENGWLMYVQRREWTTAIGGNIQLVVNGQIITQGGAMTGQLK--LQNGHVLQ  375
            +    +W             +WT A+  ++Q  + GQ         G +   L+    L 
YP_17  348  KTQGGDWS------------QWTGALTPDVQHDIEGQ---------GNIAYLLERATTLS  386

T7_17  376  LESASDKAHYILSKDGNRNNWYIGRGSDNNNDCTFHSYVHGTTLTLKQDYAVVNKHFHVG  435
             E    K  Y    +G   N++I              Y+      L+ D A+++     G
YP_17  387  KEPLYAKCLY---NNGVGENFFI------------RQYLRDAHFDLRADGALISSS---G  428

T7_17  436  QAVVATDGNIQGTKWGG---------------------KWLDAYLRDS-----FVAKSKA  469
             ++ A DGN+   K+G                      K +D  L        +  KS  
YP_17  429  WSIPA-DGNLYIKKYGSNLDTWVNKRLSAHAYSKGEVNKMVDGLLTTEQGDARYARKSSG  487

T7_17  470  WTQVWSGSAGGGVSVTVSQDLRFRNIWIKCANNSWNFFRTGPDGIYFIASDGGWLRFQIH  529
            WT+VW GSAGGGVSV++SQD+R+R IWI  ANN     + G D  YF+   GGWL+F I 
YP_17  488  WTEVWQGSAGGGVSVSLSQDVRWRTIWI-LANNGMCSVQIGADATYFMVVMGGWLKFTIS  546

T7_17  530  SNGLGFKNIADSRSVPNAIMVENE  553
            +NG  F+N  D  +VP  I+V N
YP_17  547  NNGRTFRNDQDRNTVPEQILVRN-  570

Figure 2.8: NCBI blastp [116] protein alignment of T7 gp17 and Yep-phi gp17
(GenBank ID: CAA24435.1 and ADQ83192.1 respectively). In this alignment, the
proteins share ≈ 38% sequence identity. The orange dashed line indicates the
location of the cut site, from which point the protein fusion utilises Yep-Phi amino
acids, instead of ones from T7.

31



2.2. Results

between XbaI and SpeI restriction sites (Figure 2.9b). This, in turn, was cloned

into the biobrick plasmid pSB6A1 by restriction digest to make pSB6A1-HR-YP

(Figure 2.9c). Using the strategy employed to create T7 ∆gp17::trxA, this plas-

mid was further amended to include trxA, preceded by an RBS (Figure 2.10a) in

order to facilitate the selection of the recombined phage. pSB6A1-HR-YP-trxA

was made by Gibson assembly (section 5.3.6). Primers oPM058/59 were used to

amplify pSB6A1-HR-YP (minus the downstream homology region), and primers

oPM060/61 amplified the RBS-trxA insert from pML-HRtrxA (in addition to the

missing downstream homology region). The bands generated by those PCRs can be

seen in Figure 2.10c (labelled A1 and A2 respectively) and match the expected sizes.

Additionally, to determine whether the protein fusion was soluble, and there-

fore likely to be folding correctly, a vector containing amino acids 371-467 of T7

gp17 and an N-terminal hist-tag was amended to express amino acids 371-466 of

T7 and 486-569 of Yep-phi (Figure 2.10b).2 This vector (pET30a+T7-YP) was

cloned by Gibson assembly (section 5.3.6). pET30a+gp17_371-467 was ampli-

fied with oPM054/55 and the insert (GB001) was amplified with the primer pair

oPM056/57. The resulting bands are seen in Figure 2.10c, in lanes labelled B1 and

B2 respectively. The unexpected band at 200 bp in lane B1 was presumed to be

due to a mis-priming reaction, and subsequently ignored when gel extracting the

band at ≈ 6 kb. Figure 2.10d is an SDS protein gel; protein expressed using the

pET30a+T7-YP plasmid migrates roughly in line with the 25 kDa marker.

2Note that T7 aa 467 is a serine, as is Yep-phi aa 485, consequently, this cloning decision has
led to a different codon sequence for that serine, compared to the pSB6A1-HR-YP-trxA plasmid
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Figure 2.9: a) Exchange of the distal domain of the T7 tail fibre (in purple) with the
receptor-binding domain of Yep-phi (in green). b) In order to facilitate the exchange
of DNA, 90 bp homology arms are copied from the T7 genome downstream of g17,
and upstream of aa 466. Amino acids 485-569 of the Yep-phi gp17 C-terminus
are then flanked by these homology regions in a custom DNA synthesis order. c)
Construction by restriction digest of a HR plasmid for in vivo engineering of T7.
The homology arms flanking aa 485-569 of Yep-phi are cloned into pSB6A1 [114]
by restriction digest.
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Figure 2.10: a) Amendment of pSB6A1-HR-YP to enable marker-based selection
of any engineered phage. Primers are coloured to highlight the homology regions
required for Gibson assembly. b) Cloning of the C-terminus of Yep-phi g17 (aa
486-569) into pET30a+gp17_371_467, which contains aa 371-467 of T7 g17. c)
Gel of PCR fragments for Gibson assembly. A1 and B1 are the PCRs of the
vector backbones from panel A and panel B respectively. A2 and B2 are the
inserts. d) SDS gel of purified protein expressed from pET30a+T7-YP (expression,
purification, and visualisation performed by Marta Sanz Gaitero, in collaboration
with the Raaij Lab). Cut out lanes contained unrelated protein samples.
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2.2.4 Engineering of a T7 phage with a T7/Yep-Phi tail

fibre chimera

WT T7 phage was amplified in BW25113 ΔtrxA cells harboring pSB6A1-HR-YP-

trxA; plus or minus the vector pSEVA551-g17* (see Figure 2.11a). The resulting

phage population formed plaques, irrespective of whether gp17 was provided in

trans during the amplification step (see Figure 2.11b). 2 plaques from each phage

population challenged on BW25113 ΔtrxA plates (with or without a complement-

ing gp17 plasmid) were PCR amplified and Sanger sequenced (see Figure A.3).

Recombined phage genomes were observed in all 4 plaques. In addition, the phage

population that had not received gp17 in trans when plated on BW25113 only

(PM6, see section 5.2) outnumbered that which had been plated on BW25113

ΔtrxA (3.6 × 1010 vs 3 × 106 PFU/ml respectively). An isolated plaque from

the BW25113 ΔtrxA plate challenged with PM6 was then amplified in BW25113

ΔtrxA cells (the amplified phage population was denoted PM12F - see section

5.2). Figure 2.12 describes the SNPs observed in PM12F following next-generation

sequencing (see section 5.3.9). Protein structure homology-modelling (see Figure

2.13) highlights where the E545K mutation might sit in the chimeric tip domain.
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Figure 2.11: Construction of TYP phage: homologous recombination (HR) of WT
T7 to exchange the C-terminus of gp17 with that of Yep-phi phage. a) WT T7
are infecting ΔtrxA pSB6A1 HR-YP-trxA (denoted TYP HR) with or without
a plasmid complementing g17 in trans. It is possible that the emerging phage
populations is a mixture of genotypes that have picked up the Yep-phi g17 C-
terminus (and trxA), and a mixture of corresponding tail fibre phenotypes. b)
Phage plated on cells which complement T7 gp17 in trans can maintain genotypes
that do not encode functional tail fibres. Following HR, lysates are plated to
screen for recombinants/WT phage. Plates are are of the 5th, 5th, and 8th 10-fold
dilutions of phage, reading from left to right.
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Figure 2.12: Schematic describing the location of mutations in the amplified TYP-
phage stock (PM12F) relative to the canonical WT T7 sequence (NC_001604+,
see section 5.2) as determined by next-generation sequencing (see Methods 5.3.9).
Genome alterations Q398* in gp10B and T118A in gp17 were observed in the
progenitor T7 (see Figure 2.4).

Figure 2.13: Protein structure homology-modelling (SWISS-MODEL [117–120]) of
the C-terminus Yep-phi gp17 (aa 474-569) using the homo-trimer PDB structure
of T7 gp17 (aa 457-552, PDB ID: 4A0T [91]) as a template. The model is shown
viewed from below (left) and from the side (right). Highlighted in red are the
amino acids shown to interact with Ail and OmpF of Y. pesits [24] using 20 aa
linear peptides from Yep-phi (the amino acids from the linear peptide which bound,
being displayed in yellow). The location of the E545K mutation in the PM12F tail
fibre is coloured in green.
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2.2.5 In vivo characterisation of TYP phage with a heterl-

ogously expressed co-receptor (Ail)
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Figure 2.14: a) A plasmid map for pMMB207-Ail (a gift from the Krukonis lab
[95]). A tac promoter and lacO site sit upstream of an inserted gene region
from Yersinia pestis. The BPROM algorithm [121] predicts that an additional
promoter sits between ail and pTac (labelled putative). b) Growth curves of
ΔwaaC pMMB207-Ail induced with differing concentrations of IPTG. Error bars
are given as standard deviations of 3 biological replicates. c) Amplified T7-YP
(PM12F) plated against BW25113, ΔwaaC, and uninduced ΔwaaC pMMB207-Ail.
EOP data are log10 transformed prior to mean and error calculation of 3 biological
replicates (each of which is an average of 2 technical replicates). BW25113 serves
as the reference strain for the EOP calculations. Error bars are presented as 95%
confidence intervals. Raw data for the biological replicates overlay the bar plots.

pMMB207-Ail was a gift from the Krukonis lab [95] (see Figure 2.14a). Cloned

from Y. pestis KIM5, pMMB207-Ail contains ail, its native RBS, and a small
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upstream nucleotide sequence. In addition, the BPROM algorithm [121] predicts

that there is a constitutive σ70 promoter in that upstream region. Following the

protocols established in the literature [95, 122] the pTac promoter was expected

to regulate the expression of ail. pMMB207-Ail was transformed into BW25113

ΔwaaC cells, and picked colonies grown overnight were refreshed in varying con-

centrations of IPTG in a 96 well plate (Figure 2.14b, see section 5.8.1 for details).

Induced cells took several hours (> 8) to reach a satisfactory turbidity, with only

uninduced cells growing as expected (mean growth rate 0.0312 OD600 min−1, 95%

CI [0.0233, 0.0391]). Serial dilutions of a PM12F (see section 2.2.4) were plated on

BW25113, BW25113 ΔwaaC and BW25113 ΔwaaC pMMB207-Ail cells (Figure

2.14c). PM12F produced 8.8 × 104-fold fewer plaques on the reference strain,

BW25113, compared with ΔwaaC, and 5.7× 105-fold fewer on ΔwaaC pMMB207-

Ail. A one-sided Welch’s t-test to see if the mean EOP against ΔwaaC was larger

than mean versus ΔwaaC pMMB207-Ail indicated that the difference was not

significant at the 5% level (p ≈ 0.09).
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2.3 Discussion

2.3.1 Design and cloning of a T7 g17 sequence with reduced

homology to the WT sequence

Recombination between T7 phage and the pSEVA551-g17* plasmid involving a

single crossover event would result in T7 acquiring the entire pSEVA551-g17*

plasmid, which at 7382 bp, is larger than the maximum 2.6% increase (≈ 1 kb) in

genome size that can be packaged into T7 capsids [57, 123]. Therefore, we designed

the g17* sequence accounting for research by Jacobus et al. [124] suggesting that

double crossover recombination events in E. coli were possible with as little as 10

bp of flanking homology. We made no attempt to determine from the literature

whether the T7 recombination machinery alone could generate recombinants with

less homology, and instead opted to change as much as was feasible (in this case

allowing at most 8 bp stretches of homology).

The cloning procedure outlined in Figure 2.3a was in fact performed twice; on both

occasions, small colonies (and few in number) were seen following transformation

of the Gibson reaction. Again, in both cases, only 1 colony was found to contain a

correctly sized band, and when sequenced, was determined to be maligned with

a single missense mutation (S189I on the first attempt and S402R on the second

attempt respectively - data not shown). One explanation for this would be that the

codon alterations made to the WT g17 sequence could have hindered the growth

of the host E. coli (through translatable, off-frame, cytotoxic protein products, or

RNA sequences which encourage ribosome slippage). Another explanation could be
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that the PCR primers used to perform Gibson assembly were improperly designed,

with too many base pairs (>40) annealing to the template with particular primer

pairs (e.g. oPM17/18) leading to low DNA yields (see Figure 2.3b) and possibly

impacting the efficacy of the isothermal Gibson reaction. Nevertheless, Grigonyte

[125] showed that the g17* S189I sequence rescued phages with stop codons in

g17 (and so, were without functional tail fibres). For the purposes of this work,

retention of the canonical protein sequence was not necessary, and subsequently

this construction was utilised regardless.

2.3.2 Making T7 ∆g17 ::trxA

Here we have demonstrated that trxA-based selection of T7 g17 recombinants

is possible. Since the time of construction, this has also been confirmed in the

literature [126]. It would have been more straightforward to have followed previous

work [101, 102] and cleanly split recombination, and then selection, into two

separate steps. Instead, the chosen method theoretically selected for recombinants

at the same time as generating them (Figure 2.6a). However, given that the

plasmid used to recombine trxA into T7 contained a T7 promoter, this most likely

rendered the insertion of these plasmids into a ΔtrxA strain redundant (especially

as TrxA over-expression does not inhibit T7 growth [87]). Therefore, the BW25113

ΔtrxA pSB3T5 HRg17-trxA + pSB6A1-gp17 strain would have been phenotypically

trxA+ after infection by T7.
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Design and construction of a functional T7/Yep-Phi tail fibre chimera

We designed and cloned a chimeric fusion of the T7 tail fibre and the Yep-phi tip

domain. Yep-phi gp17 and T7 gp17 share a 38% protein sequence identity and

a 53% identity in the region of T7 gp17 which was exchanged. For comparison,

the T7 tail fibre fusion with the last 410 aa of T3 produced by Ando et al. was

79% identical over the whole protein sequence and 72% identical over the region

exchanged. We also constructed the pET30a+T7-YP plasmid, with the last 181

amino acids of this fusion. Raaij et al. have previously shown that amino acids

371-553 of the g17 tail fibre trimerise, and form resolvable crystal structures [91].

Protein expressed using the pET30a+T7-YP plasmid migrates to about 25 kDa

marker, as expected for the monomeric protein (expected weight for monomeric

protein 25.2 kDa, calculated using the average isotopic masses of the amino acid

sequence [127] (outlined in Figure A.2) which indicated that the fusion is soluble.

That being said, there does not appear to be evidence of stable trimer formation

in these conditions, though this need not preclude trimer formation in vivo.

2.3.3 Engineering of a T7 phage with a T7/Yep-Phi tail

fibre chimera

Unexpectedly, phage that upon recombination, exchange the C-terminus of gp17 for

that of Yep-phi phage, were still able to form plaques on E. coli lawns (indicating

that they are still capable of adsorption, and subsequently DNA ejection - see

Figure 2.11). In combination with the protein expression data in Figure 2.10d,

these results potentially imply that either Yep-phi phage tail fibres are capable of

adsorption to E. coli, or that T7 is capable of adsorption to E. coli in a manner that

42



2.3. Discussion

is independent of the tip domain of gp17. In the latter case, we know from the work

of Heineman et al. [83] that a V544A mutation is associated with the avoidance

of E. coli K12 ΔtrxA . Similarly, Yosef et al. [126] found that a D540N mutation

lead to a 106-fold improvement for T7 transduction of BW25113 with an LPS

truncation (ΔwaaC, see Figure 1.5). These results alone would suggest that the

tip of the T7 tail fibre is responsible for LPS adsorption in E. coli. However, data

collected by Berbís Moreno [128] indicates that aa 371-553 binds to the dissacharide

α-D-glucose-(1→ 2)-α-D-glucose (a component of the LPS, see Figure 1.5) and

so an interaction between the LPS and the pyramid domain, or the alpha helix

region (see Figure 2.7) can not be ruled out. Finally, a study published after the

construction of PM12F by Ando et al. [15], points to the N-terminal domain of

gp17 (aa 1-150) being involved in T7 adsorption to BW25113. In particular, Ando

et al. traded the T7 tail fibre for one from the T7-like Enterobacteria phage 13a,

and also made a chimera of the two tail fibres, taking the N-terminal domain from

13a. They found that although both phage phenotypes were functional; only the

phage which possessed the N-terminal domain of gp17 could infect BW25113. In

summary, the current literature does not preclude the possibility of T7 adsorption

to BW25113 in a manner independent of the aa 446-553 region of T7 gp17.

As to whether Yep-phi phage tail fibres are capable of adsorption to the LPS of E.

coli, we note here that the LPS of BW25113 and Yersinia pestis CO92 (the host

strain of Yep-phi [24]) may share similarities in their inner core. Though I could

only locate data on the LPS structure of Y. pestis for strains KM260 and I-2377

[96, 129] the common structure of Kdo and heptose molecules, as seen in E. coli

BW25113 (Figure 1.5) appears to conserved in Y. pseudotuberulosis as well [129].

Similarly, Y. pestis strains, like E. coli BW25113, do not posses O-antigens [122].
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Next-generation sequencing of amplified TYP phage (PM12F) indicated that

there were several unanticipated mutations (Figure 2.12) that were not observed in

the progenitor phage. In particular, there is one mutation, E545K, in the chimeric

g17 that was not observed in the Sanger sequencing of the plaque PM6-1 (Figure

A.3b). Whether these mutations were the result of adaptation to the new chimeric

tail fibre (and of that fusion protein to a supposedly new host (E. coli)) or simplify

an artifact of the procedure, can not be determined from the evidence obtained.

2.3.4 In vivo characterisation of TYP phage with a heterl-

ogously expressed co-receptor (Ail)

pMMB207-Ail was shown previously to express Ail heterologously in E. coli

AAEC185 [122]. Comparing the genotypes for both strains, one significant dif-

ference is the absence of type I fimbriae in AAEC185 (mutation ΔfimB -fimH ).

Looking at the growth curve data in Figure 2.14b, it is apparent that even low

concentrations of IPTG negatively effect growth, which was not seen in the work of

Tsang et al. [122]. One possibility then is that type I fimbriae and Ail are somehow

incompatible, though, as far as this author can tell, there is no literature on the

subject. Another explanation could be that the truncated LPS of ΔwaaC impacted

Ail expression. On visual inspection of Figure 2.14c, one might be tempted to

conclude that there was a difference between TYP phage plated against ΔwaaC and

ΔwaaC pMMB207-Ail cells, however, a Welch’s t-test found that they were insuffi-

ciently different to be statistically significant at the 5% level. Nevertheless, the

aim was to see whether TYP phage would produce more plaques in the presence of

cells expressing the co-receptor Ail, which the data clearly indicates was not the
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case. Reasons for this are numerous: firstly, Ail expression and localisation to the

outer membrane has not been demonstrated in BW25113 ΔwaaC cells; secondly,

PM12F contains a mutation (E545K) in the C-terminal Yep-phi domain, which

may impact on the binding to Ail (though, the mutation does not fall in the region

known to interact with Ail, see Figure 2.13); finally, the protein sequence for Ail

used by Tsang et al. [122] is one amino acid (Y46D) different from the Ail sequence

used in the work of Zhao et al., and is located in the extracellular loops of Ail,

which interact with the external world [24].

2.4 Conclusion

We’ve shown that it’s possible to engineer tail fibre chimeras of T7 bacteriophage

using the trxA marker-based selection method, and that, unexpectedly, this phage

is capable of infecting E. coli. However, our aim was to create a phage which bound

to an outer membrane protein expressed by E. coli (in this case, heterologously

expressed Ail) which we did not manage to accomplish. Difficulties in demonstrating

that Ail could be heterologously expressed in E. coli meant that future work in

this thesis would instead concentrate on whether T7 could be encouraged to bind

to, and infect E. coli using, endogenously expressed outer membrane proteins.
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3.1 Introduction

3.1.1 T7-ReRb phage

The Keio collection systematically provides single-gene deletions for every non-

essential gene in E. coli BW25113 [43, 44]. Qimron et al. exploited this collection

to generate a variant of T7 by plating this phage on a lawn of BW25113 ΔwaaC (an

‘Re’ LPS mutant) and selecting a plaque for sequential plating on ΔwaaR (Rb) and

subsequent plaque isolation. They denoted this variant T7-ReRb, and observed

that it plaques with greater efficiency on more LPS mutants of E. coli BW25113

than WT T7 phage (see Figure 1.5 and Table 3.1).

Table 3.1: Plating efficiency of T7 compared with T7-ReRb when challenged
against a series of BW25113 LPS mutants. EOP ≥ 0.1 is denoted by a ‘+’ and
< 0.1 by a ‘−’. Taken from [87].

E. coli LPS structure

Phage BW25113 ΔwaaR ΔwaaO ΔwaaG ΔwaaF ΔwaaC

WT T7 + − + − + −

T7-ReRb + + + − + +
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3.1.2 T7 phage interaction with outer membrane proteins

A recent paper by González-García et al. et al. [130] indicated that T7 phage might

also interact with outer membrane proteins of E. coli via gp17, in addition to the

well-characterised LPS receptor. The authors used a virus overlay protein binding as-

say (VOPBA) [131] and mass spectrometry to determine those proteins to be OmpA

and OmpF. However, T7 could still infect an E. coli ΔompA ΔompF ΔompC mu-

tant, suggesting that the OMPs are non-essential for T7 infection. E. coli OmpA

is involved in biofilm formation and functions as an adhesion and invasin of mam-

malian tissue [132]. Roughly 2.5×105 copies are found per cell in BW25113 growing

exponentially in M9 minimal media [20]. The crystal structure of OmpA in its

8-stranded β-barrelled narrow pore conformation and 4 extracellular loops [133]

is depicted in Figure 3.1a. However, how it folds and sits natively in the outer

membrane is currently disputed [23, 132, 134–141]. A 16-stranded β-barrelled large

pore conformation has been observed in vitro [23, 134–141] but as of 2012 (and

to this author’s current knowledge) there is no spectroscopic or crystallographic

evidence for this conformation [132]. OmpF, on the other hand, is known to exist

in a 16-stranded β-barrelled porin natively (see Figure 3.1a). In that same paper

by Soufi et al. there are estimated to be roughly 4.3 × 104 OmpF proteins in

exponentially growing BW25113 [20]. Each one provides a water-filled channel for

hydrophilic molecules to pass into the E. coli [142]. The L2 loop is necessary for

OmpF trimerisation in the outer membrane (see Figure 3.1b) [143].

48



3.1. Introduction

OmpA
(narrow pore) OmpF

Extracellular
space

Periplasm

L2 loop

Outer
membrane

OmpF
trimer

L2

a

b

Figure 3.1: a) The narrow pore conformation of the crystallised amino acids 21-192
from the 346 residue long OmpA (PDB ID: 1BXW [133]) shown adjacent to a
monomeric OmpF porin (PDB ID: 2ZFG [144]). It has been speculated that OmpA
may exist as in a conformation closer to the 16-stranded β-barrelled OmpF natively.
b) OmpF forms trimers in the outer membrane of E. coli, the stability of which are
associated with the WT LPS structure (view from above, PDB ID: 2ZFG [144]).
The L2 loop is required for trimer formation. PDB files visuali sed in PyMOL
[115].
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3.1.3 Design of evolution experiments

BW25113 ∆waaC

gp5 no gp5

T7-ReRb ∆g5
a b

BW25113 ∆ompA/F

T7 ∆g5

gp5 no gp5

Figure 3.2: a) The proposed directed evolution strategy. T7 Δg5 requires gp5
to be complemented in trans, otherwise phage DNA replication does not occur.
Subsequently, T7 Δg5 phage will be passaged in a co-culture of strains permis-
sive (BW25113 gp5+) and non-permissive (BW25113 ΔompA/F gp5−) to phage
replication, with the aim of penalising phage adsorption to outer membrane com-
ponents of BW25113 other than ompA (or, alternatively, ompF). b) T7-ReRb
infects both BW25113, and BW25113 with a truncated LPS (ΔwaaC ). As an initial
proof-of-concept, we take T7-ReRb and seek to penalise adsorption to ΔwaaC.

As described previously (in section 1.6) our aim is to generate a T7 phage that

infects E. coli using a given outer membrane proteins as a receptor. We will attempt

this by passaging T7 in a mixture of E. coli strains that are either permissive or

non-permissive to replication. Those strains which contain the targeted receptor

will be permissive, whereas strains without that receptor (provided by the Keio

collection) will be non-permissive. Thus, we hypothesise that this process should

encourage adaptation to the desired component of the outer membrane. To imple-

ment this, I will first impart control on the replication of T7 by complementing g5

(encoding T7 DNAP) in trans in the designated permissive strains, whilst removing

g5 from the phage. I will then allow T7 to replicate in cells containing the target

outer membrane protein (OmpA or OmpF) and prevent T7 from replicating in
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strains without those outer membrane protein (ΔompA and ΔompF, see Figure

3.2a). The in vivo mutation rate of the phage can also be increased through the

use of mutant T7 DNA polymerases, as will be discussed further in the next section.

To ensure that our methodology is sound, and that T7 can be encouraged to

adapt in this way, we will perform a preliminary, control experiment, that tests

different strategies for directed evolution in a situation where the desired outcome

(the phage adsorption phenotype) of the evolution experiment is known to exist

in the mutational landscape of T7 (Figure 3.2b). To this end, I chose to regress

T7-ReRb phage back to its progenitor phenotype (more efficient infection of the

WT LPS phenotype than with LPS truncations, see Table 3.1).

3.1.4 Mutant T7 DNA polymerases

Evolution is a filter, which sifts out things that are insufficiently fit in a given

context. Objects, memes, or organisms that can pass the generator of that thing

to next generation, and do so more effectively than others, are considered fitter. In

biological contexts, the generator is an organism’s genotype, but it is the phenotype

that selection acts on. In the case of T7 phage, the template that generates these

phenotypes is its dsDNA genome.1 There are 2 established methods for diversifying

the T7 genome in vivo. The first is to use the chemical mutagen N-methyl-N’-

nitro-N-nitrosoguanidine (NG) which methylates nitrogen and oxygen atoms in

DNA [147]. This results in a strong bias for GC→ AT transitions upon DNA

replication [148] and in T7, generated roughly 4 nonlethal mutations per genome

per generation in vivo (≈ 10−4 mutations per bp) [48]. The second involves using
1The T7 RNA polymerase has an error rate per base pair of 5× 10−5 [146], and may also

diversify the T7 phenotype, but we choose not to effect this.
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Figure 3.3: a) Crystal structure of T7 gp5 (DNAP) bound to trxA (PDB 1T7P). b)
Close-up of D5A and D7A mutant locations (in red). c) Close-up of Y64C, F120L,
S399T mutant locations (cyan blue). Figure adapted from Tran et al. [145].

error-prone T7 DNA polymerases to yield errors in replicating genomes. Wong et

al. [149] characterised a D5A, E7A mutant of T7 DNAP which led to a complete

inactivation of the exonuclease activity that repairs DNA mismatches. This and

subsequent works suggests that the mutations produce a 10-210 fold decrease in

polymerase fidelity [149–151]. Söte et al. [152] employed directed evolution to

generate a Y64C, F120L, S399T mutant which increases the error rate of gp5 by

roughly 55-fold when compared with the WT polymerase. That being said, relative

to the exonuclease-deficient polymerase (D5A E7A mutant) there is only a 1.7-fold

improvement. The locations of both sets of mutations are presented in Figure 3.3.
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In the work that follows, we use a T7 gp5 with all 5 of these mutations (developed

previously in the Jaramillo Lab and referred to as ER-gp5) in the directed evolution

experiments.

3.1.5 Mathematical modelling

Throughout this work, I will refer to mathematical formulations of phage-bacteria

systems, and their associated dynamics, in an attempt to better understand their

interactions and to inform the experiments employed herein. Though no model

ever gives a completely accurate account of a biophysical system, some may be

helpful [153, 154] and we apply this philosophy in developing qualitative models to

build on, and to help extend, the knowledge derived from experimentation.

Ordinary differential equations

Ordinary differential equations (ODEs) are commonly used to describe dynamical

systems, and will form the basis of most of the mathematical models described in

this thesis. In order to develop a better grounding of what an ODE is,2 let us start

with a basic model of an exponentially growing population, N . We call N(t) the

population density at a time t, so that N(t+ δt) represents the population density

at a time t+ δt (where δt is a positive amount of time). We write that,

N(t+ δt) = N(t) + b δt N(t)︸ ︷︷ ︸
growth over time period dt

(3.1)

2A reader familiar with ODEs and mass action kinetics can skip over the following sections
until the introduction of multiplicity of infection (MOI)
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where b is the growth rate of the population. We see that the population of N at

time t+ δt is dependant on the population of N at time t. Table 3.2 shows how N

increases as we move forward in time by increments of 1, for a fixed growth rate.

Table 3.2: Equation (3.1) incremented in time steps (δt) of length 0.1, with b = 1
and N = 100 at time t = 0. This procedure is an estimate of the true solution.
Better approximations can be found by incrementing in time steps of smaller length
(i.e. using values of δt that are closer to zero).

t N

0 100
0.1 100 + 0.1× 100 = 110

0.2 110 + 0.1× 110 = 121

.. ..

Equation (3.1) tells us how the population N changes as we take steps forward

in time of size δt. By rearranging that equation, we can see how the population

changes as the time step, δt, takes up infinitely small quantities close to zero - and

so, becomes effectively continuous,

N(t+ δt)−N(t)

δt
= b N(t).

Notice that the left hand side is estimating the slope of N(t) at t (see Figure 3.4)

and that this estimation improves as δt→ 0. We denote the slope of N(t) at t to

be dN(t)/dt (the derivative of N with respect to t) and so we write,

dN(t)

dt
= b N(t). (3.2)

We refer to equation (3.2) as an ordinary differential equation, and its solution, in

this case, is given by N(t) = N0e
bt, where N0 denotes the initial population size.

It is common to not explicitly state what each variable is a function of where it is
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unambiguous to do so (i.e. instead of N(t), we write N). As such equation (3.2)

will often be written as dN/dt = bN.

N(t)

t t + δt

N(t + δt)

N

true slope at t

estimated 
slope at t

Figure 3.4: The estimated slope between the two points (t and t+ δt) approaches
the true slope (the tangent of N at t) as δt→ 0.

Mass action kinetics

If we have substance A that combines with another substance B at a rate k to

yield a product C i.e. A+ B
k−→ C, then the law of mass action asserts that the

rate of the reaction is given by kAB, which is to say,

dC

dt︸︷︷︸
gain of C

= kAB = − dA

dt︸ ︷︷ ︸
loss of A

= − dB

dt︸ ︷︷ ︸
loss of B

. (3.3)

Figure 3.5 shows this diagrammatically, and additionally provides a basic example

with bacteria and phage.
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dA/dt = - kAB dB/dt = - kAB

dC/dt = + kAB

b

Figure 3.5: a) 2 substances combine to make a product C. b) According to the law
of mass action, each substance or product is lost or gained according to the rate of
reaction kAB. c & d) Phage binding to susceptible cells can be modelled in the
same fashion.

3.1.6 Multiplicity of Infection (MOI)

A frequently used concept in phage and viral literature is that of MOI. The modern

interpretation of this [13] is that it is a measure of the number of phages or viruses

per cell, in a given setting, and it’s formulation reflects this,

MOI =
PFU

CFU
. (3.4)

The MOI is thus the expected number of phage that will be bound to each cell.

Patently, not every cell will be bound by this number of phage; instead the numbers

bound to each cell will follow a distribution, with fewer phage bound to some cells,

and more phage bound to others. Treating the distribution as Poisson, as is typical

[13, 155–158], we can say that the probability of n phage infecting one cell is given

by

P (n phage infecting one cell) =
e−mmn

n!
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where m denotes the MOI. Therefore, the probability of at least 1 phage entering

a given cell is simply,

P (at least 1 phage infects a cell) = 1− P (0 phages infect a cell) = 1− e−m.

By considering the expected number of phage-cell encounters to be the MOI

(denoted MOIinput by Kasman et al. [159]) the implicit assumption is that every

phage that can infect a given cell will do so in an allowed time period. However, if

the binding rate between phage and cells is small, or if there are fewer cells in a

given volume, this assumption can break down. Kasman et al. [159] present an

alternative formulation of MOI to circumvent this issue. In that work, the authors

retain the assumption that there is no reduction in the population of cells (i.e. no

cell lysis) over the considered time period. It follows then from the law of mass

action kinetics that
dP

dt
= −kS0P

where S0 is the initial density of phage susceptible cells (CFU/ml), k is the

adsorption or binding rate (ml/min) between phage and cells, and P is the PFU/ml

of phage. This equation is separable, and can be integrated to obtain Pt = P0e
−kS0t,

where P0 is the density of phage at t = 0 (and similarly, Pt is the density at time

t). Rearranging, we have,

1− Pt
P0︸ ︷︷ ︸

fraction of phage bound at time t

= 1− e−kS0t := fb(t)
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which allows us to derive the MOIactual as formulated by Kasman et al. [159],

MOIactual =
P0

S0︸︷︷︸
MOIinput

× fb(t)

where MOIinput is effectively the maximum possible MOI (which we then adjust

by the fraction of bound phage at time t). Then, as before, we assume that the

frequency of encounters between phage and cells is Poisson distributed. However,

MOIactual varies with time, so the procedure for calculating the associated prob-

ability is a little more involved (see Appendix B.2). Nevertheless, the end result

follows similarly,

P (at least 1 phage infects a cell) = 1−P (0 phages infect a cell) = 1−e−MOIactual .

3.1.7 Aims for the chapter

In this chapter, we start preparing the materials to evolve T7 phage towards the

use of OMPs for the infection of E. coli. Additionally, we aim to set up a proof

of concept experiment for our directed evolution strategies, which will determine

whether T7-ReRb, a phage which infects both BW25113 and a truncated LPS

phenotype (ΔwaaC ) can revert back to the binding affinities exhibited by WT T7.

To do so, we will characterise inherited constructs, such as T7 and T7-ReRb phage

with g5 deletions, as well as plasmids for the exogenous expression of gp5. We will

also construct vectors for diversifying the T7 genome in vivo.
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3.2 Results

3.2.1 Preparation of inherited constructs

The main aim of this chapter is to prepare the phage needed for the evolution

experiments described in Section 3.1.3 Figure 3.2a and 3.2b. Given that T7/T7-

ReRb Δg5 ::(Δcmk -trxA) were previously constructed in our lab, it remained to

characterise, the phage, and to make stocks. These phages were separately plated on

BW25113 Δcmk ΔtrxA pET24a-gp5-amp cells, and isolated plaques were amplified

in that strain too prior to sequencing and characterisation. The sequenced T7

Δg5 ::(Δcmk -trxA) is identical to WT T7 (see Section 2.2.2 Figure 2.4) in the gene

regions sequenced, with the exception of the cmk -trxA insertion into g5, and an

N777H mutation in gp12. Similarly, T7-ReRb Δg5 ::(Δcmk -trxA) is identical in the

regions observed to the T7-ReRb we received from Qimron, barring the cmk -trxA

insertion (Figure 3.6).

gp17

gp12

gp10B

gp10A

L116I

gp11

gp5

Cmk TrxA

T7-ReRb

T7-ReRb
∆g5::(cmk-trxA)

Both

N501H
R542H

I684F
P694T

M6V

D181G

Figure 3.6: Sanger sequencing of T7-ReRb phages. Mutations cited in the Qimron
et al. paper are coloured in orange [87]. All other mutations observed are non-
canonical.
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3.2.2 Observation of putatively co-infecting T7

As was routine to do so, phages inherited from others were screened for carry over

of T7 gp5+ that had avoided cells non-permissive to replication during construction.

The expected outcome of this screen for these phages is depicted in Figure 3.7a.

It was anticipated that in the absence of a complementing gp5, T7/T7-ReRb

Δg5 ::(Δcmk -trxA) would not form plaques on BW25113. However, this is not

what occurred (see Figures 3.7a and 3.7b) where instead small plaques were observed

on BW25113. Plaques generated by WT T7 phage (the common culprit in these

instances) tend to be of at least the same size as is seen in the complimented

T7 gp5− plaques (data not shown). Apart from the appearance of small plaques

where phage replication should not be possible, another peculiarity is that tenfold

dilutions of the phage do not bring about a corresponding dilution in the number

of plaques (see Fig 3.7d). Subsequently, I hypothesised that a recombined phage

which has gained g5, but lost an essential gene in the process, such as g10, could

persist through co-infection with T7/T7-ReRb Δg5 ::(Δcmk -trxA) (which similarly

can not replicate by itself - see Figure 3.8).
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T7/T7-ReRb ∆g5::(cmk-trxA)

BW25113 ∆cmk ∆trxA

gp5
pT7

Tø

a

BW25113

T7 ∆g5::(cmk-trxA)

BW25113 ∆cmk ∆trxA

gp5
pT7

Tø

BW25113

b

T7-ReRb ∆g5::(cmk-trxA)

BW25113 ∆cmk ∆trxA

gp5
pT7

Tø

c

BW25113

Expected

6.4 x 108 PFU 134 PFU

6.1 x 108 PFU 20 PFU

d

T7 ∆g5

T7-ReRb ∆g5

Undiluted 10-fold dilution

2 plaques

1 plaque

134 plaques

20 plaques

Figure 3.7: a) Expected outcome of plating T7 Δg5 ::(Δcmk -trxA) and T7-ReRb
Δg5 ::(Δcmk -trxA) against cells with and without gp5 complemented in trans
(expressed by pET24a-gp5-amp). In the absence of gp5, T7 is not expected
to replicate, and hence no plaques should be observed. b & c) T7/T7-ReRb
Δg5 ::(Δcmk -trxA) generate plaques in lawns of cells devoid of gp5. d) Dilution
of the phage stock does not produce a corresponding dilution in the number of
plaques.
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T7 ∆g5 gE+ T7 ∆g5 ∆gE::g5
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Figure 3.8: Putative mechanism for the appearance of small plaques on bacterial
lawns without a complementing g5 plasmid, after incubation with g5 -deficient
phage. Let gE denote the essential gene that has been lost in the spy-phage
(in order to attain g5 through recombination) and is retained in T7 Δg5 phage
(referred to as T7 Δg5 gE+). (1) T7 Δg5 gE+ is deficient in g5 and so can not
replicate by itself. (2) Similarly, spy-phage (T7 Δg5 ∆gE::g5 ) is deficient in the
gE and so can not produce progeny by itself. (3) Should both phage genotypes
infect the same cell, phage production is possible, and upon plating (4), will yield
plaques containing both genotypes.
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3.2.3 Modelling T7 co-infection

MOIinput model

By formalising this mechanism, we can simulate how the reduction in plaques seen

in Figure 3.7d may have materialised. Let us give the name spy-phage to the phage

that has recombined to gain g5, and in the process become deficient in another

essential gene. Now, if we knew the PFU of the spy-phage (denoted PFUspy)

in our mixed phage population, we could estimate the percentage of spy-phage

infected cells from the MOI. To do so, we follow the traditional assumption that

the frequency of encounters between phage and cells are Poisson distributed, so

that (
1− e−

PFUspy
CFU

)
= % spy-phage infected cells. (3.5)

Similarly, we could estimate the number cells infected by T7 Δg5, which we

could then combine with equation 3.5, to determine the number of cells infected

simultaneously (we assume that each co-infected cell will give rise to a plaque).

Hence, the number co-infected plaques produced by plating the undiluted sample

of phage (the 0th dilution) is given by,

(
1− e−

PFUT7
CFU

)
×% spy-phage infected cells = % co-infected cells

CFU ×% co-infected cells = # co-infected plaques := P0

(3.6)

where Pi is the number of co-infected plaques seen on the ith 10-fold diluted

plaque assay plate. In multiplying the percentage of T7 and spy-phage infected

cells together, we have implicitly assumed that T7 and spy-phage infect cells
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independently of one another (so that the infection of a given cell by either T7 or

spy-phage does not impact the infection process of the other phage for that cell).

Given that the number of co-infected plaques (on the undiluted plate) is known, we

can can rearrange equation 3.6 to obtain the unknown PFUspy. Restating equation

3.6, we have,

CFU ×
(

1− e−
PFUT7
CFU

)
×
(

1− e−
PFUspy
CFU

)
= P0 (3.7)

which can be written as,

1− e−
PFUspy
CFU =

P0

CFU ×
(

1− e−
PFUT7
CFU

) , given that CFU, PFUT7 > 0.

Finally, we continue to rearrange to produce,

−PFUspy
CFU

= ln

1− P0

CFU ×
(

1− e−
PFUT7
CFU

)


which then becomes,

PFUspy = −CFU × ln

1− P0

CFU ×
(

1− e−
PFUT7
CFU

)
 . (3.8)

Note that because the natural logarithm is defined on the interval (0,∞), a

consequence of equation 3.8 is that we must have,

1− P0

CFU ×
(

1− e−
PFUT7
CFU

) > 0
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which we can write as,

CFU ×
(

1− e−
PFUT7
CFU

)
> P0

or, more straightforwardly,

number of T7 Δg5 infected cells > number of co-infected plaques.

However, this constraint existed in any case as a consequence of the assumption that

T7 and spy-phage infect cells independently of one another. Equation 3.8 appears

too involved to be insightful, nevertheless, it is possible to find the following more

comprehendible approximation by repeated first order expansions of the Taylor

series (see Appendix Section B.1) which is given by

PFUspy ≈
P0

MOIT7
(3.9)

where 100× P0 ≤ 10× PFUT7 ≤ CFU. The intuition now becomes more straight-

forward. For a fixed number of co-infected plaques (P0) as the number of T7 Δg5

phage per cell (MOIT7) decreases, more spy phage are required to generate the

same number of co-infected plaques (i.e. PFUspy increases - see Figure 3.9a). This

is also what we observe when we simulate equation 3.8 in Figure 3.9b, except that

the predicted PFUspy plateaus at the number of co-infected plaques (P0) as the

number of T7 Δg5 phage per cell (MOIT7) increases (Figure 3.9c).
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Figure 3.9: a) Heatmap of PFUspy ≈ P0/MOIT7. The initial CFU plated and the
initial PFU of T7 Δg5 plated on the undiluted plate (as measured against a
reference strain) are varied. The number of co-infected plaques on the undiluted
plate (P0) is fixed to be 134. MOIT7 values greater than 0.1 are not plotted.
Numbers rounded down to the nearest integer. b) As before, except with PFUspy
estimated more precisely using equation 3.8. c) Comparison of the approximation
and equation 3.8 along the diagonal PFU = −CFU + 3× 109 for varying MOIT7.
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Now that we know how to determine PFUspy, we can predict how many plaques

will be seen on the 1st tenfold dilution plate. The equation follows the same logic

used to derive P0 (equation 3.7) but now PFUspy and PFUT7 are diluted tenfold:

% co-infected cells = % T7 Δg5 infected cells×% spy-phage infected cells

=
(

1− e−
PFUT7×0.1

CFU

)
×
(

1− e−
PFUspy×0.1

CFU

)

and so, the number of co-infected plaques on the 1st 10-fold dilution plate (P1) is

given by,

CFU ×
(

1− e−
PFUT7×0.1

CFU

)
×
(

1− e−
PFUspy×0.1

CFU

)
. (3.10)

In other words, the predicted the number of co-infected plaques on the 1st tenfold

dilution plate is given by equation 4.3, which is obtained by plugging in our estimate

for PFUspy from equation 3.8. Figure 3.10a plots equation 4.3 for differing PFUT7

and CFU , while fixing number of co-infected plaques (P0) at 134, and Figure

3.10b shows the fold reduction in plaques seen after plating the 0th and 1st 10-fold

dilutions of phage, i.e.

P0

P1

=

(
1− e−

PFUT7
CFU

)
×
(

1− e−
PFUspy
CFU

)
(

1− e−
PFUT7×0.1

CFU

)
×
(

1− e−
PFUspy×0.1

CFU

) . (3.11)

We can approximate this too for small values. Let MOIT7 = PFUT7

CFU
, MOIspy =

PFUspy

CFU
. By again employing the Maclaurin series, equation 3.11 can be simplified

to,

P0

P1

=

(
1− e−MOIT7

)
×
(
1− e−MOIspy

)(
1− e−0.1×MOIT7

)
×
(
1− e−0.1×MOIspy

)
≈ MOIT7 ×MOIspy

0.1×MOIT7 × 0.1×MOIspy
= 100
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when MOIT7,MOIspy ≤ 0.1 (so PFUT7 and PFUspy are at least 10 times smaller

than the CFU plated) which tallies with the fold-reduction seen in Figure 3.10b.

Taken together, the simulations shown in Figure 3.10 suggest that altering the

number of T7 Δg5 phage, or the CFU, that is plated, can effect whether a 10-fold

dilution in that phage stock results in an equivalent fold reduction in plaques

across the two 10-fold diluted plaque assay plates. In Figure 3.7d, we plated

≈ 6.4× 108 PFU of T7 Δg5 on the undiluted plate. The CFU plated is unknown,

but is likely to be in excess of 2× 107 CFU, based on data for BW25113 pSB4G5

ER-gp5 (discussed in chapter 4). Now, this does not match up particularly well

with the simulated data (Figure 3.10), however, the simulations do suggest that

the experimental results observed might be consistent with the hypothesis that

co-infection is occurring.
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Figure 3.10: a) Simulated experiments predicting the number of co-infected plaques
seen on the 1st tenfold diluted plaque assay plate from: the initial CFU plated; the
number of co-infected plaques observed on the undiluted plaque assay plate; and
the PFU of T7 Δg5 plated on the undiluted plate (as measured against a reference
strain). The number of co-infected plaques on the undiluted plate is fixed to be
134. b) As before, but highlighting the fold reduction in the number of co-infected
plaques from the 0th to the 1st tenfold phage dilution. Numbers in both panels
are rounded down to the nearest integer.
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MOIactual model

One assumption in the MOIinput model is that all phages will bind to and infect

cells within the initial 10 minute window at room temperature, or when suspended

in the soft agar mixture (recall Figure 3.8). A consequence of this simplifying

assumption is that the process is independent of the adsorption rate. However, the

adsorption rate of phage to cells is inversely proportional to the square of their

density. This means that when the 400 µl of phage and cells is diluted with ≈ 3 ml

of soft agar, the rate of adsorption decreases by roughly two orders of magnitude.

We can vary this assumption of independence by deriving the equations based on

MOI (referred to in the literature as MOIinput [13] and reformulating them with

MOIactual as defined by Kasman et al [159]. In that work, the authors assume that

there is no reduction in the population of cells (which is true in our case, so long

as we limit the time period to be no more than 10 minutes (i.e. before cell lysis

[46, 81, 160, 161]). They then derive the MOIactual to be

MOIactual =
P0

S0︸︷︷︸
MOIinput

× 1− e−kS0t :=
P0

S0

× fb

where P0 is the initial PFU/ml and S0 the initial CFU/ml. Note that MOIactual has

dimensions phage per cell, and so, represents the number of phage bound per cell.

Recall that we can consider the frequency of encounters between phage and cells to

be Poisson distributed. In this case, the frequency varies with time, which means

that the associated probability varies according to a non-homogeneous Poisson

model (see Appendix B.2 for more detail). Nevertheless, as we saw in Section 3.1.6,
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the probability that at least 1 phage infects a cell is given by,

P (at least 1 phage infects a cell) = 1− P (0 phages infect a cell)

= 1− e−MOIactual . (3.12)

We can use (3.12) to re-derive equation (3.5) as

(
1− e−

PFUspy
CFU

×fb
)

= % spy-phage infected cells. (3.13)

The equations to estimate PFUspy and calculate the number of co-infected plaques

on 1st 10-fold plate dilution (P1) follow as before,

PFUspy = −CFU
fb
× ln

1− P0

CFU ×
(

1− e−
PFUT7
CFU

×fb
)
 (3.14)

P1 = CFU ×
(

1− e−
PFUT7×0.1

CFU
×fb
)
×
(

1− e−
PFUspy×0.1

CFU
×fb
)

(3.15)

where we assume that the adsorption rate is the same for T7 Δg5 and spy-phage.

Figure 3.11 shows the predicted PFUspy and fold reduction for the MOIactual model

with P1 fixed at 134; the adsorption rate, k, set at 3 × 10−9 ml/min [81]; and

t = 10 (recall that 1− e−kS0t = fb). Compared with the MOIinput model (Figure

3.10) plating fewer CFU results in higher predictions for PFUspy (adsorption to

cells is less frequent within the 10 minute time frame, so more phage are needed

to produce the same number of co-infected plaques). For similar reasons, the fold

reduction in plaques increases also for lower CFU counts. However, the changes in

fold reduction still do not align with the results seen in Figure 3.7d. By noting

that k and t are constant parameters, we can define a new parameter ν = kt, with
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dimensions [ml/min]×[min] = [ml]. One can think of decreasing ν as effectively,

decreasing the volume of space that a given phage can search for a cell in, and

so, decreasing the frequency of encounters between phage and cells. Figure 3.12

highlights what happens if we decrease ν by 10-fold to 3 × 10−9. Decreasing ν

further increases the required CFU count to obtain a given number of co-infected

plaques with the same PFUspy (now ≈ 5000 for 2× 107 CFU and 6.4× 108 PFU).

Additionally, the fold reduction in plaques is now more in line with the results

observed in Figure 3.7d (an ≈ 30 fold reduction for 2× 107 CFU, and 6.4× 108

PFU).
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Figure 3.11: Simulated experiments with the MOIactual model predicting the number
of co-infected plaques seen on the 1st tenfold diluted plaque assay plate. The
adsorption rate of phage to cells is set to 3× 10−9 ml/min and the time allowed
for the phage to adsorb is set at 10 minutes (i.e. ν = kt = 3 × 10−8 ml). The
initial CFU and PFU of T7 Δg5 plated are varied as before, . The number of
co-infected plaques on the undiluted plate is fixed at 134. Panel a) shows the
predicted PFUspy and panel b) the predicted fold reduction in plaques.
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Figure 3.12: The details are the same as for Figure 3.11, except ν is 10-fold smaller
(i.e. ν = 3× 10−9 ml).
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3.2.4 Characterisation of T7 co-infection

It was hypothesised that amplification of the T7 phage in the presence of the

pET24a-gp5-amp plasmid might result in recombination between the two elements

(see Figure 3.13a). The backbone pET24a vector consists of a T7 φ10 promoter

followed by the g10 RBS, and a T7 Tφ terminator, together which flank the

multiple cloning site that g5 had been cloned into. In total this results in 26 bp,

45 bp and 124 bp of homology immediately flanking g10 in the T7 genome (see

Figure 3.13b). To determine whether the putatively co-infected plaques contained

phage that recombined with pET24a-gp5 to acquire g5 (i.e. whether they contained

T7 Δg5 ∆g10 ::g5 recombinants) an isolated plaque was PCR amplified using the

primer pair oPM262/265 which bind outside of g10 on the T7 genome, and primer

pairs oPM262/263 and oPM264/265 which both amplified the putative recombined

sequence (see Figure 3.13c). Figure 3.13d presents the gel of these PCR products,

along with controls (reactions with and without WT T7 phage). Two differently

sized amplicons were observed when amplifying the co-infected plaque (see lane 3).

One amplicon of the WT genome and another for T7 Δg5 ∆g10 ::g5 recombinant

genomes. In WT lane 3, only an amplicon for the WT phage genome is seen. Bands

in WT lanes 1 and 2 are presumed to be from mis-priming reactions. Consequently,

the largest homology region, Tφ, was removed from vectors pET24a-gp5-amp

and pET24a-gp5-kan along with the lacI gene, using primer pairs oPM195/6 and

oPM197/8 (see Methods 5.5 and Figure 3.13e).
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Figure 3.13: a) A plasmid map for pET24a-gp5-kan from which pET24a-gp5-amp
was cloned. φ10 is the T7 promoter immediately upstream of g10. b) A diagram
highlighting the shared homology between the pET24a-gp5 plasmid and the regions
upstream and downstream of g10 on the T7 genome. There are 2 sections of
homology upstream of the g5 - the φ10 promoter (26 bp long) and a 45 bp section
(coloured red) that contains the g10 RBS - which are separated by a LacO operator.
Downstream, in and around the Tφ terminator, is a 124 bp match to the T7 genome.
The two likely double crossover events are also delineated. c) Primers flanking
g10 amplify that region as well as forming primer pairs with oligos binding from
within g5. d) A gel of said PCRs amplifying phage from WT T7 and a putatively
co-infected plaque. e) Cloning of pET24a-gp5 to prevent recombination with T7.
pET24a-gp5-kan and pET24a-gp5-amp were PCR amplified in 2 parts, removing
both the Tφ terminator and the lacI gene from the each vector.
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3.2.5 Re-construction of T7 Δg5 and T7-ReRb Δg5 phage

BW25113 Δcmk competent cells were transformed with pSB3T5 HRg5-cmk +

gp5-RD-amp. WT T7 was amplified in the aforementioned cells and diluted

100-fold before being plated twice on different biological replicates of BW25113

Δcmk gp5-RD-amp (Figure 3.14a). 4 large plaques were seen in total (average

PFU/ml = 2000). An isolated plaque was picked and amplified in BW25113

Δcmk gp5-RD-amp before plating on said cells and BW25113 (see Figure 3.14b).

Only high MOI killing was observed on BW25113. Similar to before, an isolated

plaque from the BW25113 Δcmk gp5-RD-amp plate was amplified and screened for

recombinant phage (Figure 3.14c). Bands observed correspond with the expected

sizes. The amplified phage (hereto referred to as T7 Δg5 ::cmk) was plated again

on BW25113 Δcmk gp5-RD-amp and screened for WT phage on BW25113 (Figure

3.14d). Again, only high MOI killing was observed on BW25113 (on undiluted and

tenfold diluted plates) and so, the limit of detection was 103 PFU/ml for this assay.

Next-generation sequencing of T7 Δg5 ::cmk indicated that it’s genome matches

the reference sequence NC_001604+ except for the cmk insertion removing g5.

In a similar fashion, T7-ReRb Δg5 ::cmk was constructed by first amplifying the

progenitor phage T7-ReRb in BW25113 pSB3T5-HRg5-cmk + Δcmk pET24a-gp5-

RD-amp cells, and diluting 100-fold before plating on BW25113 Δcmk pET24a-gp5-

RD-amp (Figure 3.15a). The isolated plaque was screened for recombinant phage

(Figure 3.15b) and then was amplified in BW25113 Δcmk pET24a-gp5-RD-amp.

Sanger sequencing of the gene regions 5, 11, 12 and 17 (Figure 3.15c) show that

T7-ReRb Δg5 ::cmk differs from the progenitor phage. The Qimron mutations

remain [87], as does the I684F mutation in gp12, but the L116I mutation in gp17

has reverted and the G479R mutation in gp17 was not previously seen.
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Figure 3.14: a) WT T7 amplified in Δcmk pSB3T5-HRg5-cmk + pET24a-gp5-RD-
amp cells are plated on Δcmk pET24a-gp5-RD-amp (i.e. Δcmk g5 ). Large plaques
contain recombinant phage [87]. b) One such plaque is amplified in Δcmk g5 and
re-plated as shown. No evidence of WT T7 observed. c) A plaque picked from
the Δcmk g5 plate in panel b, is amplified and screened for T7 Δg5 ::cmk phage.
d) T7 Δg5 ::cmk plated on Δcmk g5 and BW25113. Bar plots of geometric mean
from 3 biological replicates. Errors are given as 95% confidence intervals. Raw
data overlay the plot. Only high MOI killing was observed on BW25113 (i.e. no
plaques - see representative replicate on the right).
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(i.e. Δcmk g5 ). One small plaque was observed. b) This plaque is screened for
T7-ReRb Δg5 ::cmk phage by PCR. c) Sanger sequencing of gene regions 5, 10,
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Qimron mutations are present [87] and coloured in orange. The L116I mutation in
gp17 has reverted from the progenitor phage T7-ReRb. The G479R mutation was
not observed previously.

79



3.2. Results

3.2.6 Vectors used to increase the mutation rate of T7 Δg5

phage in vivo
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Figure 3.16: a) Construction of error prone g5 plasmids for mutagenising T7 phage
during the directed evolution experiments. a) The ampR cassette from pSB6A1
is used to replace the kanR cassette of the pSB4K5 ER-g5 plasmid. b) In turn,
the ampR cassette was replaced with acc3, conferring gentamicin-resistance, to
construct pSB4G5 ER-g5. The ER-g5 gene in this plasmid was severely truncated
(leaving only 6 amino acids) to yield pSB4G5 ∆ER-g5. The boxed vectors appear
frequently in chapter 4.

All the constructs depicted in Figure 3.16 were cloned using Gibson assembly

(see Methods 5.3.6). pSB4A5 ER-g5 was constructed by amplifying the backbone

of the inherited pSB4K5 ER-g5 and the ampR cassette from pSB6A1 using the

primer pairs oPM203/4 and oPM205/6 respectively. pSB4G5 ER-g5 was made by

amplifying the backbone of pSB4A5 ER-g5 and acc3 from pAJ216 using oPM247/8

and oPM249/50 respectively. Finally, pSB4G5 ∆ER-g5 was made by amplifying
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pSB4G5 ER-g5 in 2 fragments (primer pairs oPM251/52 and oPM253/54) and

retaining only 6 amino acids of the ER-g5 gene.

3.3 Discussion

3.3.1 Observation of putatively co-infecting T7

Co-infection of T7 phage has been previously observed in the literature, most of

these experiments arising from simultaneous or sequential infection of E. coli with

T7 amber mutants (phage with premature TAG stop codons in particular genes)

[162]. Primary infections of T7 absent one gene, followed by secondary infection of

T7 possessing that gene, will result in co-infection, so long as the delay between

primary and secondary phage addition is not equal to or in excess of 7 minutes

([163, 164], see Table 1 in both papers). Nevertheless, secondary infection of a

cell by T7 is impacted by the primary infection. For instance, in vitro alkylation

of the T7 DNA has been shown to inhibit E. coli RNAP, which transcribes the

early genes of T7. If the primary infecting T7 is alkylated first, then the number

of infective centers3 recovered (following secondary phage addition after 5 minutes)

increases by ≈ 50-fold [164]4. Similarly, the addition of chloramphenicol at sublethal

concentrations inhibits protein synthesis by disrupting E. coli ribosomes. Infusing

cells with chloramphenicol 5 minutes prior to the addition of primary infecting, and

after another 5 minutes, secondary infecting, T7 phage, increases the number of

infective centers by ≈ 21-fold [163]. Taken together, these results suggest that early

T7 protein synthesis in the primary infecting phage plays a role in preventing some

3Infective centers are a measure for the number of productive phage infections
4Table 1, average for Line 2 divided by average for Line 1

81



3.3. Discussion

secondary phage infections resulting in co-infection [164]. Karska-wysocki et al.

[164] acknowledge that there are studies which contradict this claim, but posits

that their results differed since they were generated with a shorter pre-incubation

of chloramphenicol (2-3 minutes [165, 166] vs 5 minutes). Aksiyote Benbasat et al.

[163] also argue that, when excluded, secondary phage still adsorb to primary

infected cells, but are not capable of successful DNA ejection. E. coli RNAP is

understood to be involved in ratcheting the T7 genome into the host, so although

this is not inhibited by T7 until the expression of g2, it is probably true that there

is some window early in the infection process in which co-infection of E. coli by T7

is more likely.

3.3.2 Modelling T7 co-infection

MOIinput model

The model based on MOIinput, and in turn, the Poisson distribution, makes the

following assumptions:

1. phage infecting cells do so independently of one another (i.e. without impact-

ing the probability of other phage infection events)

2. phage infection events do not occur at the same time;

3. the average rate at which infection events take place is constant (but

unspecified) over the duration;

4. more than one phage can infect a given a cell;

5. the probability of an infection event is proportional to the length of time

82



3.3. Discussion

allowed for it to occur;

6. the CFU count does not increase or decrease over the time period (so no cell

growth or death).

The first assumption to note is that phage infection events clearly can occur at the

same time (violating assumption 2). Nevertheless, the assumption is only retained

to make the probability calculations more straightforward, and is unlikely to effect

the dynamics at such short timescales. Also, assumption 4 is the superinfection/co-

infection assumption, which we have to assume to be true for otherwise this model

would be redundant.

Most of these assumptions are reasonably justifiable whilst the phage is incu-

bated with the cells at room temperature (RT) for 10 minutes (see Methods 5.4.1

and Figure 3.8). We consider first the viability of the assumptions during that

initial incubation period. It is true that T7 adsorption to cells, especially at high

MOIs, can deform the surface of the cell membrane [167], and subsequently could

have an impact on the rate successive binding events (effecting both assumptions 1

and 3). Assumption 5 is often seen in phage ODE modelling when it is assumed

that the rate of infection is proportional to the rate of adsorption of phage to cells

[47, 168–173]. A consequence of this assumption is that for fixed CFU/ml, the

average expected time taken for a given phage to bind to a cell is ln(2)/(kS0),

where S0 is the initial CFU/ml.5 Regarding assumption 6, during the initial 10

minute incubation at RT, the CFU count is unlikely to change (either due to

cellular growth, or lysis by phage, as a result of the temperature and the time

5This result is acquired by finding t when 50% of the phage population is bound to cells i.e.
solving 1− e−kS0t = 0.5 for t.
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allowed for lysis).

Past the initial incubation, however, when the mixed phages and cells are plated

with soft agar for overnight incubation at 37°C, cells will have both the time

and conditions to replicate, and so will form lawns if not otherwise impeded by

predators (i.e. phage). This of course means that phage have further opportunities

to co-infect cells, once plated, though the soft agar would hinder diffusion, and

subsequently reduce the frequency of collisions (rendering assumptions 3,5 and 6

untrue). This model can not take this into account, though the MOIactual model

does attempt to force a resolution to it.

MOIactual model

Since MOIactual can vary with time (leading to a non-homogenous Poisson process -

see Appendix B.2) the average rate at which phage infection events occur is no

longer constant (contrary to assumption 3 of the MOIinput model). The replacement

of MOIinput for MOIactual also necessitates some additional assumptions, namely:

• the rate of adsorption and infection of cells by phage is proportional to the

product of their concentrations (law of mass action kinetics) and can be

derived empirically

• phage only infect cells during initial RT incubation period (for 0 < t ≤ 10).

The first of these is already implicitly assumed for the MOIinput model, when con-

sidering the frequency at which phage infect cells. That being said, the MOIactual

model does allow the rate of adsorption to be varied in accordance with the experi-

mental data collected by others [46, 81, 172]. The second assumption is not true.
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That being said, the number of additional co-infected cells found during extended

37°C incubation will quickly diminish with time, given that phage after this period

will be incubated with growing cells - thus increasing the number of phage-cell

encounters, but likely decreasing the number of phage that end up infecting the

same cell. Of course, burst cells that produce phage progeny during this period

will continue to infect, and co-infect, other growing cells during this period, but

these instances will still arise within a single plaque (and so, do not need to be

considered in the modelling).

It should be noted that the 67-fold reduction in plaques seen in Figure 3.7d

is strongly impacted by the small number of plaques in the denominator (in this

case 2). Observation of even a single additional plaque would bring this down to

roughly 45-fold reduction (and 2 additional plaques, to roughly 30-fold reduction).

In order to decrease ν by 10-fold, one equivalently needs to find justification for

reducing the product of kt by 10-fold. To this author’s understanding, there does

not exist literature testing T7 adsorption rates for various temperatures. However,

observations of the Podoviridae phage δ infecting Pseudomonas aeruginosa showed

a small linear reduction in adsorption rate with decreasing temperature (roughly

1.3-fold reduction between 37 °C and 23 °C (RT) [174]). This would leave a 10/1.3,

so roughly 7.7-fold reduction, needed from elsewhere, i.e. t = 1.3 minutes, reflecting

a scenario where T7 would be able to infect E. coli within the first 1.3 minutes of

co-culturing only. In this timeframe, ≈ 18% of the phage population would still

have enough time to infect a 6.7 × 107 CFU/ml culture (with k = 2.3 × 10−9).

Reasons for a curtailed window for infection could include some sort of time-limited

superinfection exclusion mechanism [163, 164] (as mentioned in section 3.3.1).

These mechanisms though appear to follow a 3-step process, where initially co-
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infection seems to be unrestricted, followed by a period of proportional exclusion,

and then complete exclusion after 7 minutes. An accurate appraisal of this stepped

exclusion process would require modelling of infected cells at an individual level

(since each cell’s openness to secondary phage infection would depend on how long

that cell had been primary infected) such as in agent-based modelling. This being

said, later work by Grigonyte in her doctoral thesis [125] found that individually

unproductive T7 phage could reliably co-infect a population of cells grown in a

plate reader even if the secondary phage addition was as long as 90 minutes after

the initial infection - casting some doubt as to whether co-infection is ever really

truly restricted. With this in mind, it’s possible that alternative mechanisms, like

those invoking the spatial structure of bacterial lawns [175, 176] are needed to

appropriately model this phenomena. Alternatively, in Appendix B.3, we explore

the theoretical distribution of the results we could have observed if we did further

experiments. In these simulations, the probability of observing at least a 67-fold

reduction in plaques is ≈ 12% if we assume that the true reduction in plaques is

30-fold. Further experimentation could then determine whether the model is in fact

correct, and that the observed reduction in plaques recorded was more extreme

than would be expected given that co-infection was occurring.

3.3.3 Characterisation of T7 co-infection

In hindsight, the observation of phage genomes which had recombined g5 into

g10 was none too surprising. The homology regions found on the pET24a-gp5

vector for such a recombination event were sizable (and not too much shorter in

total than the lengths used when deliberately engineering phage). Lee et al. as

part of the Richardson Lab, which provided our lab with pET24a-gp5, published
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work complementing T7 ∆g3 with either pET24a-gp3 or pET28-gp3 (the pET28

backbone has the same homology regions) [177]. Despite not being the same

constructs used here (where we complemented T7 Δg5 phage with pET24a-gp5)

the pET vector system uses a consistent backbone design, with the same φ10

promoter and Tφ terminator flanking the multiple cloning site, and would have

undoubtedly led to the same co-infection phenomena. Table 2 of that work [177]

notes the observation of small plaques when T7 ∆g3 infects E. coli in the absence

of a complementing gp3, which could have been the result of co-infecting phage

particles.

By removing the 124 bp homology region in the Tφ terminator from the pET24a-

gp5 vectors, the only recombination pathway remaining was a single crossover

event with the φ10 promoter or upstream RBS region. This would incorporate the

entire 7.37 kb plasmid into T7 Δg5 (≈ 38.9 kb long) replacing the g10 region in

the process (≈ 1.3 kb long) which exceeds the maximum amount of DNA that T7

can package (≈ 41.2 kb [57]).

3.3.4 Re-construction of T7 Δg5 and T7-ReRb Δg5 phage

Obviously, the appearance of phage plaques in the absence of complementing gp5

(whether due to a co-infection or not) is of concern to those attempting to build a

evolution experiment that relies on being able to control the replication of the host.

Even if said phages existed in low titre, and with decreased fitness (i.e. the ability

to produce progeny in a timely fashion) the planned evolution experiments would

encourage the adaptation of phages that could utilise gp5. Subsequently, it was

critical to make attempts to prevent such occurrences. No evidence of co-infected
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plaques was observed in the absence of complementary gp5 in the construction of

both T7 Δg5 phage and T7-ReRb Δg5 phage engineered and amplified with the

pET24a-gp5-RD-amp plasmid. This further lends weight to the conclusion that

the Tφ homology to the downstream of g10 (in combination with the φ10/RBS

homology) was for responsible both the T7 Δg5 g10::g5 recombinants, and the

subsequent co-infection phenomena.

3.3.5 Vectors used to increase the mutation rate of T7 Δg5

phage in vivo

The ER-g5 gene product (ER-gp5) has 5 amino acid mutations when compared with

the WT gp5. D5A and E7A mutations occur in the exonuclease domain [178] and

the Y64C, F120L, S399T mutations are from Söte et al. [152]. The effect of these

mutations has been characterised separately, but never explicitly characterised

in combination. ER-gp5 with all 5 mutations does successfully complement T7

deficient in g5 in vivo (compare Figure 3.14d with Figure 4.5a) and since the

mutations occur in isolated domains in the protein, it is possible that they have

an additive epistatic effect on the error rate. The base error rate was therefore

conservatively estimated to be 55-fold improvement on WT (i.e. no gain from

D5A D7A mutations) with a best-case scenario being a 93-fold improvement. That

being said, no attempt was made to characterise the error rate of this polymerase.

The inherited pSB4K5-ER-g5 plasmid confers kanamycin resistant (see Figure

3.16), making it incompatible with the Keio collection strains (ΔwaaC, ΔompF,

etc). Subsequently, the cassette was replaced an ampR cassette, and later, a

gentamicin cassette (owing to concerns with beta-lactamase build up in continuous
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culture systems). pAJ216 was not cloned until some time after pSB4A5-ER-g5

was made, but also crucially contained both of the regulatory elements shown to

recombine with T7 in chapter 2 (pT7 and the Tφ terminator). These circumstances

justified the cloning procedure followed.

3.4 Conclusion

Attempts to use the provided Δg5 phage and complementing gp5 plasmid to start

the designed evolution experiments were hindered by the observation of small

plaques in cells that did not possess gp5 in trans, and which reduced in number

more than 10-fold following a 10-fold dilution in the phage sample. A model

was developed to explain how these reductions might have been possible, and the

parameters under which different fold-reductions could be seen. Further work

could have separately propagated each of these individually replication-deficient

phage genomes and tested whether the model would stand up to more experimental

evidence. Perhaps even varying the initial numbers of phage and cells, to test

the models derived. In any case, the likely mechanism generating these small

plaques was identified, and new vectors were cloned to obviate that mechanism.

Subsequently, Δg5 phage were generated that did not demonstrate this phenomena.

That, and the construction of vectors for diversifying the T7 genome in trans, laid

the groundwork for the planned evolution experiments to follow in the proceeding

chapter.
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4.1 Introduction

In this final results chapter, we will seek to affect the receptor-tropism of T7 phage

through directed evolution. As touched upon in section 3.1.3, we will subject T7 to

serial passages of both positive and negative selection strains in an attempt to effect

this change (see Figure 4.1). However, there are many parameters to consider in

the design of these experiments. Leaving aside the effect of phage-bacteria kinetic

parameters, the duration of incubation, the proportion of the phage population

transferred to the next passage, and the ratio of the positive and negative selection

strains, could each determine whether the desired phage phenotype evolves (see

Figure 4.2). One approach to explore the parameter space is through empirical

experimentation in the lab (using factorial designs [154] to hasten the search) and

another is to simulate outcomes using mathematical modelling. In this work, we

opt to use the results from the latter to guide the design of the experiments, and

test those predictions experimentally.

BW25113
pSB4G5-ER-g5

∆waaC
pSB4G5-∆ER-g5

T7-ReRb ∆g5
a b

BW25113
pSB4G5-ER-g5

∆ompA/F
pSB4G5-∆ER-g5

T7 ∆g5

pT7

ER-g5

pT7 pT7

ER-g5

pT7

Figure 4.1: A schema presenting the planned directed evolution experiments. Panel
a) is the main experiment where we will attempt to adapt T7 so that it solely
utilises the OmpF receptor for infection. Panel b) describes the preliminary proof
of concept experiment in which T7-ReRb will be evolved towards the WT T7
binding phenotype (that being predominately LPS-based).
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E. coli
+ receptor

E. coli
- receptor

pT7

ER-g5

pT7 minutes minutes

% transfer

Figure 4.2: The serial passaging procedure for the planned directed evolution
experiments. Phage are mixed with a pre-determined proportion of positive and
negative selection cells. After incubation at 37 °C for a set period of time, the total
phage population is harvested (using chloroform to break open any non-lysed cells)
and a percentage of that population is transferred to a freshly grown co-culture of
positive and negative selection cells. This procedure is repeated, with the aim of
adapting the phage to the desired phenotype (see Methods 5.6 for details).

4.1.1 Mathematical modelling of phage

Phage kinetic parameters
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Figure 4.3: A simulated one-step phage growth curve. The phage kinetic parameters
for latent period and burst size can be estimated from the curve as shown. In
addition, the phage adsorption rate, k, can be estimated from the initial slope by
the equation k = ln(P0/Pt)/(C0t), where P0 and C0 are the initial PFU/ml and
CFU/ml respectively, and Pt is the PFU/ml at some time t prior to cell lysis.

There are 3 main kinetic parameters estimated for phage which define their dynamics
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over short timescales (see Figure 4.3). The adsorption rate, which determines the

rate of reversible binding between phage and bacteria; the latent period, which

describes the length of time from phage infection to cell lysis; and the burst size,

which is the number of phage progeny released per lysed cell. It is typically assumed

when modelling that T7 phage has a 1-step binding process, though it is thought

that there are in fact 2 stages of T7 phage adsorption: reversible and irreversible

binding [59]. Reversible binding is limited by the rate of diffusion of phages and

cells, whereas irreversible binding occurs after reversible binding has brought the

phage close to the cell surface, and initiates the process of DNA ejection. Choosing

to describe adsorption as a 1-step process is both of mathematical and experimental

convenience. Phage adsorption assay protocols typically measure the number of

phage in the supernatant and subtract that from the initial PFU [81, 83, 171, 172,

179] subsequently producing a measure for the reversible adsorption rate. Though

measuring the irreversible adsorption rate directly, is possible [170, 180, 181] we

choose not to do so here. Over longer timescales, a 4th parameter, that describes

the decay rate of phage (from the breakdown of their constituent proteins, for

instance) can be become relevant as well, but this will not be considered when

designing the models herein.

4.1.2 Dynamic phage-bacteria models

The interaction of phage and bacteria in a closed system lends itself nicely to

mathematical modelling, in particular, modelling using differential equations whose

solutions change with time. These equations avoid considerations about space, and

so assume that particles move in a well-mixed environment so that they are as likely

to interact with one particle as with another. This assumption is reasonable for
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phage and bacteria in appropriately agitated liquid culture, but is violated in many

other domains where such differential equation modelling is employed (such as in

the gene regulatory networks in crowded and compartmentalised cells [182–184]).

Differential equations have been used to model the dynamics of phage and bacteria,

to this author’s knowledge, since at least 1960 when Campbell formulated equations

for a continuous culture system (chemostat) [168]. Given the breadth of literature,

we will focus on those systems of direct relevance.

ODE systems

The idea of using non-replicative or non-permissive cells to negatively select against

certain phage phenotypes is developed through the terminology of ecological traps

or sinks in ecology. Dennehy et al. [185] present a model for infections of the

RNA bacteriophage Φ6 in WT Pseudomonas phaseolicola and mutants that over

expressed the pili phage receptor, but did not retract those pili to allow infection.

They start with the assumption that cells are neither replicate or die, and derive

the following differential equation for total phage population, P , in liquid culture,

dP

dt
=

k1C1

k1C1 + k2C2

gP − φP.

Here C1 is the number of phage-permissive cells and C2 is the number of non-

permissive (trap) cells; ki represents the phage adsorption rate to strain Ci ; and g

and φ are the maximum phage growth rate and decay rate respectively. Dennehy et

al. use this to find the proportion of trap cells which keep the phage population in

equilibrium (i.e. when dP/dt = 0, so that phage are neither increasing or declining
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in number). Said proportion of trap cells is then,

C2

C1 + C2

=
g − φ

g − φ
(

1− k2
k1

) .
If the proportion of trap cells is greater than the right-hand side of this equation,

then phage extinction (washout) results.

Delay differential equations (DDEs)

For explanatory purposes, let us envisage a phage which both infects hosts instan-

taneously, and releases phage progeny from a host every 10 minutes, without lysing

the host. Mathematically, we could model the number of phage over time by,

dP (t)

dt
= g P (t− 10). (4.1)

where g is the phage reproduction rate and P (t) is the number of phage at minute t

(so that P (t− 10) is the number of phage at minute t− 10). We call equation (4.1)

a delay differential equation. Note that when t = 0, we need to know the value

of P (−10). This means that we have to provide information on the population of

phage in the 10 minutes prior to the phage population at t = 0 in order to solve

the equation for increasing t.

DDE systems

Cairns et al. [186] produce a simple DDE system to model the dynamics of

Campylobacter jejuni cultured with an infecting virulent phage. In this model

cells can be either susceptible or resistant to phage infection. The equations for
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phage-susceptible cells, C, phage-resistant cells, R, phage-infected cells, I, and

phage, P , are shown below,

dC

dt
= aC − rC − kCP︸ ︷︷ ︸

infection of cells by phage

dR

dt
= aR + rC

dI

dt
= kCP − kC(t− τ)P (t− τ)︸ ︷︷ ︸

lysis of infected cells at time t− τ

dP

dt
= βkC(t− τ)P (t− τ)− kCP − φP.

Here a is growth rate of phage-susceptible and resistant cells, r is the rate at which

susceptible cells become resistant, τ is the phage latent period, β is the phage burst

size (the number of progeny produced) and k and φ operate as before. This model

forms the basis of the models we will establish in the results of this chapter, though

we neglect the emergence of resistant mutants, as well as the rate of phage decay,

due to the short passaging periods employed. As is the case in our experiments,

Bull [47] develops a system to explore the evolution of phage in 2 heterogenous

hosts populations (C1 and C2). First assuming that the cell population does not

vary in size, he formulates,

dP

dt
= β1k1C1P (t− τ1)︸ ︷︷ ︸

phage production in C1

e−φCτ1 − k1C1P︸ ︷︷ ︸
phage infection of C1

+ β2k2C2P (t− τ2)︸ ︷︷ ︸
phage production in C2

e−φCτ2 − k2C2P︸ ︷︷ ︸
phage infection of C2

−φPP (4.2)

where the subscripts refer to the phage parameters as they relate to host C1 or

host C2 , and φC and φP refer the rate of cell death and phage decay respectively.

The e−φCτi term accounts for the loss of cells from the population to non-phage
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related causes in the fated period between phage infection and phage lysis (see

Beretta and Kuang for more detail [187]). As only P changes with time, Bull

notes that the solution must be of the form P (t) = P (0)egt, where g is the phage

reproduction (growth) rate. Substituting P (t) into equation (4.2), he derives the

following equation for g,

g = k1C1

(
β1e
−τ1(g+φC) − 1

)
+ k2C2

(
β2e
−τ2(g+φC) − 1

)
− φP .

Phages in this environment that avoid the host Ci are then selected for if βie−τi(g+φC) <

1. Following from this work, Bull models the impact of serial passaging for singular

phage and cell phenotypes in the presence of growing bacteria [172]. We effectively

extend his work to multiple phage and cell phenotypes, though choose to not allow

the lysis time to vary.

Mutation models

Levin et al. [173] use DDEs to investigate the effect of CRISPR-cas immunity to

the coevolution of phage and bacteria. Of particular interest is that they add an

element of stochasticity to their models by adding a mutant phage or bacteria to

the population when a mutational threshold has been met. For instance, a CRISPR-

immune phage mutant is produced in a given time interval δt with probability

(β − 1)µ δt I(t− τ), where µ is the mutation probability per phage per infection,

and I(t− τ) is the number of infected cells τ minutes prior. We will use a similar

strategy to allocate phage to new phage phenotypes in the directed evolution

modelling to come.
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4.1.3 Aims for this chapter

In this chapter, we aim to set up and perform directed evolution experiments to

effect T7 receptor tropism. This will involve characterising both the strains and

the phage to be used in the experiments. We aim to then mathematically model

different directed evolution strategies to inform our experiments in the lab. We

will start with a proof of concept experiment to show that we can effect the affinity

of T7 to different LPS phenotypes, and then attempt to coerce an exclusive affinity

to a chosen outer membrane protein.
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4.2 Results

4.2.1 Characterisation of strains used in ΔwaaC directed

evolution experiments

BW25113 and ΔwaaC were characterised following the transformation of pSB4G5

ER-g5 and pSB4G5 ∆ER-g5 (see Figure 4.4). Growth curves for theΔwaaC strains

plateau earlier than for the BW25113 strains, and do so consistently (Figure 4.4a).

The mean growth rates for the BW25113 strains appear higher than in Figures

4.4b and 4.4c, but are within the 95% confidence intervals of the ΔwaaC strains.

BW25113 ER-g5 ranged from 4.0-6.6× 107 CFU/ml and ΔwaaC ΔER-g5 from

2.9-5.3× 107, within an OD600 of 0.17-0.3.

Presented in Figure 4.5 are the data for T7-ReRb Δg5 ::cmk challenged against

BW25113 and ΔwaaC transformed with pSB4G5 ER-g5. A Welch 2-sided t-test

suggests that the geometric mean PFU/ml vs ΔwaaC is significantly different from

that observed on BW25113 as determined by plaque assay (significance measured

at the 5% level, p = 0.01). The log-transformed EOPs determined using plaque

assay and spot assays were both found to differ significantly at the 5% level from

the null difference hypothesis (p values 0.01 and 0.017 respectively) as did the 2

methods from each other (p = 0.04).
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Figure 4.4: a) Growth curves for BW25113 and ΔwaaC transformed with pSB4G5
ER-g5 and pSB4G5 ∆ER-g5. Error bars are SD of 3 biological replicates. b) The
growth rate per minute for each strain over the first 6 hours. Error bars are SD of 3
biological replicates. c) The calculated mean growth rate (see Methods 5.5.5) and
95% confidence intervals for each strain d) CFU assays for BW25113 ER-g5 and
ΔwaaC with either pSB4G5 ER-g5 or pSB4G5 ∆ER-g5. The means of 3 technical
replicates at varying OD values are linearly regressed for each strain. Error bars
are the SD of 3 technical replicates.
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Figure 4.5: a) Plaques and spot assays for T7-ReRb Δg5 ::cmk challenged against
BW25113 and ΔwaaC cells transformed with pSB4G5-ER-g5. b) Here efficiency
of plating (EOP) represents the PFU/ml recovered on BW25113 ER-g5 plates,
divided by that recovered on ΔwaaC ER-g5 plates. Bar plots are presented as the
geometric mean of at least 3 biological replicates with 95% confidence intervals.
Individual biological replicates are overlaid.

4.2.2 Simplified models for ΔwaaC directed evolution ex-

periments

Model design

The aim here is to model the behaviour of the desired phage in pairwise compe-

tition with another phage-binding phenotype in differing passage conditions. In

the first instance, we will define the desired phage phenotype for the evolution

experiment to be a T7 phage with a maximum affinity for LPS (chosen to be

108 ml/min) and no affinity for ΔwaaC cells. Passage conditions will be varied

by altering the relative amounts of BW25113 ER-g5 cells and ΔwaaC ∆ER-g5 cells.

We start with the simplest instance where the competing phage with varying

binding affinities is simulated in the absence of the desired phage. A schematic of

this model is depicted in Figure 4.6 and the equations governing the system and
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presented below,

dC1

dt
= a1C1 − k1C1P

dC2

dt
= a2C2 − k2C2P

dI1

dt
= k1C1P − k1C1(t− τ)P (t− τ)

dI2

dt
= k2C2P − k2C2(t− τ)P (t− τ)

dP

dt
= βk1C1(t− τ)P (t− τ)− k1C1P − k2C2P − k1I1P − k2I2P .

See Table 4.1 for a description of the variables and parameters for these equations.

Table 4.1: Variable/parameter notation for the ΔwaaC pairwise com-
petition model

Notation Description Units

Ci Phage-susceptible cell strain i ml−1

Ii Phage-bacteria complex (infected cell strain i) ml−1

P Free Phage ml−1

ai Growth rate of cell strain i min−1

ki Binding rate of phage to susceptible cell strain i ml min−1

τ Latent period of phage min
β Burst size of phage (number of phage progeny) [dimensionless]

We list here some modelling assumptions:

• The culture of cells and phage is well-mixed

• At most one phage can infect a given cell (i.e. no superinfection/coinfection)

• Neither the latent period or the burst size adapt to the environment, and

adaptation affects the rate of phage binding to cells only
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• The process of cell lysis does not prevent further phage adsorption to the cell.
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Figure 4.6: a) Abstraction of the ΔwaaC evolution experiment. Phage binds
to both the WT LPS and the ΔwaaC truncated-LPS cells at rates k1 and k2

respectively, but only produces progeny when infecting cells complemented with
gp5. b) In our simulations, we match the desired phage which has affinity for
LPS only and a competing phage which binds, at different rates, to both WT and
ΔwaaC LPS. c) Schematic for the ΔwaaC phage pairwise competition model in
the absence of the desired phage (a.k.a. the washout model). Note that phage
can also bind to already infected cells, further depleting the pool of free phage. d)
Again, but using the same notation as the model.

In the presence of the desired phage, so when competition between 2 phage

phenotypes is being simulated, we need to add in terms and equations to track the

dynamics of both phage populations. This means that there are now 4 separate

infected cell states to consider: those that arise when the competing phage infects

either BW25113 or ΔwaaC , and similarly when the optimal phage does so as well.

We notate cell strain i being infected by phage phenotype j by Iij . Similarly, each

phage phenotype has a separate binding rate to each cell strain. We denote this as

kij i.e. phage phenotype j adsorbs to cell strain i at rate kij . The equations for

this system are then,
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dC1

dt
= a1C1 − k11C1P1 − k12C1P2

dC2

dt
= a2C2 − k21C2P1 − k22C2P2

dI11

dt
= k11C1P1 − k11C1(t− τ)P1(t− τ)

dI12

dt
= k12C1P2 − k12C1(t− τ)P2(t− τ)

dI21

dt
= k21C2P1 − k21C2(t− τ)P1(t− τ)

dI22

dt
= k22C2P2 − k22C2(t− τ)P2(t− τ)

dP1

dt
= βk11C1(t− τ)P1(t− τ)− k11C1P1 − k21C2P1

− k11I11P1 − k11I12P1 − k21I21P1 − k21I22P1

dP2

dt
= βk22C2(t− τ)P2(t− τ)− k12C1P2 − k22C2P2

− k12I11P2 − k12I12P2 − k22I21P2 − k22I22P2 .

Note that the equations for P1 and P2 are defined symmetrically, so it does not

matter which is chosen to be the desired phage, and which one is chosen to be the

competing phage In the simulations, we arbitrarily take P1 to be the desired phage,

and set the binding rate, k21 equal to zero (k21 being the binding rate of P1 to the

ΔwaaC strain, C2).
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Qualitative predictions
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Figure 4.7: Effect of passage duration, and the fold-dilution between passages,
on the pairwise competition model for the ΔwaaC directed evolution experiment.
Pairwise competition is between the desired phage (LPS affinity 10−8 ml/min
and no affinity for ΔwaaC ) and competing phage phenotypes (LPS affinity 10−8

ml/min, but ΔwaaC afinity varies). Passage conditions are notated as the ratio of
(BW25113 ER-g5):(ΔwaaC ∆ER-g5). Data where the competing phage washes
out in the absence of the challenging desired phage (the washout model) is not
plotted. Simulations are performed for 20 passages with a = 0.026 min−1, β = 100,
τ = 12 min, initial PFU/ml = 3 × 106, initial CFU/ml = 5 × 107. Washout is
defined as the PFU/ml dropping below 104 after 20 passages.

The effects of varying the incubation time (duration) for each passage and of

varying the fold-dilution applied when transferring the phage population to the

next passage, are simulated in Figure 4.7. The duration of each passage does not
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appear to have much impact on the whether the desired phage occupies more

than 90% of the total phage population. Increasing the fold-dilution can result

in higher likelihood of phage washout, as might be expected. Considering these

results, combined with the an inclination to avoid co-evolution of bacteria within

each passage, and a desire to avoid washout of the total phage population, the

duration of each passage and the fold-dilution was fixed at 60 minutes and 100-fold

respectively.
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Figure 4.8: Pairwise competition between the desired phage (LPS affinity 10−8

ml/min and no affinity for ΔwaaC ) and competing phage phenotypes. Passage
conditions notated as the ratio of (BW25113 ER-g5):(ΔwaaC ∆ER-g5). Data
where the competing phage washes out in the absence of the challenging desired
phage (the washout model) is not plotted. Simulations performed for 20 passages
with a = 0.026 min−1, β = 100, τ = 12 min, initial PFU/ml = 3 × 106, initial
CFU/ml = 5×107, a passage duration of 60 minutes and 1% of the phage population
transferred between each passage. Washout is defined as the PFU/ml dropping
below 104 after 20 passages.

BW25113 ER-g5 only cells show no ability to select for the desired phage (one

with affinity for LPS only, see Figure 4.8). A 1:1 ratio of BW25113 ER-g5 to

ΔwaaC ∆ER-g5 is able to select for the desired phage over a competing phage,

and washes out few of the possible competing phage phenotypes. Hence, the 1:1
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ratio will be the first that we run the directed evolution experiment with. The

model also suggests that a 1:9 ratio should further select for a phage with weaker

binding affinity to ΔwaaC, so long the phage population does not washout. It

also predicts that the switching conditions will succeed too (Figure 4.8b) and that

increasing the stringency of selection will be less detrimental to competing phage

phenotypes as in the pure ratio conditions.

4.2.3 Regression of T7-ReRbΔg5 ::cmk to WT T7 cell-binding

affinities

EOP characterisation

First a note, as these are evolution experiments, we would expect there to be an

associated variation between independent replicates passaged in separate conditions.

However, only single EOP replicates were recorded for individual serial passaging

replicates. This means that there will also be variation associated with the spot

assay data appearing in these measurements, which can not be uncoupled from

the variation associated with the passaging procedure. Nevertheless, we can make

attempt to make general assertions where the fold change is sizeable enough to be

confident of a difference.

The procedures used to passage T7-ReRb Δg5 ::cmk are explained in detail in

Methods 5.6. We briefly overview the key aspects here for clarity. Phages were

passaged for ≈ 60 minutes and 1% of the phage population was transferred be-

tween each passage. In the main assay of the 1st directed evolution experiment,

a 1:1 volume by volume ratio of BW25113 ER-g5 and ΔwaaC ΔER-g5 was used
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Figure 4.9: Spot assay EOP data from the first 9 passages of the ΔwaaC di-
rected evolution experiment. T7-ReRb Δg5 ::cmk was passaged independently
in 4 separate 1:1 ratios: BW25113 ER-g5 to ΔwaaC ΔER-g5 cells; 1:1 ratio of
BW25113 ER-g5 to LB media; 1:1 ratio of ΔwaaC ΔER-g5 to LB media; and a
1:1 ratio of BW25113 ER-g5 to ΔwaaC ER-g5 cells. Data points are independent
passaging replicates and are overlaid. EOP is defined as PFU/ml recovered on
BW25113 ER-g5 plates, divided by that recovered on ΔwaaC ER-g5 plates. The
bars and errors represent, respectively, the means and standard deviations of the
log-transformed EOPs.

throughout. The control assays were built around this. One containing a 1:1

volume of BW25113 ER-g5 and LB + gentamicin, another with ΔwaaC ΔER-g5

and LB + gentamicin, and a final control with a 1:1 ratio of BW25113 ER-g5 and

ΔwaaC ER-g5. Spot assay EOP data for the endpoint phage populations from the

1st and 9th passages are presented in Figure 4.9. The main assay showed a clear

difference in the phage phenotype after the 9th passage compared with the controls

(even the replicate with the least fit EOP from the main assay being 1000-fold more
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fit than the best replicates from the controls). Note also that the ΔwaaC ΔER-g5

only control appeared to select against binding to ΔwaaC (when compared to the

other 1st passage EOPs) prior to phage extinction by the end of the 9th passage

(no plaques were observed on either strain).
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Figure 4.10: The 2nd ΔwaaC directed evolution experiment. Passage 9 phage
evolved in the 1:1 BW25113 ER-g5 to ΔwaaC ΔER-g5 condition are passaged
a further 9 times in 4 different conditions: 1:1, 1:9, 1:49, and a negative control
which only ΔwaaC ΔER-g5 cells. The data shown here is from the endpoint PFU
population of passage 18. The (overlaid) data points are independent passaging
replicates, bars represent the geometric mean, and the error bars are SD of the
log-transformed EOPs.

In the 2nd round of ΔwaaC directed evolution experiments, phage extracted from

each of the independent replicates of passage 9 (denoted 1:1 (9-1), 1:1 (9-2), and 1:1

(9-3)) were subjected to a further 9 passages in 3 different conditions in addition

to a negative control. In these conditions, the ratio was either kept at 1:1, or was

1:9, or 1:49 for each of the 9 passages. In Figure 4.10, we see that after the 18th

passage the phage population in the 1:1 condition appears to have further increased

its fitness, over the 9th passage (Figure 4.9). However, the 1:9 and 1:49 ratios seem

to have led to a fitness stagnation, perhaps even decreasing in fitness.

In the 3nd round of ΔwaaC directed evolution experiments, 1:1 (9-1), 1:1 (9-

2), and 1:1 (9-3) phage were challenged by a further 9 passages in switching

conditions. The switching conditions were: 1:1 to 1:9, 1:1 to 1:199 and 1:1 to
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0:1 (i.e. all negative selection cells). EOP data for this experiment are presented

in Figure 4.11a. The 1:1 to 0:1 switching condition had the highest geometric

mean (1.6× 105) but not the most fit replicate overall (found in the 1:1 to 1:199

condition, with EOP 1.0× 106). Figure 4.11b compares the better evolved lines of

the experiments thus far with T7 Δg5 ::cmk, which is at least 3 orders of magnitude

fitter than the evolved lines. Enough improvement was observed however to think

that evolving T7 towards OmpF might be possible with the strategies developed

up to this point.
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Figure 4.11: The 3rd ΔwaaC directed evolution experiment. a) Passage 9 phage
evolved in the 1:1 BW25113 ER-g5 to ΔwaaC ΔER-g5 condition are passaged a
further 9 times in 4 different switching conditions. Odd numbered passages where
in a 1:1 environment, and even numbered passages were in either a 1:9, 1:199, or
a 1:0 environment. The negative control contained only ΔwaaC ΔER-g5 cells.
b) The new switching data compared with EOP data from the 1:1 condition and
for T7 Δg5 ::cmk. The data shown here is from the endpoint PFU population of
passage 18. Data points (overlaid) are independent passaging replicates (with the
exception of those for T7 Δg5 ::cmk, which are biological replicates) bars represent
the geometric mean, and the error bars are SD of the log-transformed EOPs. No
plaques were observed on ΔwaaC plates for T7 Δg5 ::cmk.
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Sequencing of tail genes

−1 0 1 2 3 4 5 6

log10(EOP)6 40 126 181 471 684 649 116 479 501 542

Canonical WT T7 M A F D H I P L G N R

T7-ReRb ∆g5::cmk V A F G H F T L R H H

BW only (9-1) V A L G H F T L R H H

BW only (9-2) V A L G H F T L R H H

BW only (9-3) V A

1:1 (9-1) V V L G H F T I G H H

1:1 (9-2) V V L G H F T I G H H

1:1 (9-3) V V L D H F T I G H H

1:1 (18-1) V V L G H I T I G H H

1:1 (18-2) V V I G H H

1:1 (18-3) L G H I T I G H H

Switching 1:199 (18-1) L G H I T I G H H

Switching 1:199 (18-2) V V L G H F T L G H H

Switching 1:199 (18-3) L G R F T I G H H

Switching 0:1 (18-1) L G H I T I G H H

Switching 0:1 (18-2) V V L G H F T I G H H

Switching 0:1 (18-3) V V L G H F T I G H H

Phage Sample gp11 gp12 gp17

Mutations: Qimron Non-canonical Evolved Regressed

Figure 4.12: Sequencing analysis of the T7-ReRb Δg5 ::cmk receptor tropism
regression experiment. Amino acid mutations observed in T7-ReRb by Qimron
et al. [87] are coloured blue, and mutations that regress back to the canonical WT
sequence (NC_001604) are labelled in purple. Non-canonical mutations (those
unobserved in the literature) are coloured orange, and mutations observed in the
chromatograms of the evolving phage population are coloured green. Phage samples
are denoted by ‘[Condition] ([Passage number] - [Evolution line])’, e.g. the 3rd
independent evolution line passaged in a 1:1 co-culture for 18 passages would be
labelled ’1:1 (18-3)’. Gaps in sequencing data are left blank. Efficiency of plating
(EOP) is defined as the PFU/ml titre observed on BW25113 lawns divided by the
PFU/ml titre observed on ΔwaaC lawns. The EOP for T7-ReRb Δg5 ::cmk is the
geometric mean of 3 biological replicates. All other EOPs presented are from single
replicates.
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Tail genes known to be responsible for phage-host tropism were sequenced as

described in Methods 5.3.8. Observed amino acid mutations are presented in

Figure 4.12, alongside the relevant EOP data. The BW25113 control lines match

the unevolved (T7-ReRb Δg5 ::cmk) with the exception of the F126L mutation in

gp12. Since the F126L mutation is observed in all passaged lines, it is presumably

an adaption to the general passaging procedure. The Qimron mutations (see

section 3.2.5, Figure 3.15c) are roughly retained throughout (barring a gp12-G181D

reversion in the 1:1 (9-3) condition). gp11-A40V and the regression gp17-R479G

were only found in non-control lines, and appears to be associated with higher

EOPs. Similarly, gp17-L116I was also only seen in the non-control lines, with the

exception of Switching 1:199 (18-2), which had a markedly lower EOP than the

other independent lines for that treatment. 1:1 (9-3) has a moderately higher EOP

than lines 1 and 2, which is possibly associated with the reversion of a Qimron

mutation in gp12 (reverting from G to D in aa 181). However, this reversion does

not appear to be retained in future passages (1:1 (18-3), Switching 1:199 (18-3),

Switching 0:1 (18-3)). The evolved line yielding the highest EOP (Switching 1:199

(18-3)) has an additional gp12-H471R mutation in that phage population. The

non-canonical gp12-I684F mutation, and it’s corresponding reversion, do not appear

to have a correspond with higher or lower EOPs.
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4.2.4 Directed evolution of T7 towards an outer membrane

protein (OmpF)

Preparations for the evolution experiments

T7 has recently been reported to interact with the outer membrane proteins OmpA

and OmpF [130]. The first objective was to decide which of these proteins to direct

the tropism of T7 towards. The growth rate of ΔompF and ΔompA were char-

acterised in different plate reader experiments (but the strain BW25113 pSB4K5

ER-g5 was kept common to both) as described in Figure 4.13. Prior to the addition

of the pSB4G5 ER-g5 and ΔER-g5 plasmids, ΔompF grew significantly faster

than ΔompA (at the 5% level). Transformation with the aforementioned plasmids

reduced the growth rate of the ΔompF strains (Figure 4.14) but within the range

of the previous characterised BW25113 ER-g5 (Figure 4.4).

113



4.2. Results

0.00

0.01

0.02

0.03

0.04

0 1 2 3 4 5 6 7

Time (h)

G
ro

w
th

 ra
te

 (m
in

-1
)

BW25113 pSB4K5 ER−g5 ∆ompA

0

0.01

0.02

0.03

0.04

1 2 3 4 5 6 7 8

Time (h)

G
ro

w
th

 ra
te

 (m
in

-1
)

BW25113 pSB4K5 ER−g5 ∆ompF

Strain 
Mean growth 

rate (min-1)
95% con�dence 

interval
BW pSB4K5 ER-g5 0.029 ± 8.5 × 10-3 

∆ompF 0.0353 ± 1.0 × 10-2 

Strain 
Mean growth 

rate (min-1)
95% con�dence 

interval
BW pSB4K5 ER-g5 0.0285 ± 1.0 × 10-3 

∆ompA 0.0251 ± 2.4 × 10-3 

a b

Figure 4.13: Growth rate comparison of ΔompF and ΔompA from 2 separate
microplate reader experiments which were performed with minor variations in
procedure (see Methods 5.9.2 for details). a) Cells were grown overnight, and
diluted 1:200 before recording growth in the plate reader. b) Cells grown overnight
were diluted 1:200 and incubated for roughly 90 minutes before growth was recorded
in the plate reader. Error bars are presented as 95% confidence intervals.
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∆ompF pSB4G5 ER-g5 0.0258 ± 5.7 × 10-3 

∆ompF pSB4G5 ∆ER-g5 0.0262 ± 1.6 × 10-3 

Figure 4.14: Growth rate analysis of ΔompF transformed with either pSB4G5
ER-g5 or pSB4G5 ∆ER-g5. Error bars are presented as 95% confidence intervals.

Plaque and spot assays for T7 Δg5 ::cmk against BW25113 ER-g5 and ΔompF ER-

g5 revealed no significant differences either for the method used or the strain
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infected (Figure 4.15).
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Figure 4.15: a) Plaque and spot assays for T7 Δg5 ::cmk challenged against
BW25113 and ΔompF cells transformed with pSB4G5-ER-g5. b) Efficiency of
plating (EOP) defined as PFU/ml recovered on BW25113 ER-g5 plates, divided by
that recovered on ΔompF ER-g5 plates. Bar plots are presented as the geometric
mean of at least 3 biological replicates with 95% confidence intervals. Individual
biological replicates are overlaid.

Pairwise competition modelling

The equations for the ΔompF system follow as before except that the positive

selection strain, BW25113 ER-g5, now possesses 2 receptors of interest: OmpF

and LPS (see Figure 4.16) and phage phenotype j will adsorb to those receptors at

rates k1j and k2j respectively.
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dC1

dt
= a1C1 − (k11 + k21)︸ ︷︷ ︸

OmpF & LPS

C1P1 − (k12 + k22)C1P2

dC2

dt
= a2C2 − k21︸︷︷︸

LPS

C2P1 − k22C2P2

dI11

dt
= (k11 + k21)C1P1 − (k11 + k21)C1(t− τ)P1(t− τ)

dI12

dt
= (k12 + k22)C1P2 − (k12 + k22)C1(t− τ)P2(t− τ)

dI21

dt
= k21C2P1 − k21C2(t− τ)P1(t− τ)

dI22

dt
= k22C2P2 − k22C2(t− τ)P2(t− τ)

dP1

dt
= βk11C1(t− τ)P1(t− τ)− (k11 + k21)C1P1 − k21C2P1

− (k11 + k21)I11P1 − (k11 + k21)I12P1 − k21I21P1 − k21I22P1

dP2

dt
= βk22C2(t− τ)P2(t− τ)− (k12 + k22)C1P2 − k22C2P2

− (k12 + k22)I11P2 − (k12 + k22)I12P2 − k22I21P2 − k22I22P2 .

gp5 no gp5

T7 ∆gp5

1 2

OmpF

LPS

1

2

Key:

2

Figure 4.16: Abstraction of the ΔompF directed evolution experiment. Phage j
binds to both OmpF and LPS at rates k1j and k2j respectively, but only produces
progeny when infecting cells complemented with gp5. The rates are additive, so
the total adsorption rate to BW25113 will be k1j + k2j and the adsorption rate to
ΔompF will be k2j .
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Figure 4.17: Pairwise competition between the desired phage (OmpF affinity
10−8 ml/min and no affinity for LPS) and competing phage phenotypes. Passage
conditions notated as the ratio of (BW25113 ER-g5):(ΔompF ∆ER-g5). Data
where the competing phage washes out in the absence of the challenging desired
phage (the washout model) is not plotted. Simulations performed for 20 passages
with a = 0.026 min−1, β = 100, τ = 12 min, initial PFU/ml = 3 × 106, initial
CFU/ml = 5 × 107 and 1% of the phage population transferred between each
passage. Washout is defined as the PFU/ml dropping below 104 after 20 passages.

Since the model treats phage binding affinities for the 2 considered receptors (LPS

and OmpF) additively, and there is only selection pressure to avoid LPS, the

desired phage (with a 10−8 ml/min affinity for OmpF) outcompetes phage with

weaker binding affinity for OmpF (Figure 4.17a). Strong adsorption to both LPS

and OmpF is preferred in the 1:1 and 1:9 conditions. Since we will most likely

begin with a T7 phage (T7 Δg5 ::cmk) which interacts strongly with LPS, but

minimally with OmpF, the 1:9 ratio is then the least stringent ratio condition that

selects for the desired phage, with minimal stress on the competing phages. That

said, further increases to that ratio rapidly decrease the pool of phage phenotypes

that can sustainably replicate in that environment. Again, switching offers more

leeway for selecting the desired phage, whilst retaining competing phage phenotypes

that might be stepping stones to increased fitness (Figure 4.17b). Reducing the
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binding affinity for OmpF of the desired phage to one more likely to be attainable

(1/9× 10−8 ml/min) alters the state of play somewhat (Figure 4.18). For one, the

desired phage does not withstand ratios equal to and greater than 1:49 (Figure

4.17a). The desired phage is only able to outcompete phages with a higher than

1/9× 10−8 ml/min binding affinity when switching from 1:1 to 1:49 or above.

Desired phage ≥ 10-fold competition Desired phage < 10-fold competition
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Figure 4.18: Pairwise competition between the desired phage (OmpF affinity
1/9 × 10−8 ml/min and no affinity for LPS) and competing phage phenotypes.
Passage conditions notated as the ratio of (BW25113 ER-g5):(ΔompF ∆ER-g5).
Data where the competing phage washes out in the absence of the challenging
desired phage (the washout model) is not plotted. Simulations performed for 20
passages with a = 0.026 min−1, β = 100, τ = 12 min, initial PFU/ml = 3× 106,
initial CFU/ml = 5 × 107 and 1% of the phage population transferred between
each passage.

Determining relative phage fitness from plate reader absorbance data

To compare the relative fitness of unevolved and evolved phages against cells of two

different genotypes (here BW25113 and ΔompF ) I constructed a coupled non-linear
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ODE system to model the system:

dC1

dt
= r1C1

(
1− C1

K1

)
− f1C1P1

dC2

dt
= r2C2

(
1− C2

K2

)
− f2C2P2

dP1

dt
= f1C1P1

dP2

dt
= f2C2P2

with notation as described in Table 4.2.

Table 4.2: Variable and parameter notation for the relative phage fitness model

Notation Description Units

Ci Cells with genotype i (i either 1 or 2) at time t OD600

Pi The free phage population infecting the cells population i at time t OD600

ri Growth rate of cells with genotype i min−1

Ki Carrying capacity (stationary phase OD of cells population i) OD600

fi “Phage fitness” - rate of phage production from infecting cells i OD600
−1min−1

t Time min

Assumptions:

• The population is well-mixed.

• The correspondence between CFU and OD600 is the same for all strains

considered.

• That the latent period associated with phage infection of cells can be ignored

(i.e. that delay differential equations are not necessary). A consequence of

this assumption is that phage genotypes that deplete cellular populations

faster, but that produce less phage in the process, could be considered fitter,
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if the final phage life cycle results in lysis of most of the cells.

• Phage production is not produced in bursts and instead phage are produced

continuously via interactions with cells.

Our aim here is to find an expression for the relative phage fitness, f1/f2, that can

be determined from plate reader absorbance data. If the initial conditions were

known with precision, then we could estimate this proportion through numerically

fitting the ODEs to the data. This is not true for our case, so we instead observe

first that
dP1

dt
= f1C1P1 can be solved by separation of variables to obtain,

P1 = P0 e
f1

∫ tmin
0 C1(s) ds ≈ P0 e

f1α1 (4.3)

where P0 denotes initial phage population i.e. Pi(t = 0) for i = 1 or 2. Note

that C1 is integrated over a given time interval [0, tmin] which will be estimated

by calculating the area under the OD600 curve observed in the plate reader data.

We denote this integral as αi (i either 1 or 2) for convenience. The procedure to

obtain P2 = P0 e
f2α2 follows similarly, and we note here that both equations are

valid over the time interval [0, tmin]. We can also solve the rate equation for C1 (or

C2) to obtain an expression in terms of P1 (or P2), namely,

dC1

dt
= r1C1

(
1− C1

K1

)
− f1C1P1 which can be rearranged to,

P1 =
r1C1

(
1− C1

K1

)
− dC1

dt
f1C1

. (4.4)

Since equation (4.3) is true for all times t in the interval [0, tmin] we can choose

t = tmin in equation (4.4). In particular, we choose tmin such that it gives the

largest timepoint out of the times at which the smallest OD600 values for C1 and C2
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occur (see Figure 4.19). In other words, we choose tmin = max{tmin(C1), tmin(C2)}.
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Figure 4.19: Clarification of the plate reader model. a) We choose the time interval
on which the model operates to be from t = 0 to t = tmin. For each curve, we
determine the time at which the OD is smallest. We denote the largest of these
2 timepoints as tmin i.e. tmin = max{tmin(C1), tmin(C2)}. b) Example plot of a
numerical simulation of the ODEs with dde23 in MATLAB. Parameters used were
r = 0.027, K = 1.2 and f = 0.3, with initial conditions of C(t = 0) = 0.1 and
P (t = 0) = 0.01.

A consequence of this choice of t is that
dCi
dt
≈ 0 and so,

P1 =
r1

f1

(
1− C1

K1

)
:=

γ1

f1

(4.5)

P2 =
r2

f2

(
1− C2

K2

)
:=

γ2

f2

. (4.6)
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where, for simplicity, we have defined γi = ri

(
1− Ci

Ki

)
for both i = 1 and 2.

Combing the two separate equations for P1 (namely (4.3) and (4.5)) we have,

P0e
f1α1 =

γ1

f1

which after dividing through by P0 and multiplying both sides by α1f1 becomes,

α1f1e
f1α1 =

α1γ1

P0

. (4.7)

Recall that our aim here is to find f1/f2 in terms of a calculable expression. Note

first that the left-hand side of this equation is of the form xex. The inverse, f−1,

of the function f(x) = xex (which would return x, since f−1(f(x)) = x) is given

by W (x), where W is Lambert W function [188–192]. Applying this function to

both sides of equation (4.7), we have,

W
(
α1f1e

f1α1

)
= W

(
α1γ1

P0

)
which since W (xex) = x is

f1α1 = W

(
α1γ1

P0

)
which rearranges to

f1 =
1

α1

W

(
α1γ1

P0

)
and similarly f2 =

1

α2

W

(
α2γ2

P0

)
.

Hence, we have,

f1

f2

=

1
α1
W
(
α1γ1
P0

)
1
α2
W
(
α2γ2
P0

) . (4.8)

Again, this equation would be estimatable, if P0 could be estimated from experi-

mental data. Recall that in choosing to construct this particular ODE system, we

have given the phage population (P ) a physically meaningless dimension in OD600

(since T7 phage do not detectably perturb 600 nm wavelength light). There are
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a few ways to proceed. One way would be to scale a PFU estimated via plaque

assay by the initial CFU of the challenged strain (see Appendix C.1 for more detail

on how we should interpret the units for P ) and then calculate f1/f2 from the

equation (4.8). Another, simpler, solution could be employed if at least one more,

say, 10-fold, dilution of the phage was used in the plate reader assay. In this case,

f1

f2

=
(α21 − α22) ln

(
0.1(K1−C11)

(K1−C12)

)
(α11 − α12) ln

(
0.1(K2−C21)

(K2−C22)

) (4.9)

where αij is the area under the curve for phage dilution j challenged against strain

i, and we choose the curves such that αi1 > αi2. Similarly, Cij refers to strain i

challenged against phage dilution j. See Appendix C.2 for details of the derivations

for both the case where 2 phage dilutions are available, and for when n > 2 phage

dilutions are utilised. With the experimental data available to us, neither of these

methods using either the PFU of the phage, or multiple phage dilutions, is suitable.

Instead, we need to find a way to cancel out P0 when determining the fraction

f1/f2. With the equation (4.8) in its current form, this is not possible. To proceed,

I first determined that,

W

(
αiγi
P0

)
≈ 0.01 ln(103αi) ln(105γi) ln

(
2

P0

)
(4.10)

over the domain 1 ≤ αi ≤ 10−3, 10−3 ≤ γi ≤ 10−1 and 10−7 ≤ P0 ≤ 1 (see Methods

5.9.5 for details). The median and mean percent errors for this approximation over

this domain are 8% and 116% respectively. The percentage error for fixed γi =

2× 10−2 is plotted in Figure 4.20. Note that in practice, since
(

1− Ai(t=tmin)
Ki

)
≈ 1,

that γi = ri(1− Ai/Ki) ≈ ri, the growth rate of strain i. Hence γi varies in line

with expected growth rates for E. coli (ranging from 10−2 to 3.5× 10−2).
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Figure 4.20: Percent error (defined as |true value− approximate|/true value) for
the approximation 0.01 ln(103αi) ln(105γi) ln

(
2/P0

)
of the function W

(
αiγi/P0

)
over

the domain 1 ≤ αi ≤ 10−3, 10−3 ≤ γi ≤ 10−1 and 10−7 ≤ P0 ≤ 1 (see Methods
5.9.5 for details) and γi is fixed at a representative growth rate (2 × 10−2). P0

denotes the number of phage on the OD600 scale at t = 0 (when the plate reader
records the first absorbance value) and αi denotes the area under the lysis curve
observed for the time interval [0, tmin]. b) A histogram of the percent error over
whole domain. Errors over 100% are grouped into the final bin.
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Now that we have a suitable approximation for W
(
αiγi
P0

)
, we can produce an

approximate expression for the relative fitness,

f1

f2

=

1
α1
W
(
α1γ1
P0

)
1
α2
W
(
α2γ2
P0

) ≈ 1
α1

0.11 ln(103α1) ln(105γ1) ln
(

2
P0

)
1
α2

0.11 ln(103α2) ln(105γ2) ln
(

2
P0

)
=
α2 ln(103α1) ln(105γ1)

α1 ln(103α2) ln(105γ2)
.
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Characterisation of the OmpF directed evolution experiments
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Figure 4.21: a) After incubating the 1:1 passages for 1 hour, a sample of the
population is incubated in a microplate reader, and the OD600 is recorded (one
such curve is depicted). The time associated with maximum OD600 value is noted
for further analysis (see Methods 5.9.6 for details). b) Maximum OD600 analysis of
the 1st 15 passages of the ompF directed evolution experiment (see Methods 5.6).
Odd numbered passages are under 1:1 conditions and even number passages are
under the boxed conditions (in this case, either 1:1, 1:49, or 1:199).

Similar to before, a brief overview of the procedure is provided here; for more details,

see Methods 5.6. For each passage T7 Δg5 ::cmk was incubated with cells for ≈ 60

minutes, and 1% of the endpoint phage population was transferred to the next

passage. Odd-numbered passages were 1:1 volume by volume ratios of BW25113

ER-g5 and ΔompF ΔER-g5. Even-numbered passages varied by stringency. For

the first 15 passages, the even-number passages were the ratios 1:1, 1:49 and 1:199

(see Figure 4.21). After most odd-numbered passages, a sample of the passage was

added to a plate reader to observe whether the phage population had survived the

passage (Figure 4.21a). Passages where no lysis was observed were additionally
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checked by plating for the absence of phage.
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Phage BW25113 

(PFU/ml)
∆ompF 
(PFU/ml)

T7 ∆g5::cmk 2 x 1010 1 x 1010

1:49 (10-1) 2 x 106 7 x 106

1:49 (10-2) 6 x 105 6 x 105

1:49 (10-3) 2 x 104 2 x 104

Figure 4.22: a) Lysis curves for BW25113 and ΔompF transformed with pSB4G5
ER-g5 in presence/absence of T7 Δg5 ::cmk. Error bars are the SD of 3 biolog-
ical replicates. b, c, d) In a separate plate reader experiment, lysis curves for
BW25113 and ΔompF transformed with pSB4G5 ER-g5 in presence/absence of
evolved lines 1, 2 and 3 from passage 10 of the ompF directed evolution experi-
ment. Error bars for the data in the absence of phage are the SD of 3 biological
replicates. Data in the presence of phage were performed on only 1 biological
replicate, and so are presented without error bars (as the average of 3 technical
replicates). e) Rough PFU/ml of each phage for comparison. f) The relative
fitness of unevolved phage (T7 Δg5 ::cmk) and the evolved passage 10 lines chal-
lenged with BW25113-pSB4G5 ER-g5 and ΔompF pSB4G5-ER-g5. Relative phage
fitness versus BW25113 is estimated using the approximation fBW/f∆ompF ≈
[α∆ompF ln(103αBW ) ln(105γBW )]/[αBW ln(103α∆ompF ) ln(105γ∆ompF )]. αBW and
α∆ompF are estimated areas under the lysis curves for phage challenged with
BW25113 and ∆ompF respectively. Similarly γBW and γ∆ompF are effectively the
growth rates for BW25113 and ∆ompF respectively (see sections 5.9.4 and 4.2.4
for details).
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Table 4.3: p-values (rounded to 4 d.p.) observed for two-
sample Welch’s t-tests on log10(EOP) data from passage
15 (1:49) against ΔwaaC and BW25113 strains (see Figure
4.23b for details)

unevolved vs 15-1 unevolved vs 15-2 unevolved vs 15-3

0.0003 0.0010 0.0126

15-1 vs 15-2 15-1 vs 15-3 15-2 vs 15-3

0.0065 0.2208 0.0117

Figure 4.22 presents lysis curve data for unevolved phage (T7 Δg5 ::cmk), and

phage extracted from the endpoint of passage 10, that had undergone a 1:1 to

1:49 switching regime. As seen in Figure 4.22f, the relative fitness of phage lines

switched for each passage between the 1:1 to 1:49 condition for a total of 10

passages, decreased compared to the relative fitness observed for the unevolved

phage (T7 Δg5 ::Δcmk). This lends some weight to the suggestion that the phage

population was in fact adapting to the negative selection strain.

Single replicate EOP data (BW25113 ER-g5/ΔompF ΔER-g5) for passage 13,

switching condition 1:1 to 1:49, is presented in Figure 4.23a. There is no evidence

to suggest that the plating efficiency differs between the two strains. EOP data

collected for the condition in passage 15 is shown in Figure 4.23b. All three evolved

lines plate significantly more efficiently (at the 5% level) on ΔwaaC ER-g5 strains,

relative to BW25113 ER-g5, when compared with the unevolved phage (see Table

4.3). Similarly, the geometric mean EOP for 1:49 (15-2) was significantly different to

both 15-1 and 15-3. 3 single plaques were picked from the ΔwaaC plates challenged

with 1:49 (15-1) and 1:49 (15-2) phage (Figure 4.23c). These plaques were plated

on BW25113 ER-g5 and ΔompF ΔER-g5 plates, and the EOP measured by spot
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assay (Figure 4.23d). 2 of the plaques found to have higher EOPs were subjected

to plaque assay repeatedly for a total of 3 biological replicates. Subsequently, no

evidence of a positive bias towards BW25113 over ΔompF was determined from

these assays.

Phage
Spot assay 
log10(EOP)

Plaque assay 
log10(EOP)

T7 ∆g5::cmk 0.19 0.09 ± 0.02

1:49 (15-1) Plaque 1 0.48 -0.16 ± 0.31

1:49 (15-1) Plaque 2 0.53 -0.07 ± 0.08

1:49 (15-1) Plaque 3 0.19

1:49 (15-2) Plaque 1 -0.30

1:49 (15-2) Plaque 2 0.20

1:49 (15-2) Plaque 3 -0.90
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Phage
log10(EOP) 
(BW/∆ompF)

T7 ∆g5::cmk -0.15

1:49 (13-1)  0.00

1:49 (13-2)  0.23

1:49 (13-3)  0.18

Figure 4.23: a) EOP of 3 independent evolution lines from passage 13 of condition
1:49 compared with the unevolved phage (T7 Δg5 ::cmk). EOP is determined
as the PFU against BW25113 divided by the PFU observed with ΔompF. Data
are from a single replicate. b) 3 independent evolution lines from passage 15
of condition 1:49, again compared with the unevolved phage. EOP = (PFU vs
ΔwaaC )/(PFU vs BW25113). Bar plots represent geometric mean of 3 biological
replicates and the error bars are 95% confidence intervals. The individual data
points are overlaid. c) Representative plates from panel b. d) Isolated plaques
picked from ΔwaaC and plated against BW25113 and ΔompF. Logged spot assays
EOPs are single replicates; logged plaque assay EOPs show the mean with SD error
bars from 3 biological replicates. In all relevant panels EOP replicates for which
no plaques were observed on ΔwaaC are treated as if a single plaque was observed
for the mean and error calculations. The individual data points are overlaid, and
points where no plaques were observed on ΔwaaC are coloured orange.
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5 20 184 398 99 137 174 444 490 613 712 723 118 180 203 420

T7 ∆g5::cmk A T R Q R N V D S T N Q T N T T

Switching 1:1 (15-1) A T R * R N V D S T N Q A N T T

Switching 1:1 (15-2) A T R * R N V D S T N Q A N T T

Switching 1:1 (15-3) A T R * R N V D S T N Q A N T T

Switching 1:49 (15-1) A T R * R N V A S T N Q A D T T

Switching 1:49 (15-2) A T R * R N A D S T N Q A N T T

Switching 1:49 (15-3) V S H * Q D V D T I S L A N A A

Phage Sample gp12 gp17Cmk gp10B gp11

Figure 4.24: Sequencing analysis of the OmpF directed evolution experiment.
Mutations the T7 Δg5 ::cmk sequence observed in the chromatograms of the
evolving phage population are coloured green. Bracket notation: (Passage number
- line).

Phage from passage 15 of the directed OmpF evolution experiment were subjected

to sequencing for key gene regions (see Methods 5.3.8). Figure 4.24 depicts the

amino acid mutations observed in the Sanger sequencing data relative to the

progenitor T7 Δg5 ::cmk genome. In all evolved lines, the minor coat protein

gp10B gained a stop codon in the final amino acid of that protein. The mutation

gp17-T118A was also observed in all evolved lines. The switching condition 1:49

(15-3) phage population picked up 13 amino acid changes in the gene regions se-

quenced, 5 of those occurring in the gp12 tail tube, and 3 occurring in the cmk gene.

Phages were passaged in varying conditions for a total of 61 passages (see Figure

4.25). Figure 4.26 highlights single replicate EOP data for two of the evolved lines

from that last passage. The data is not particularly resolved, but it is evident that

no further improvement in fitness has occurred with respect to relative plating

efficiency on ΔwaaC. Nor is there any evidence of greater efficacy for BW25113

over ΔompF, that would not diminish upon replication.
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Figure 4.25: Maximum OD600 analysis of the 61 passages of the OmpF directed
evolution experiment (see Methods 5.9.6). Odd numbered passages are under 1:1
conditions and even number passages are under the boxed conditions. Black lines
indicate where an evolution line was carried forward for further passaging. New
conditions start with an odd-numbered passage.

Phage
log10(EOP) 
(BW/∆ompF)

log10(EOP) 
(∆waaC/BW)

T7 ∆g5::cmk -0.46 -7.85

1:49 (15-1) 0.00 -6.00

1:133 (61-1) -0.52 -5.95

1:133 (61-2) 0.46 -6.30

Figure 4.26: Single replicates from Passage 61 plated with unevolved and 1:49
(15-1) phage for comparison. EOP data for which no plaques were observed on
ΔwaaC are treated as if a single plaque was observed for EOP calculation, and
such data points are coloured orange.
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4.2.5 Semi-stochastic modelling of the direction evolution

experiments

ΔwaaC directed evolution modelling

The tendency of the pairwise competition models to overrate ratios was likely

because the potential for more phage mutants to emerge in environments with

more positive selection cells was unaccounted for. Here, a semi-stochastic DDE

model is developed which introduces a probability of mutation, µ, to an improved

phage phenotype (see Methods 5.9.7 for more details). After the passing of a phage

latent period in time (loosely considered a phage generation) new phages with

the improved phage phenotype are added to the model for each infected cell that

wins a virtual coin flip (the probability of winning being β × µ). To simplify the

fitness landscape, we assume that fitness improvements are made to one aspect of

the phage binding affinity (in the ΔwaaC modelling, this will be be the affinity of

the phage to ΔwaaC ). The parameter λj will scale affinity for ΔwaaC in N steps,

which in turn represent N distinct phage phenotypes. Otherwise the equations

follow in the same manner as before. A quick note though on notation. If an

equation reads
dAj
dt

= hj , this means that equation occurs N times (one for each

distinct phage phenotype) so we would have

dA1

dt
= h1

dA2

dt
= h2

.. ..

dAN
dt

= hN .
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We then write,

dC1

dt
= a1C1 − k

N∑
n=1

C1Pn

dC2

dt
= a2C2 − k

N∑
n=1

λnC2Pn

dI1j

dt
= kC1Pj − kC1(t− τ)Pj(t− τ)

dI2j

dt
= kλjC2Pj − kλjC2(t− τ)Pj(t− τ)

dPj
dt

= βkC1(t− τ)Pj(t− τ)− kC1Pj − kλjC2Pj

− k
N∑
n=1

I1nPj︸ ︷︷ ︸
loss of phage that bind to I1j

− k
N∑
n=1

λnI2nPj︸ ︷︷ ︸
loss of phage that bind to I2j

.

Figure 4.27 demonstrates how this model works in practise for a representative

example. The simulation begins with one phage phenotype that infects both

BW25113 and ΔwaaC at the same rate (similar to T7-ReRb Δg5 ::cmk). The cel-

lular environment is a 1:1 to 1:49 switching condition. As the simulation proceeds,

phage with decreased affinity for ΔwaaC emerge, and eventually outcompete the

predominant phenotype. This simulation is run 100 times for 100 passages. Figure

4.27c is a plot of the percentage of simulations won by a given phage phenotype.

The curve for the final phage phenotype with relative affinity to ΔwaaC of 1/16,

referred to as the desired phage phenotype, is then compared with the curves

generated by the other passaging conditions. It is in this way that we attempt to

determine which strategy might be best for acquiring the desired phage phenotype,

for a given set of conditions.
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Figure 4.27: A representative example of the mutation model for the ΔwaaC di-
rected evolution experiments. a) PFU/ml for the first 16 passages. Odd numbered
passages are a 1:1 ratio of BW25113:ΔwaaC. Even numbered passages are a 1:49
ratio. The simulation starts with a phage that binds to both the LPS and ΔwaaC at
a set adsorption rate (either 3 × 10−9 or 10−8 ml/min). Each phage generation
provides an opportunity for a mutant phenotype to emerge which binds half as well
to ΔwaaC. Note that after each passage ≈ 1% of the phage population is transferred
to next passage (the precise number transferred is Poisson distributed). b) CFU/ml
for first 16 passages. BW25113 cells, C1 , coloured blue, ΔwaaC cells, C2 , coloured
red. Overlapping points appear purple and points are plotted discretely for clarity.
c) Plot of the number of simulations won by each phage phenotype. Plot is of
100 simulations. Simulations typically look like this, where one phage phenotype
outcompetes the previously dominant one, in a sequential fashion, until the optimal
phage phenotype (1/16) wins all simulations.
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Figure 4.28 shows the results of the semi-stochastic modelling for the ΔwaaC di-

rected evolution experiments. In the case where we set k = 3 × 10−9, τ = 12,

β = 100, switching routines obtain evolved lines with less affinity for ΔwaaC faster

than simple ratio conditions (see the 1:1 to 1:99 or 1:1 to 1:133 versus the 1:9 ratio

condition in Figure 4.28a). Switching routines are also more robust to changes

in phage kinetic parameters (in particular, the binding rate k, see Figure 4.28b).

Phage with latent periods of 20 minutes do not evolve the optimal phenotype in

either the switching or ratio conditions.
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Figure 4.28: Simulations of the mutation model for the ΔwaaC directed evolution
experiments. a) The percentage of simulations won by the desired phage phenotype,
with relative ΔwaaC affinity 1/16, for different conditions. In these simulations,
initial binding rate, k, is 3× 10−9, the latent period, τ , is 12, and the burst size, β,
is 100. Asterisks indicate conditions in which the entire phage population washed
out. b) Plots presenting the passage at which the desired phage wins 50% of
the simulations, for different conditions, and varying k, τ and β. Data points in
which all phage phenotypes washed out have been removed. 100 simulations were
performed in each instance for 100 passages.
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ΔompF directed evolution modelling: increasing OmpF binding affinity

The same idea is applied here, except that now we are looking to increase OmpF

binding affinity. We write θj for the parameter that scales OmpF affinity by 1/λj

in N steps (1 step for each phage phenotype).

dC1

dt
= a1C1 −

N∑
n=1

(k + kθn)C1Pn

dC2

dt
= a2C2 − k

N∑
n=1

C2Pn

dI1j

dt
= (k + kθj)C1Pj − (k + kθj)C1(t− τ)Pj(t− τ)

dI2j

dt
= kC2Pj − kC2(t− τ)Pj(t− τ)

dPj
dt

= βkC1(t− τ)Pj(t− τ)− (k + kθj)C1Pj − kC2Pj

− (k + kθj)
N∑
n=1

I1nPj︸ ︷︷ ︸
loss of phage that bind to I1j

− k
N∑
n=1

I2nPj︸ ︷︷ ︸
loss of phage that bind to I2j

Figures 4.29, 4.30 and 4.31 present the results from simulations on evolving phage

phenotypes that differ in their affinity for OmpF. Switching routines though

successful for many parameter sets and culture proportions, demonstrate a large

variability in the number of passages required to generate a dominant optimal phage

population. In particular, note that for phages with k = 10−8, τ = 10, β = 120

the 1:1 to 1:9 switching routine requires an excess of 250 passages to generate the

desired outcome (Figure 4.31) but that a 1:1 to 1:1 routine, or a 1:1 to 1:49 routine,

achieve this in fewer than 200 passages. In contrast, ratio conditions generate better
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outcomes with far less variability in the number of required passages. Moreover,

the results indicate that a simple but effective heuristic strategy would be to find

the least stringent ratio that washes out the phage, and passage at some ratio less

stringent than this.
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Figure 4.29: Simulations of the mutation model for OmpF positive selection with
varying switching conditions in the ΔompF directed evolution experiments. a)
The percentage of simulations won by the desired phage phenotype, with a relative
OmpF affinity of 1, for different conditions. In these simulations, initial binding
rate, k, is 10−8, the latent period, τ , is 12, and the burst size, β, is 100. Asterisks
indicate conditions in which the entire phage population washed out. b) The
percentage of simulations won by each phage phenotype, for the 1:1 to 1:9 (left)
and the 1:1 to 1:49 switching conditions. 25 simulations were performed in each
instance for 400 passages.
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Figure 4.30: Simulations of the mutation model for OmpF positive selection with
varying ratio conditions in the ΔompF directed evolution experiments. a) The
percentage of simulations won by the desired phage phenotype, with a relative
OmpF affinity of 1, for different conditions. In these simulations, initial binding
rate, k, is 10−8, the latent period, τ , is 12, and the burst size, β, is 100. Asterisks
indicate conditions in which the entire phage population washed out. b) The
percentage of simulations won by each phage phenotype, for the 1:0 (BW25113
ER-g5 only) 1:1 and 1:9 ratios. 25 simulations were performed in each instance for
400 passages.
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Figure 4.31: Simulations of the mutation model for OmpF positive selection in
the ΔompF directed evolution experiments for differing k,τ and β. Plots show the
passage at which the desired phage wins 50% of the simulations, for both switching
conditions and ratios. Data points in which all phage phenotypes washed out have
been removed. 25 simulations were performed for each parameter and condition
for 400 passages.

ΔompF directed evolution modelling: decreasing LPS binding affinity
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Figure 4.32: Simulations of the mutation model for LPS negative selection in the
ΔompF directed evolution experiments for k = 10−8, τ = 12 and β = 100. The
percentage of simulations for each condition which washout are provided in brackets
if non-zero. No simulations saw a ratio condition which generated a winning desired
phage population (a phage with a relative affinity for LPS of 1/16, and an OmpF
affinity of k). 100 simulations were performed for each condition for 100 passages.

Here we attempt to decrease the binding affinity of the phage to LPS, now that

it has a strong affinity for OmpF. The equations generalise the same way from
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the pairwise competition model for OmpF, as the semi-stochastic modelling for

ΔwaaC generalises from the ΔwaaC pairwise competition model.

dC1

dt
= a1C1 − (k + kλj)C1Pj

dC2

dt
= a2C2 − kλjC2Pj

dI1j

dt
= (k + kλj)C1Pj − (k + kλj)C1(t− τ)Pj(t− τ)

dI2j

dt
= kλjC2Pj − kλjC2(t− τ)Pj(t− τ)

dPj
dt

= βkC1(t− τ)Pj(t− τ)− (k + kλj)C1Pj − kλjC2Pj

− (k + kλj)
N∑
n=1

I1nPj︸ ︷︷ ︸
loss of phage that bind to I1j

− kλj

N∑
n=1

I2nPj︸ ︷︷ ︸
loss of phage that bind to I2j

From the simulations performed (see Figure 4.32) we see that switching strategies

are required for the timely evolution of the desired phage phentoype. However,

more stringent switching conditions do not necessarily result in better outcomes,

suggesting that multiple conditions would need to be experimentally tested in

parallel to ensure success.
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4.3 Discussion

4.3.1 Characterisation of strains used in ΔwaaC directed

evolution experiments

It was important to ensure that the growth rates and CFU of the BW25113 and

ΔwaaC strains were roughly similar, so that one cell population would not over-

whelm the other during the course of passage, and influence phage adaptation in

an unexpected way (Figure 4.4). Fortunately, both strains were so, with a roughly

third more CFU/ml observed for BW25113 ER-g5 compared with ΔwaaC ΔER-g5,

in addition to the recorded mean growth rate presenting as 25% higher for BW25113

ER-g5 over ΔwaaC ΔER-g5. All passages were performed with cells grown to

within an OD600 range of 0.17-0.3, which, since cells were mixed in different ratios

by volume (see Methods 5.6) meant that there was at most an 2.3-fold deviation

from the idealised ratios in any given passage.

Qimron et al. [87] observed log10(EOP) to be between −1 and 1 − log10(7) (ap-

proximately 0.15) for T7-ReRb challenged against BW25113 and ΔwaaC. Both

of the means estimated by spot assay and plaque assay are within those bounds,1

and so are in line with those observations.

1Qimron et al. calculate EOP using PFU on ΔwaaC divided by PFU on BW25113, which is
the reciprocal of our use.
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4.3.2 Simplified models for ΔwaaC directed evolution ex-

periments

Model design

One of the assumptions we made during the design of the model (see section

4.2.2) was: “Neither the latent period or the burst size adapt to the environment,

and adaptation affects the rate of phage binding to cells only." We assume in the

modelling that the latent period and burst size do not adapt during the evolution

experiments, and that any adaption is limited to the adsorption rate of phage

to cells. This assumption is patently untrue. T7 phage almost certainly does

adapt its latent period and burst size to the conditions [81, 160] in addition to

any changes made to the adsorption constants. It is very likely in fact that in

avoiding a given host, T7 might reduce its reversible binding to the cell surface,

and may sit less stably on the surface as a result of a weaker irreversible binding

interaction. This in turn could lead to slower DNA ejection [179] and possibly a

change in the number of progeny produced. That said, altering only the adsorption

constant (which approximately accounts for both the reversible and irreversible

binding interactions) can still bring the solutions close enough to the true dynamics

that we may gain from the enterprise.

Qualitative predictions

Ratios appear to better at selecting for the desired phage when in competition

with phages with affinity for ΔwaaC. Switching however is more tolerant of less

fit phages (Figure 4.8b) which, given that we are unlikely to start the experiment
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with a phage phenotype resembling the desired phage, may be necessary for the

emergence of fitter phages. The pairwise competition and washout models indicate

how a given environment might favour a pre-existing phage phenotype, but they

do not account for impact the environment may have on the emergence of a given

phage phenotype. This is something that we attempt to address with mutation

between phage phenotypes in the semi-stochastic models.

4.3.3 Regression of T7-ReRbΔg5 ::cmk to WT T7 cell-binding

affinities

EOP characterisation

Molineux and Bull serially passage co-cultures for differing lengths of time, typically

before complete lysis of the culture [48, 79, 81, 193, 194]. They do this to prevent

the latent period of the phage population syncing with the passage duration [48,

81]. I opted not to follow this approach, figuring that inevitable variations in

time at which the passage was removed from the incubator (never greater than 2

minutes) and the time taken to aliquot samples for centrifugation, for subsequent

supernatant extraction (at most 6 additional minutes) would be sufficient to prevent

synchronisation. They also dilute the population by 104 or 105 fold (as experience

dictated) between each passage. Varying the dilution was not seen to have a marked

effect on the outcome of the pairwise competition (Figure 4.7) and so was not

explored experimentally. This was likely an oversight on my part. Increasing the

dilution rate increases the likelihood of phage washout, and of an individual mutant

phage not being transferred to the next passage. However, it also increases the

number of generations a phage population will go through in a passage, which in
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turn increases the chance of mutant populations emerging, and increasing in number.

The data from the 1st ΔwaaC directed evolution experiment (Figure 4.9) demon-

strates that the procedure selects against phage phenotypes that bind to ΔwaaC.

Phage passaged in a 1:1 ratio of BW25113 ER-g5 and ΔwaaC ER-g5 did not have

the same impact on BW25113 plating efficiency over 9 passages compared to that

seen on ΔwaaC plates. Nor did passaging in BW25113 ER-g5 cells alone. Whether

adaption occurred during the passaging procedure, or whether a pre-existing adap-

tion in the population was selected for can not be known from the data collected,

but there is no experimental evidence to suggest that it was pre-existing.

The 2nd round of ΔwaaC directed evolution experiments (Figure 4.10) provided the

first confounding evidence that the pairwise competition model might not offer a

complete enough picture of the evolution schema. The model (Figure 4.8) predicted

that increasing the stringency of the ratios from 1:1 to a ratio of 1:9, or 1:49, would

make the procedure more effective at selecting for the desired phage, so long as it

did not result in phage extinction. No such phage extinction was observed here,

indicating that the model was qualitatively wrong in this aspect. The heuristic

prediction which transpired from this insight was that the number of positive

selection cells (gp5 complemented cells) impacted the number of opportunities for

more fit phage mutants to emerge. This, as it turns out, was not a novel insight,

having been alluded to previously by Benmayor et al. [84] in their work with mixed

ratios co-cultured with phage.

Looking at Figure 4.11, although the variance of the 1:1 to 1:199 switching condition

is much larger the 1:1 to 0:1 condition, it did produce a markedly fitter phage
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population (Switching 1:199 (18-3)). This was presumed to be because the 1:199

ratio still provided opportunities for T7 replication, in contrast to the 0:1 ratio.

Noting that the unevolved phage, T7 Δg5 ::cmk, proved so much fitter than the

evolved lines (Figure 4.11b) suggests that there was still substantial room for fitness

improvements in the phenotypic landscape.

Sequencing of tail genes

Surprisingly, only one of the Qimron mutations (recall Section 3.2.1, Figure 3.6)

deemed to be responsible for the T7-ReRb plating efficiency, regressed to the WT

T7 sequence during the course of the experiments (see Figure 4.12). The gp12-181G

reversion appeared in 1:1 (9-3), but did not appear to substantially improve the

EOP (though, the data is not resolved enough to be sure of this). Nor was it further

observed in the phage populations that succeeded it. The data instead implies that

a different fitness pathway was taken in the genotypic landscape, perhaps because

several of the mutations would have needed to occur in combination, in order to

increase fitness. The first mutant isolated by Qimron et al. [87], T7-Re, picked up

3 mutations in the tail gene proteins (gp11-M6V, gp12-D181G and gp17-N501H)

which lends weight to that suggestion. Alternatively, more recent work in the

Qimron Lab, indicates that only a single mutation (D540N) is in fact required for

T7 to infect ΔwaaC strains [126]. Though this may be at the expense of efficient

BW25113 infection, no data is presented on this, and therefore the discrepancy

between this research, and that which proceeded it, is is not addressed in that

paper. Nevertheless, it does imply that more than one route to ΔwaaC adsorption

is possible, and thus, conversely, more than one route through the fitness landscape

must exist to avoid ΔwaaC adsorption.
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4.3.4 Directed evolution of T7 towards an outer membrane

protein (OmpF)

Preparations for the evolution experiments

T7 supposedly interacts with two OMPs during phage infection (OmpA and OmpF

[130]) so both were considered as targets for directed evolution. OmpA superficially

appears to be a better option. There are roughly 6-fold more copies of OmpA

relative to OmpF in exponentially growing BW25113 [20]. However, the growth of

E. coli appeared to be negatively affected by the removal of OmpA (Figure 4.13)

which could complicate the serial passaging procedure. In particular, making it

more difficult to culture the strains to a similar OD600 prior to their passaging, as

well as effecting the relative production rate of T7 in each strain [195]. Moreover,

the native conformation of the full OmpA protein sequence is still debated, and it

is unknown whether such a confirmation might dimerise (computational work hints

that it may well do [196]) or indeed trimerise. These facts taken together influenced

the decision to make OmpF the first target protein to be tested. Nevertheless,

though ΔompF does not have the same impact on the growth rate of E.coli,

OmpF trimerisation is known to be affected in LPS deficient strains [89, 197, 198].

Further, interaction with LPS moeties is required for trimer formation in vivo.

The trimerisation is dependent on basic residues in 2 sites on OmpF, and crystal

structure data from a E. cloacae OmpC ortholog suggests that a ΔwaaC LPS

phenotype may only interact with one of those sites [89]. These details will prove

important later in determining whether T7 is binding to outer membrane protein(s)

independently of the LPS during infection.
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Determining relative phage fitness from plate reader absorbance data

This work is not the first to attempt to extract measures of phage productivity

from microplate reader optical spectroscopy data [199–206]. Of particular note is

the work of Xie et al. [204] which uses the following formula for measuring phage

virulence:
Ac − Ap
Ac

= 1− Ap
Ac

where Ap is the background-subtracted estimate for the area under the OD600 curve

which is generated in the presence of phage, and Ac is the area estimated in the

absence of phage. Storms et al. use this formula too, but sum the result for different

initial MOIs [199]. However, no mechanistic derivation is given for this measure

of phage productivity, and so here we derive an ODE model for describing the

kinetic relationship between phage and bacteria. This in turn enables comparisons

of phage productivity along with a biophysical understanding of the quantity being

compared. That being said, the new method described in this thesis (see Figure

4.22) has not been tested over varying MOIs (to determine whether the number of

cells, or the number of phage, present, effects the results). So the drop in relative

fitness for each evolved line (from 1 to 3) could be due to the correspondingly lower

PFUs. However, we would also expect the PFUs observed to be lower if the phage

population was less fit, and so in that sense the relative fitness estimated could be

operating correctly. A further limitation with this method would be apparent if no

lysis was observed for phage-bacteria co-culture. In this case, the lysis curve might

not reach a stationary point in the considered time period. One way to resolve

this would be to log-transform the underlying data, and allow sufficient time for

lysis curve to reach stationary curve. Since the data used here did not possess this
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property, no attempt to verify this resolution has been made.

Characterisation of the OmpF directed evolution experiments

As shown in Figure 4.23b, the switching 1:1 to 1:49 passage 15 evolved lines pro-

duced a marked difference (an ≈ 100-fold or more improvement) relative to T7

Δg5 ::cmk against the ΔwaaC ER-g5 strain. This strain had not been presented

to the evolved phage up until this point, suggesting that the phage may have

adapted to bind to something other than the LPS, in addition to the LPS. However,

individual plaques isolated from plates of ΔwaaC ER-g5 did not perform better

on BW25113 than ΔompF (see Figure 4.23d). There are few conclusions one could

draw from this. The first is that the evolved phage binds to something other than

OmpF, which is not being negatively selected against by ΔompF cells. This could

be due to the cell surface of ΔompF presenting fewer of a certain outer membrane

protein or structure. Another explanation could be that binding to ΔwaaC is

an artifact of the passaging procedure. Some phage are known, including T7, to

produce a residual fraction of the population which binds poorly to the hosts in

the current environment, as a way of hedging for changes to its environment [207].

It is not impossible that the stock of phage T7 Δg5 ::cmk has been maintained in a

way that has inhibited this feature. Finally, there is a possibility that the evolved

phage binds to both LPS and OmpF, but that the LPS binding affinity is more

than sufficient in the absence of OmpF. The evidence to hand is too thin to draw

definitive conclusions on any of these options though.

15 mutations in total, including silent mutations, were observed in the 1:49 (15-3)

passage line over a region of 5310 bp (for genes cmk, 11, 12, and 17). If we presume
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that there were at most 75 generations in that time (which would be an unlikely

5 generations per passage) a conservative estimate for the mutation rate would

be 4× 10−5 per bp per generation. Note that this estimate does not have access

to deleterious mutations (such as frameshifts). Whether these mutations resulted

from a true adaption, instead of a population bottleneck, is unclear from the data.

The mutations to Cmk are interesting, especially since they suggest that it may be

possible to improve the ability of Cmk to aid the T7 life cycle. It was suspected that

an adapted tail tube might be the best way to attain T7 infections which bound

only to OmpF, since the density of OmpF molecules in the cells surface is far less

than for the LPS, and so the likelihood of a sufficient number of OmpF molecules

occurring close enough together for T7 to bind to using its tail fibres (gp17) is

much smaller. Subsequently, it was encouraging to find 5 mutations in that region

for evolved line 1:49 (15-3). The mutation gp17-T118A, which was observed in all

evolved lines, has been seen previously in an evolution experiment performed by

Heineman & Bull [81], and from its location in the N-terminal domain, is likely

involved in docking the tail fibre with gp11. The remaining mutations have not

been observed previously in the literature, and so it is difficult to draw conclusions

on what their effects may have been. Alanine scanning is a method which replaces

individual amino acids in a protein with alanines, to test that amino acid’s contri-

bution to the overall structure and functionality of a protein. Alanine is typically

chosen as the replacement amino acid because its short side chain (a methyl group,

-CH3) is relatively chemically inert in this context. Intriguingly, evolved line 1:49

(15-3) has done this naturally, replacing 3 amino acids in the protein sequence for

gp17 with alanine. It may be that these amino acids were involved in reducing the

affinity of gp17 to the LPS, but there is no other experimental evidence to support

this conclusion. Though 1:49 (15-2) was observed to be significantly different, at
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the 5% level, from 1:49 (15-1) and 1:49 (15-3), it should be noted that the p-value

for 1:49 (15-2) vs 1:49 (15-3) was 0.0117 (see Table 4.3) and that recent work by

Taleb regarding the meta-distribution of p-values suggests that a 10-fold smaller

p-value may be required to pass a given significance criteria than traditionally

thought [208]. Further elaboration on this is given in Appendix C.3.

4.3.5 Semi-stochastic modelling of the direction evolution

experiments

In silico semi-stochastic simulations of the ΔwaaC evolution experiments do show

some stark deviations from those recorded in section 4.2.3. For instance, a ratio

of 1:9 seems to better select for the desired phage phentoype than a 1:1 ratio (see

Figure 4.10). The simulations also indicate that a 1:9 ratio would outperform a

1:1 to 1:9 switching routine, which in turn was unsupported by the experimental

evidence (see Figures 4.10 and 4.11). Nevertheless, consistent with the directed

evolution experiments, switching routines are qualitatively better at generating

dominant phage populations with reduced affinity for ΔwaaC cells.

The simulations presented in Figures 4.29, 4.30 and 4.31 indicate that, in general,

the best strategy is find a ratio at which the phage washout, and work back from

this until the phage population can tolerate the passages. This came as a surprise,

but it perhaps should not have done. It was presumed that the lesson learnt from

the ΔwaaC directed evolution experiments would generalise i.e. that conditions

which provided more opportunities for the phage to mutate, whilst also negatively

selecting against undesired phenotypes, would better produce fit phages. That

italicised sub-clause is important, and easily misunderstood. In this simulation
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(and in the ΔompF evolution experiment) we were looking for phage phenotypes

which bound with higher affinity to OmpF. The negative selection cells in this

experimental set-up, only select against LPS-binding. Since this is not the binding

affinity which we directly wish to act on, at least not initially, the heuristic formed

from the ΔwaaC experimentation can not be so straightforwardly applied.

Observe also in Figures 4.30a and 4.31 that passaging with BW25113 ER-g5 alone

is deemed a sufficient selection pressure to adapt phage to binding more strongly to

OmpF. Note that the model here assumes that binding with more affinity to OmpF

is not detrimental to LPS binding, as well as assuming that binding affinities to

different receptors combine additively (i.e. total adsorption rate = binding rate

to OmpF + binding rate to LPS). If these assumptions were correct, then this

would suggest that T7 phage should have already found a phenotype which binds

strongly to LPS and OmpF when evolving in the wild, if such a phenotype existed.
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5.1 Strains

E. coli BW25113 was used throughout for both cloning and characterisation. Gene

knockouts referred to herein were derived from BW25113 as part of the Keio

collection [43, 44]. The double gene knockout strain BW25113 Δcmk ΔtrxA was a

gift from the Qimron Lab [102].

5.2 Phage

Phages referred to in the text are provided in Table 5.1.

5.3 Cloning

5.3.1 Plasmids

Table 5.2 lists the plasmids used in this work in the order that they appear in the

text.
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Table 5.1: Phages listed in order that they appear in the text.

Phage Description
WT T7 A gift from Prof. Andrew Easton which was obtained from the

Richardson Lab. The reference genome is NC_001604 with
the exception of an additional adenine insertion at position
1897 (which we denote NC_001604+). This insertion is also
seen in the P isolate from the Hillis et al. study [209] as
determined through sequencing by Molineux et al. (accession
number AY264774) [194]. 2 non-canonical mutations to the
genome sequence were observed following Sanger sequencing
of key T7 gene regions (see section 5.3.8 and Figure 2.4).

T7 Δg17 ::trxA T7 with genomic tail fibre deletion. WT tail fibres are comple-
mented in trans to maintain infectivity.

PM5 A plaque pick from T7 phage that was recombined with the
Yep-Phi g17 C-terminal sequence in the presence of in trans
T7 gp17 and plated on ΔtrxA pSEVA551 g17*.

PM6 A plaque pick from T7 phage that was recombined with the
Yep-Phi g17 C-terminal sequence and plated on ΔtrxA .

PM12F (a.k.a TYP) Derived from an isolated plaque of PM6 that was plated on
ΔtrxA. Phage from this plaque was amplified in ΔtrxA and
notated PM12F.

T7-ReRb Provided by the Qimron Lab [87]. Infects both BW25113 and
ΔwaaC. The version used in this study possesses additional
mutations gp12-I684F and gp17-L116I.

T7 Δg5 ::cmk-trxA T7 with cmk and trxA markers replacing g5. Made by Matthew
Tridgett as part of the Jaramillo Lab.

T7-ReRb Δg5 ::cmk-trxA T7-ReRb with cmk and trxA markers replacing g5. Made by
Matthew Tridgett as part of the Jaramillo Lab.

T7 Δg5 ::cmk T7 with the cmk marker replacing g5.
T7-ReRb Δg5 ::cmk T7-ReRb with the cmk marker replacing g5.
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Table 5.2: Plasmids used in this work.

Plasmid names Replication

Origin

Antibiotic

resistance

Description

pSEVA551 RSF1010 TetR Cloning vector from SEVA collection [113].

pSEVA551-g17* RSF1010 TetR Codon-altered T7 g17 flanked by a synthetic T7 promoter (SBa_000446)

[112], a BBa_B0034 RBS, [210] and a T7 terminator (SBa_000587) [112].

pSB3T5-HRg5-cmk-trxA p15A TetR HR plasmid to replace g5 with cmk and trxA in T7.

pSB3T5-HRg17-trxA p15A TetR HR plasmid to replace g17 with trxA in T7.

pSB6A1 pMB1 AmpR Biobrick cloning vector [114].

pSB6A1-HR-YP pMB1 AmpR HR plasmid to replace the C-terminus of g17 of T7 with that of the

Yep-phi phage.

pML-HR-trxA p15A TetR Made by Michal Legiewicz as part of the Jaramillo Lab. Used to construct

pSB6A1 HR-YP-trxA.

pSB6A1-HR-YP-trxA pMB1 AmpR HR plasmid to replace the C-terminus of g17 of T7 with that of the

Yep-phi phage, using trxA as a marker.

pET30a+g17_371_467 pMB1 KanR Plasmid for expression of C-terminal T7 gp17. Made by Marta Sanz

Gaitero as part of the Raaij Lab.

pET30a+T7-YP pMB1 KanR Plasmid for expression of C-terminal T7 and Yep-phi g17 tail fibre chimera.

pMMB207-Ail RSF1010 CmR Plasmid expressing Y. pestis KIM5-3001 Ail protein. A gift from the

Krukonis Lab [95].
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pET24a-gp5-kan pMB1 KanR Plasmid for expression of T7 gp5. A gift from the Richardson Lab.

pET24a-gp5-amp pMB1 KanR Plasmid for expression of T7 gp5. Constructed from pET24a-gp5-kan by

George Kimberley as part of the Jaramillo Lab.

pET24a-gp5-RD-amp pMB1 AmpR Plasmid for expression of T7 gp5 with the lacI gene and the Tφ terminator

removed (and so, recombination deficient).

pET24a-gp5-RD-kan pMB1 KanR Plasmid for expression of T7 gp5 with the lacI gene and the Tphi termi-

nator removed (and so, recombination deficient).

pSB3T5-HRg5-cmk p15A TetR HR plasmid to replace g5 with cmk in T7. Constructed by Aurelija

Grigonyte as part of the Jaramillo Lab.

pSB4K5-ER-g5 pSC101 KanR Plasmid expressing error prone T7 DNAP. Constructed by the Jaramillo

Lab. Contains D5A, D7A mutations [149], and Y64C, F120L, S399T

mutations [152].

pSB4A5-ER-g5 pSC101 AmpR Plasmid expressing error prone T7 DNAP. Constructed by the Jaramillo

Lab. Contains D5A, D7A mutations [149], and Y64C, F120L, S399T

mutations [152].

pAJ216 R6K GentR Expresses error prone T7 DNAP under the control of a T7 promoter and

the Tφ terminator. Made by Michal Legiewicz as part of the Jaramillo

Lab. Used to construct pSB4G5 ER-g5.

pSB4G5-ER-g5 pSC101 GentR Expresses error prone T7 DNAP expression under the control of a T7

promoter. Used in the directed evolution experiments.156
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pSB4G5-ΔER-g5 pSC101 GentR Same as pSB4G5 ER-g5, but with only 6 amino acids of the ER-g5 protein

sequence remaining. Used in the directed evolution experiments.

157



5.3. Cloning

5.3.2 Oligos

gBlocks and primers were synthesised by IDT, details of which are listed in Tables

5.3 and 5.4 respectively.

Table 5.3: List of gBlocks synthesised from IDT.

gBlock Description

GB002 Codon-altered g17 (a.k.a. g17*) under the control of a T7 promoter, an RBS
BBa_B0064 from the BioBrick registry, and a synthetic T7 terminator (SBa
000587 [112]).

GB004 trxA flanked by homology arms upstream (100 bp long) and downstream (90 bp)
of g17 in the T7 genome.

GB001 Amino acids 486-569 of Yep-phi g17 flanked by homology arms for replacing
amino acids 371-466 of T7 g17 in the T7 genome.
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5.3. Cloning

5.3.3 Transformations

Electrocompetent cells were made following a protocol from the Krantz lab (UC

Berkeley [211]) with some practical alterations (centrifugation steps were performed

using a 5920R Eppendorf Centrifuge and 50 ml Falcon tubes). 20-200 ng DNA was

then mixed with 50 µl electrocompetent cells that were thawed on ice. This mixture

was added to a 2 mm path length electroporation cuvettes that had been chilled

on ice, and were singularly pulsed at 2.50 kV in a Bio-Rad MicroPulser on the Ec2

setting, before immediate re-suspension in 950 µl SOC or LB media pre-warmed to

37 °C. The resulting suspension was incubated at 37 °C for 45-60 minutes, and then

plated on agar plates infused with the appropriate media/working concentrations

of antibiotics.

5.3.4 PCR

PCR was largely performed according to the manufacturer’s instructions, with

only the concentration of template DNA differing. The thermocycling routine

routines used for both NEB Phusion polymerase mastermix and Thermo Scientific

Taq polymerase mastermix are provided in Table 5.5 and Table 5.6 respectively.

Annealing temperatures were calculated using the NEB Tm Calculator for Phusion

reactions and using Promega or ThermoScientific Tm calculators for Taq polymerase.

In PCRs involving T7, the phage was treated as if it were DNA template (typically

comprising 2% of the total volume for each reaction).
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5.3. Cloning

Table 5.5: Phusion PCR thermocycling routine

Cycle step Cycle(s) Temperature °C Time

Initial denaturation 1 98 30 s

Denaturation 25-35 98 10 s
Annealing 45-72 30 s
Extension 72 30 s/kb

Final extension 1 72 7 m
Hold 1 4-12 -

Table 5.6: Taq PCR thermocycling routine

Cycle step Cycle(s) Temperature °C Time

Initial denaturation 1 95 2 m

Denaturation 25-35 95 1 m
Annealing 45-65 1 m
Extension 72 1 m/kb

Final extension 1 72 5 m
Hold 1 4-12 -

5.3.5 Agarose gels

1% (w/v) agarose gels were made with Hi-Res Standard Agarose (Cambridge

Reagents) in 1 x TAE and stained with either GelRed (Biotium) or SYBRsafe

(Invitrogen). Each gel ran in electrophoresis tanks buffered with 1x TAE, and were

visualised using UV (BioDocAnalyse BioMetra) or blue light (IO Rodeo, Large

Blue LED transilluminator).

5.3.6 Gibson Assembly

Primers used for Gibson Assembly were designed using the Benchling Gibson

Assembly Wizard and screened to ensure that secondary structures (e.g. hairpins)

were not predicted to form in silico (IDT Oligo Analyzer).
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5.3. Cloning

Gibson mastermix was made following the protocol of Hillson et al. [212]. Briefly,

fragments were designed using the Benchling Gibson Assembly Wizard to have

overlapping homology regions (roughly 40 bp) following Phusion PCR amplification

in 50 µl volumes. Each reaction was subjected to digestion by 1 µl DpnI for 15

minutes at 37 °C prior to gel extraction of relevant amplicons. Fragments were

mixed with 15 µl Gibson mastermix in equimolar amounts up to a total volume of

20 µl, and incubated for 60 minutes. Amplicons that included a resistance cassette

which matched the antibiotic resistance selected for were individually treated in the

same fashion (to control for vectors carried over from the PCR). For each Gibson

reaction, 0.33 µl was then electroporated with 50 µl of competent cells. Colonies

were screened by PCR and mini-prepped before Sanger sequencing.

5.3.7 DNA purification

Plasmids were mini-prepped using Thermo Fisher Scientific DNA purification kits.

PCR products were column purified using the Wizard SV Gel and PCR Clean-Up

System (Promega).

5.3.8 Sequencing

Sanger sequencing was supplied by GATC Biotech AG and samples were provided

according to their instructions. T7 was PCR amplified as described and gel-

extracted before being sent to GATC. Regions of the T7 genome containing genes

5, 11, 12 and 17 were regularly sequenced. See Table 5.7 for a list of the primer

pairs used to amplify those sequences, and Table 5.8 for the oligos that primed the
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5.3. Cloning

Sanger sequencing reactions for each gene.

Table 5.7: Forward and reverse primers used for PCR of T7 gene regions for
sequencing

Gene 
region Name Sequence (5' ⟶ 3')

Annealing 
temperature 
(˚C)

Extension 
time

g5 oPM182 GGTGTTACTCCACGCGGTGCAA 72 1 m 11 s
oPM183 ACCAAGTCCTCTTTACTCTGAGTCAGCA

g11 oPM049 AACTCGGCTCAATACCAGCAG 65 1 m 40 s
oPM050 CCTTAACGCCAGCACAGGAG

g12 oPM048 CGTCTCTGCATGGAGTATGAGATG 68 1 m 21 s
oPM049 AACTCGGCTCAATACCAGCAG

g17 oPM046 CGAGCAGGACTTCATGACTG 64 1 m 10 s
oPM047 AACATCCGGCTGCAACTTAC

Table 5.8: Primers used to Sanger sequence the T7 gene regions

Gene 
region Name Sequence (5' ⟶ 3')
g5 oPM182 GGTGTTACTCCACGCGGTGCAA

oPM183 ACCAAGTCCTCTTTACTCTGAGTCAGCA
g11 oPM050 CCTTAACGCCAGCACAGGAG
g12 oPM048 CGTCTCTGCATGGAGTATGAGATG

oPM299 CTGACGGTAATTTCGACTTCAAGTGG
oPM328 CTCCTAACGGCTACATGGTG
oPM300 GGAGACCACTCAAGCCACTTGAAG
oPM049 AACTCGGCTCAATACCAGCAG

g17 oPM021 TGTTAACTTGAGGGAGCGTA
AG012 GAAGTAGATTCCATCGGGGCC
oPM047 AACATCCGGCTGCAACTTAC
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5.4. Phage techniques

5.3.9 Next-gen sequencing

DNA was extracted from phage samples and library prepped for sequencing by

Aurelija Grigonyte, and sent for Illumina Next-gen sequencing by Andrew Millard.

The quality of the sequence data was assessed using fastqc. Poor quality reads

were trimmed using sickle, with length threshold 100, and quality threshold 20.

Contigs were then assembled using spades.py, and filtered for contigs exceeding 10

kb. Remaining contigs were then indexed and mapped against the trimmed reads

using the Burrows-Wheeler Alignment Tool.

5.4 Phage techniques

5.4.1 Plaque assays

Colonies incubated overnight were refreshed 1:200 into LB with appropriate an-

tibiotics at working concentration until observed to be in log phase. Phages were

serially diluted and mixed with said cells (100 µl phage with 300 µl cells) at 30

second intervals, and each mixture was incubated at RT for 10 minutes. Molten

LB agar diluted 1:1 with LB (soft agar) was then added to each mixture at the 10

minute mark, before promptly being poured on to a hard agar plate, and allowed to

set for at least 20 minutes at RT. Plates were then inverted and incubated overnight

at 37 °C. All plaque assays were performed with controls for phage and cellular

contamination as necessary in the phage stock, media, soft agar and refreshed cells.
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5.4. Phage techniques

5.4.2 Spot assays

Colonies incubated overnight were refreshed 1:200 into LB with appropriate antibi-

otics at working concentration until observed to be in log phase. 900 µl of culture

was mixed with ≈ 9 ml molten soft agar and poured onto pre-made 12 cm × 12

cm hard agar plates and allowed to set at RT for 5 mins. 10-fold serial dilutions of

phage were then pipetted onto the spot assay plate 3 µl at time, taking care so as

to not introduce bubbles. Each serial dilution was performed in triplicate.

5.4.3 Plaque picks

Clear and isolated plaques were picked from their centres by attempting to aspirate

3 µl with a Gilson P20 pipette and tip. Picked phage were dispensed into at least 1

ml LB, and mixed by pipetting and/or by briefly vortexing. These mixtures were

then filtered using a 0.22 µm cellulose acetate filter (Sartorius, MiniSart).

5.4.4 Phage amplification

Colony picks incubated overnight were refreshed 1:200 in LB mixed with a working

concentration of antibiotic, and incubated at 37 °C, 200 rpm. During log phase

growth, the cells were inoculated with phage (MOI ≤ 0.01) and incubated until

lysis was observed (typically 90-150 minutes later). Phage/cell mixtures were then

spun down at ≥ 3000 g for at least 10 minutes, before the resulting supernatant

was filtered through a 0.22 µm cellulose acetate filter (Sartorius, MiniSart).
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5.5. Bacterial culture techniques

5.4.5 Phage recombineering

Phages were amplified (section 5.4.4) in cells chromosomally deficient in a selection

marker (either trxA or cmk). These cells had been transformed with a plasmid that

bore homology arms to a targeted region of the phage genome, and the intended

cargo to be transferred to the phage (selection marker included). Following ampli-

fication, and phage extraction, phages were plated on either ΔtrxA or Δcmk (with

any necessary gene complementation supplied in trans) and plaques were isolated

for characterisation, and further purification.

5.5 Bacterial culture techniques

5.5.1 Working/stock antibiotic concentrations

Table 5.9: Working and stock concentrations for antibiotics use.

Antibiotic (abbrv.)
Stock concentration 
(mg/ml)

Working concentration 
(µg/ml)

Ampicillin (Amp) 100 100
Chloramphenicol (Cm) 35 35
Gentamicin (Gen) 10 10
Kanamycin (Kan) 50 50
Tetracycline (Tet) 10 10

The working and stock concentrations employed for different antibiotics is provided

in Table 5.9. In cases where 3 different antibiotics were added to media, the working

concentration for each antibiotic was halved (unless the antibiotic was ampicillin,

which was always used at a 100 µg/µl working concentration).
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5.5. Bacterial culture techniques

5.5.2 Hard agar plates

20-25 ml molten LBA was mixed with a 1:1000 dilution of stock concentration

antibiotic (except where multiple antibiotics were used, see section 5.5.1) and

pipetted into 9 cm diameter petri dishes.

For spot assays, 50 ml of molten LBA was mixed with a 1:1000 dilution of stock

concentration antibiotic (except where multiple antibiotics were used, see section

5.5.1) and pipetted into 12 cm x 12 cm square petri dishes. This formed the base

of the double overlay.

5.5.3 Colony picks

Colonies picked from a plate were mixed into LB media containing a working

concentration of antibiotic and typically incubated overnight at 37 °C.

5.5.4 Plate reader assays

Plate reader assays were performed using the Tecan Infinite F500, or the Tecan

SpectraFluor. Details varied depending on the particular assay performed, but

in general, isolated colonies were picked and grown in media with antibiotics (at

appropriate working concentrations) overnight at 37 °C in a shaking incubator.

The following day, cultures were refreshed in new media and antibiotics until in

log-phase. Cultures were then aliquoted into a 96 well plate and incubated in

the plate reader at 37 °C. Blank wells were filled with media + antibiotic. The

microplate was shaken orbitally for 20 seconds (amplitude 2 mm) prior to OD600

measurements (10 reads of a 2× 2 square per well) followed by further shaking for
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5.6. Serial passaging protocol

120 seconds (orbital, amplitude 2.5 mm).

For analysis, the background absorbance of sterile medium in control well was

subtracted from the recorded test well measurements. Technical replicates were

averaged, and biological replicates were represented by equivalent cultures generated

from separate colonies.

5.5.5 Growth rate assays

The procedure follows that of Hall et al. [213]. The slopes of log-transformed plate

reader data were calculated over a 5 point sliding window. For each biological

replicate, the time points of the slopes that were at least 95% of the steepest

gradient were used to determine a range of time points to consider. The slopes

in that range were then averaged, before the biological replicates were further

averaged and the standard error of the mean, or the 95% confidence interval was

calculated.

5.6 Serial passaging protocol

Table 5.10: Phage and strains used in the directed evolution experiments

Experiment Progenitor phage Positive selection
strain

Negative selection
strain

ΔwaaC T7-ReRb Δg5 ::cmk BW25113
pSB4G5-ER-g5

ΔwaaC pSB4G5-ΔER-g5

ΔompF T7 Δg5 ::cmk BW25113
pSB4G5-ER-g5

ΔompF pSB4G5-ΔER-g5

Three colonies from both the positive selection strain and the negative selection

strain were incubated at 37 °C, 200 rpm, with agitation overnight in LB media
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5.7. Mathematical modelling

infused with a working concentration of gentamicin. The next day, cells were

refreshed 1:200 in 10 ml of pre-warmed LB + gentamicin until they reached OD 0.17-

0.31. For each condition and replicate tested, biological replicates of positive and

negative selection cells were mixed (v/v) according to a pre-determined procedure

to a total volume of 2 ml. For the first passage ≈ 2× 106 PFU was added to each

replicate. Subsequent passages were infected with 1% of the phage population

extracted from the previous passage. After phage addition, mixtures were briefly

vortexed to ensure sample homogeneity, and then incubated at 37 °C, 200 rpm,

for 60 minutes. 1 ml of each replicate was then centrifuged at ≈ 14, 000 g. The

removed supernatent was mixed with 1% cholorform, briefly vortexed, and archived

at 4 °C for further passaging and/or characterisation.

5.7 Mathematical modelling

All modelling performed during this work was simulated in MATLAB (versions

2017 and 2018). Delay differential equations (DDEs) were evaluated using the

dde23 solver.

5.8 Chapter 1 specific methods

5.8.1 ΔwaaC pMMB207-Ail plate reader characterisation

The procedure follows section 5.9.4 with a few exceptions. Single colonies were

grown overnight in LB media mixed with working concentrations of kanamycin

and chloramphenicol. Overnight cultures underwent a 1:200 dilution in LB media

(+ antibiotics) with varying concentrations of IPTG, before being transferred in
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200 µl aliquots to a 96 well plate. As previously described, the plate was then

incubated in plate reader at 37 °C for measurement.

5.9 Chapter 3 specific methods

5.9.1 CFU assays

Cells cultured overnight in LB and appropriate working concentrations of antibiotics

were refreshed 1:200 in fresh LB + antibiotics until the cells were sufficiently

dense (≥ 0.1 OD600). Aliquots were then taken from the incubating cells, and

serially diluted, prior to OD measurement. Appropriate serial dilutions were

plated immediately and left to incubate overnight at 37 °C. Linear regressions were

performed in R using the lm function and the mean OD600 to CFU estimates for

each biological replicate.

5.9.2 ΔompA and ΔompF growth rate comparison

The procedure follows section 5.9.4 with a few exceptions. Single colonies were

grown overnight in LB media mixed with working concentrations of kanamycin. 50

µl of the overnight cultures were mixed with 10 ml LB media + kanamycin before

being transferred to a 96 well plate (200 µl aliquots). As previously described, the

plate was then incubated in the plate reader at 37 °C for measurement.
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5.9. Chapter 3 specific methods

5.9.3 Pairwise competition and phage washout modelling

Models were simulated using the parameters listed in Table 5.11. Data points from

the presented simulations were removed in instances where the final PFU/ml of the

phage population was less than 104 in the absence of the desired phage phenotype.

Table 5.11: Parameters and initial conditions used for the pairwise competition
and phage washout models.

Notation Description Value Source
Ci(t = 0) Initial concentration of

each phage-susceptible cell
strain i

5× 107 ml−1 Rounded-average of
experimentally-derived
CFU/ml for BW25113
pSB4G5 ER-g5 and
ΔwaaC pSB4G5 ΔER-g5 at
0.25 OD600 (see section 4.2.1).

P (t = 0) Initial concentration of free
phage

3× 106 ml−1 Initial PFU/ml used for
ΔwaaC and ΔompF directed
evolution experiments.

ai Growth rate of cell strain i 0.026 min−1 Rounded-average of
experimentally-derived
growth rates for BW25113
pSB4G5 ER-g5 and
ΔwaaC pSB4G5 ΔER-g5
OD600 (see section 4.2.1).

ki Maximum adsorption rate
of a phage to receptor i

10−8 ml min−1 Largest absorption rate
observed from adsorption
assays between T7-ReRb,
BW25113 and ΔwaaC. Data
not shown.

τ Latent period of phage 12 min Jaramillo lab experimental
data [214].

β Burst size of phage
(number of phage progeny)

100 [215].

N/A Percentage of total phage
population transferred
between passages

1% Used for ΔwaaC and
ΔompF directed evolution
experiments.

N/A Number of passages 20 Upper limit for the number of
planned passages for the
ΔwaaC directed evolution
experiment
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5.9.4 Lysis curve experiment (Relative fitness assay)

The procedure follows section with a few exceptions. Single colonies were grown

overnight in LB media mixed with working concentrations of gentamycin. Overnight

cultures were refreshed 1:200 in LB media + gentamycin before being transferred to

a 96 well plate (200 µl aliquots). 20 µl of each phage sample, or room temperature

LB media, was added to the cells in each well. The approximate PFU added to

each well, for each phage sample, is tabulated below.

Table 5.12: Approximate PFU added to
each well. Phage samples are notated ac-
cording to which passage, and then pas-
saging line, they were extracted from (i.e.
Passage-Line).

Phage sample ≈PFU added to each well

T7 Δg5 ::cmk 2× 104

10-1 105

10-2 104

10-3 5× 102

The plate was then incubated in plate reader at 37 °C for measurement, as usual.

5.9.5 Relative fitness modelling

To derive an approximate expression for estimating the relative fitness, the “true

values” of W
(
αiγi
P0

)
were obtained numerically in Mathematica over the domain

1 ≤ αi ≤ 10−3, 10−3 ≤ γi ≤ 10−1 and 10−7 ≤ P0 ≤ 1 and imported to MATLAB

in a h5 data file. The form of the approximate expression was determined by

trial and error to be b1 ln(b2αi) ln(b3γi) ln
(
b4/P0

)
, where γi = ri

(
1− Ci

Ki

)
, and the

parameters b1, b2, b3, b4 were fit to the numeric data using the nlinfit MATLAB
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function (with a mean squared error of 0.737) before rounding to nearest significant

digit.

Lysis curves were imported into R and the parameter αi was estimated using the

trapezoid method of the AUC (area under the curve) function. The growth rate for

each strain, ri , was estimated using the nls (nonlinear least squares) function and

the carrying capacity for each strain, Ki , was taken to be the maximum OD600

observed in the cells only assays.

5.9.6 Maximum OD600 analysis of the lysis curves assays

following ΔompF passaging

Approximately 10 minutes after a 1:1 (BW25113 ER-g5:ΔompF ΔER-g5) passage

was removed from the incubator, 200 µl of each sample was aliquoted into a 96

well plate and incubated at 37 °C in either the Tecan Infinite F500 or the Tecan

SpectraFluor plate reader for at least 3 hours. The plate reader conditions followed

the methods established in section 5.9.4. The data presented in Figures 4.21b and

4.25 uses the time at which the maximum OD600 was observed in each of these

assays.

5.9.7 Semi-stochastic mutation models

Each simulation was performed with a different set of a pseudo-random numbers (i.e.

a new seed). Within each passage, infected cells generate phage phenotypes with a

2-fold smaller binding affinity to the undesired receptor than the originally infecting

phage. After τ time has passed (the length of the phage latent period) the number
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of new phage which have mutated to the new phage phenotype is simulated using

the binornd function (with parameters n =
∑2

i=0 βI1i, p = µ, where µ = 10−5).

To minimise the computational load, when n > 106, the binomial distribution is

approximately Poisson and so the number of phage generated is instead estimated

by the Poisson distribution using the poissrnd function (p =
∑2

i=0 βµI1i). The new

phages are then cycled back into dde23 solver via the options ‘initialY’ argument

so that the next period of length τ can be simulated. At the end of each passage,

≈ 1% of the total phage population is transferred to the next passage, the precise

number being determined by the poissrnd function (p = 0.01).
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Table 5.13: Parameters and initial conditions used for the semi-stochastic modelling.

Notation Description Value(s) Source
Ci(t = 0) Initial concentration of

each phage-susceptible cell
strain i

5× 107 ml−1 Rounded-average of
experimentally-derived
CFU/ml for BW25113
pSB4G5 ER-g5 and
ΔwaaC pSB4G5 ΔER-g5 at
0.25 OD600 (see section 4.2.1).

P (t = 0) Initial concentration of free
phage

3× 106 ml−1 Initial PFU/ml used for
ΔwaaC and ΔompF directed
evolution experiments.

ai Growth rate of cell strain i 0.026 min−1 Rounded-average of
experimentally-derived
growth rates for BW25113
pSB4G5 ER-g5 and
ΔwaaC pSB4G5 ΔER-g5
OD600 (see section 4.2.1).

ki Maximum adsorption rate
of a phage to receptor i

3× 10−9 and
10−8 ml min−1

The smaller adsorption rate
was taken from [81]. This
value was re-estimated by
Bull et al. [172] and the
rounded upper limit of this is
10−8.

τ Latent period of phage 10, 12 and 20
min

Smallest value incremented by
1 minute from the minimum
observed DNA translocation
time for T7 (9 minutes, [62]).
12 minute latent period is
from experimental data
recorded previously in the
Jaramillo lab [214]. The
largest latent period
simulated is 2 times the
smallest value used.

β Burst size of phage
(number of phage progeny)

80, 100 and 120 The value used by Endy et al.
[215] varied by ±20%.

µ The rate at which
mutations that cause
increased fitness (better
adsorption rates) occur.

10−5 Selected from range. Lower
bound for range taken to be
the DNA substitution rate of
WT T7 DNAP in vitro
(2.2× 10−6) [216]. Upper
bound for range is 93-fold
larger than this (ER-g5) i.e.
≈ 2× 10−4 (see section 3.3.5).

N/A Percentage of total phage
population transferred
between passages

1% Used for ΔwaaC and
ΔompF directed evolution
experiments.

N/A Number of passages 100-400 Limited physical meaning can
be applied to the values since
the evolutionary landscape
has been abstracted.
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6 Conclusions and further work

6.1 Conclusions

The overriding aim of this PhD was to establish a methodology for controlling

the receptor-binding affinity of T7 phage, and to achieve this in a way that could

be generalised to other non-temperate lytic phage. This objective was not fully

realised, but we nevertheless laid the foundation for further work in this area. In

chapter 2, we engineered a phage with tail fibres fused between two different species,

and saw that it was still able to infect E. coli. Though we could not show that

infection was dependent on a heterogeneously expressed receptor, we nevertheless

demonstrated the modularity of T7 receptor-binding domains. In chapter 3, we

discovered that T7 phage complemented with certain pET vectors (i.e. containing

the Tφ terminator) were liable to undergo homologous recombination with those

plasmids. As a result, we unearthed evidence of co-infection between T7 phages

which would otherwise be replication-deficient if infecting cells individually. In

chapter 4, we proposed a method for a comparing phage fitness on 2 different

strains using 600 nm absorbance data, which should be effective so long as the
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relationship between OD and CFU is the same for both compared strains. We

also developed a platform for controlling T7 phage receptor use through host

avoidance. In addition, we attempted to expand this system to evolve T7 phage

towards receptors available in the Keio collection (or potentially for those expressed

heterogeneously). Finally, throughout this work we modelled the strategies for

implementing directed evolution, and learnt that there may be environments in

which an otherwise successful strategy is less successful (and vice versa). To

conclude, the breakthroughs made in understanding and implementing positive

and negative selection when adapting T7 phage to novel receptors should prove

useful to those wishing to build on this work. As antibiotic resistance looms on the

horizon, developing phage therapies that can be flexibly adapted to the particular

pathogen at hand would no doubt be advantageous, and it is my hope that this

thesis can be of some benefit to those attempting to do so.

6.2 Further work

To continue this work, the TYP phage would need re-cloning, ensuring that there

are no unexpected mutations to the chimeric tail fibre. This phage should then be

re-plated on E. coli cells to demonstrate conclusively that the chimeric tail fibre is

capable of enabling T7 infection. Growth curve analysis of BW25113 transformed

with pMMB207-Ail would help determine whether the truncated LPS phenotype

(ΔwaaC ) was contributing to the weakened growth of ΔwaaC pMMB207-Ail under

IPTG induction. Further, western blotting of the BW25113 pMMB207-Ail is

required to evidence that the heterogeneously expressed protein is translocated

to outer membrane in this particular strain of E. coli either in the presence or

absence of IPTG.
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For the work in chapter 3, it would be beneficial to generate more co-infection

data to better test and validate the predictions the models make. In addition,

an agent-based model, which would be able to look at individual phage-cell in-

teractions, rather than modelling what happens at the population level, might

be an improvement on the models described here. To further evidence that it

is the pET24-gp5 plasmid which is recombining with the phage to provide g5 in

exchange for g10, we could amplify T7 Δg5 ::cmk in 2 separate conditions: 1) in

cells containing the pET24-gp5 plasmid, 2) in cells with where that plasmid has

been modified so that it does not possess the Tφ terminator (pET24-gp5-∆Tφ).

Plating of the amplified phage from both conditions on the cells used in the latter

would demonstrate the dependence on pET24-gp5 for this particular co-infection

phenomenon. Regarding the use of the error prone polymerase (expressed by

pSB4G5-ER-g5) to diversify the T7 genome in vivo, this thesis would have gained

from a characterisation of the error rate per base pair that the polymerase incurred.

Chapter 4 leaves a lot of scope for further investigation. It would have been

interesting to vary the duration of the passaging steps, as well as the proportion

of phage transferred between passages both in the modelling, and experimentally,

to see if better strategies would emerge from such an approach. It also would

have been interesting to adapt T7-ReRb to infect ΔwaaC only instead of both

BW25113 and ΔwaaC. The missing sequence data of the samples collected during

the ΔwaaC directed evolution experiments could have provided more evidence that

the genotype in those regions was responsible for the changes in EOP. Similarly,

next generation sequencing would have indicated whether other genes were involved

in this relationship. For the relative fitness assays, the modelling could have

been better informed by more experimental data, in particular, if we had assayed
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more than one phage dilution against the strains to be compared. Additionally,

performing an experiment where only the phage dilutions are varied could help

determine whether the relative fitness changes are responding to changes in phage

fitness, and not changes in PFU. In the OmpF directed evolution experiments,

further work could investigate the failure of the system to adapt T7 solely to the

OmpF receptor. Also, further characterisation of the evolved line ‘Switching 1:49

(25-3)’ might inform us as to whether the experiments failed because of the partial

selection imposed by the experimenter (choosing which passage lines to continue

based on the max OD plate reader data) or because of other factors (such as a

non-proximal solution in the genotype space).

There are few avenues which could be exploited to improve on the directed evolution

modelling provided here. One obvious option (which was not discussed due to

time constraints) would be the introduction another class of receptors to the model

abstractions. For instance, including a third class for all E. coli receptors with the

exception of the target OMP and the LPS. This would allow us to investigate the

impact of cheaters (phage which circumvent the selection procedure by binding

to that class of receptors and so still generating progeny). We could also consider

simulations involving a third negative selection strain (one with no gene knockout

of the outer membrane) to enable the correct selection against certain receptor

classes in cases where the gene knockout(s) might have knock-on effects on other

components in the outer membrane. Finally, simulating the OmpF semi-stochastic

model for the remaining parameter settings would tie up that section, and validate

the conclusions drawn.

The directed evolution experiments could also benefit from the use of bioreactors to

maintain continuous cultures, which would avoid the manual labour involved with
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serial passaging of batch cultures. Furthermore, it would enable more generations

of phage to evolve and be selected for over a 24 hour period. The requisite set-

up would involve two chemostats (each culturing either the positive or negative

selection strain) feeding a cellstat, where the phage and bacteria would reside in

co-culture. The flow rate would be set such that the dilution rate of the cellstat

would be sufficiently high that T7 phage could at least maintain their numbers,

and sufficiently below the doubling time of the co-cultured bacteria to reduce the

likelihood of co-evolution phage and bacteria. The modelling work established

here can be straightforwardly applied to a continuous culture setting, and follows

from the work of Husimi on the subject [49]. Alternatively, high-throughput liquid-

handling machines could employ serial passages in an automated fashion which,

contamination excepting, could be avoid the possibility of co-evolution all together.

Both rational engineering methods and directed evolution were employed in this

thesis, in an attempt to create a T7 phage which would infect using solely OMPs.

That directed evolution was employed at all here speaks to our ignorance of a correct

solution, rather than to any fault with rational engineering methods. Synthetic

libraries of tail fibres and tail tubes were considered, but both the lack of knowledge

on which regions within those proteins to diversify, and, at the time of this work,

the expense of the procuring those libraries, prevented further exploration of this.

Those who read this in the coming years, with a view to investigating this topic may

benefit from such an approach. Directed evolution then would only be necessary if

initial screenings did not produce satisfactory results.

In this work, we have proposed a method for controlling the host tropism of a

strictly lytic and non-temperate phage. We do this with a view to solving the

antibiotic resistance crisis - aiming to generate phages which infect hosts using
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receptors of our choosing. There are of course, numerous limitations to the espoused

course of action. Firstly, T7 phage would not be capable of infecting gram-positive

bacteria. Even for the gram-negative E. coli, the expression of O-antigens (extended

polysaccharide chains) can limit access of phage to molecules that sit closer to

surface [217], similar to how low-lying fauna in a rainforest will only receive sunlight

which passes through the dense canopy overhead. Then there are those bacteria

which posses extracellular capsules (in the case of E. coli K1, made up of polysialic

acid [218, 219]) which must be enzymatically broken down by before phage infection

can take place [220]. Moreover, successful ejection of phage DNA into a cell by

no means guarantees a productive infection (i.e. subsequent phage replication and

production of progeny). This need not be an impediment to progress; depending on

the desired outcome, progeny production might not be necessary. For instance, if

only lysing of the pathogenic bacteria is required, as opposed to a local maintenance

of the initial phage dose (as is supplied by repeated amplifications upon replication).

Irrespectively, phage DNA (or RNA) ejected into a host can be neutralised upon

entry (either by CRISPR systems, restriction modification, or nucleases) and so

further adaptations to the engineered nucleic acid may be required to circumvent

these defences. Transforming mutagenised phage nucleic acid, along with a selection

marker, into the targeted host, could be used to select phage genomes which are

not excluded by the host.

Beyond the drawbacks of the overriding concept, there are also limitations with the

specific methods used herein. The advocated directed evolution method relies on the

negative selection strain containing the same composition and stoichometry of cell

surface molecules as the positive selection strain (with the exception of the receptor

to be targeted). An additional negative selection strain (without gene knockouts)
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may help resolve this issue, but would require further investigation. Furthermore,

certain parameters of the serial passaging method were not empirically perturbed.

Changing the incubation time, and, especially, the proportion of phage transferred

between each passage, would likely have had a beneficial effect on the outcome.

Varying only the adsorption rates of phage to receptors, and not the phage latent

periods, was both a requirement of the modelling methods available to me, and

a drawback of the approach involved. In practise, T7 phage latent periods are

known to vary within evolution experiments [81, 160]. Also, T7 phage adsorption

is believed to consist of two stages: an initial reversible attachment, followed by

irreversible adsorption, and concomitant DNA ejection [58, 59]. Both stages were

modelled as one in this thesis, and phages, once adsorbed, could not reverse the

process. Finally, for the semi-stochastic modelling, new phage mutants were added

to the appropriate phage phenotypes at the end of each latent period. Moreover,

no attempt was made to avoid double counting of newly mutated phage (the single

phage gifted to a new phenotypic state would not be removed from the originating

phenotype). Both workarounds are unphysical, and do not precisely reflect the

underlying biological process. Though the latter could have been removed with

more care (but was unimportant for the final result) the former would require

an agent-based approach, which at the time of writing was too computationally

intensive to implement for a biophysically realistic number of phages and bacteria.
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g17*       ATGGCaAACGTgATTAAgACCGTaTTGACcTACCAaTTAGATGGTAGTAACAGgGACTTC
WT         atggctaacgtaattaaaaccgttttgacttaccagttagatggctccaatcgtgatttt
           ***** ***** ***** ***** ***** ***** ********    **  * ** ** 

g17*       AACATTCCATTTGAaTAcCTAGCgCGTAAaTTCGTtGTGGTtACTCTgATTGGcGTAGAT
WT         aatatcccgtttgagtatctagcccgtaagttcgtagtggtaactcttattggtgtagac
           ** ** ** ***** ** ***** ***** ***** ***** ***** ***** ***** 

g17*       cGtAAAGTTTTAACAATcAACACGGATTATCGCTTcGCgACgCGcACGACTATCAGtTTA
WT         cgaaaggtccttacgattaatacagactatcgctttgctacacgtactactatctctctg
           ** ** **  * ** ** ** ** ** ******** ** ** ** ** ******  * * 

g17*       ACGAAAGCGTGGGGGCCAGCGGATGGCTAtACGACaATCGAaTTACGcCGAGTgACCTCC
WT         acaaaggcttggggtccagccgatggctacacgaccatcgagttacgtcgagtaacctcc
           ** ** ** ***** ***** ******** ***** ***** ***** ***** ******

g17*       ACgACCGACCGAcTGGTAGATTTCACTGACGGcAGTATTTTGcGcGCCTACGATTTAAAT
WT         actaccgaccgattggttgactttacggatggttcaatcctccgcgcgtatgaccttaac
           ** ********* **** ** ** ** ** **    **  * ***** ** **  * ** 

g17*       GTGGCACAAATcCAGACTATGCACGTTGCCGAGGAAGCGcGtGATTTAACAACCGACACA
WT         gtcgctcagattcaaacgatgcacgtagcggaagaggcccgtgacctcactacggatact
           ** ** ** ** ** ** ******** ** ** ** ** *****  * ** ** ** ** 

g17*       ATcGGCGTCAACAATGACGGcCATCTCGACGCAcGtGGGcGtcGcATcGTTAATCTcGCG
WT         atcggtgtcaataacgatggtcacttggatgctcgtggtcgtcgaattgtgaacctagcg
           ***** ***** ** ** ** **  * ** ** ***** ***** ** ** ** ** ***

g17*       AACGCgGTcGATGACCGtGATGCCGTACCCTTCGGtCAGCTCAAAACAATGAACCAaAAC
WT         aacgccgtggatgaccgcgatgctgttccgtttggtcaactaaagaccatgaaccagaac
           ***** ** ******** ***** ** ** ** ***** ** ** ** ******** ***

g17*       TCcTGGCAgGCtCGTAATGAgGCCCTCCAATTTcGtAACGAAGCGGAAACATTTAGAAAC
WT         tcatggcaagcacgtaatgaagccttacagttccgtaatgaggctgagactttcagaaac
           ** ***** ** ******** *** * ** ** ***** ** ** ** ** ** ******

g17*       CAgGCGGAaGGCTTTAAaAACGAgAGcTCCACGAATGCGACTAATACCAAACAGTGGAGG
WT         caagcggagggctttaagaacgagtccagtaccaacgctacgaacacaaagcagtggcgc
           ** ***** ******** ******  *   ** ** ** ** ** ** ** ****** * 

g17*       gACGAAACCAAGGGcTTCCGAGAtGAGGCAAAAAGATTTAAAAACACAGCAGGCCAGTAT
WT         gatgagaccaagggtttccgagacgaagccaagcggttcaagaatacggctggtcaatac
           ** ** ******** ******** ** ** **  * ** ** ** ** ** ** ** ** 

g17*       GCAACGAGCGCAGGAAATAGCGCAAGTGCAGCCCACCAGAGTGAAGTTAATGCAGAAAAT
WT         gctacatctgctgggaactctgcttccgctgcgcatcaatctgaggtaaacgctgagaac
           ** **    ** ** **    **    ** ** ** **   *** ** ** ** ** ** 

g17*       AGCGCGACTGCTAGTGCAAATAGTGCCCACCTAGCTGAGCAACAGGCTGACCGcGCGGAA
WT         tctgccacagcatccgctaactctgctcatttggcagaacagcaagcagaccgtgcggaa
              ** ** **    ** **   *** **  * ** ** ** ** ** ***** ******

g17*       CGcGAGGCcGACAAaCTGGAGAACTATAACGGTCTTGCAGGAGCTATAGATAAGGTcGAc
WT         cgtgaggcagacaagctggaaaattacaatggattggctggtgcaattgataaggtagat
           ** ***** ***** ***** ** ** ** **  * ** ** ** ** ******** ** 
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g17*       GGAACGAACgTTTATTGGAAGGGTAACATACATGCTAACGGaCGCCTcTACATGACaACA
WT         ggaaccaatgtgtactggaaaggaaatattcacgctaacgggcgcctttacatgaccaca
           ***** ** ** ** ***** ** ** ** ** ******** ***** ******** ***

g17*       AACGGCTTCGATTGCGGACAATACCAGCAATTTTTTGGTGGgGTtACTAATCGcTACAGC
WT         aacggttttgactgtggccagtatcaacagttctttggtggtgtcactaatcgttactct
           ***** ** ** ** ** ** ** ** ** ** ******** ** ******** ***   

g17*       GTAATGGAATGGGGTGACGAAAATGGTTGGTTAATGTACGTCCAGAGACGTGAATGGACT
WT         gtcatggagtggggagatgagaacggatggctgatgtatgttcaacgtagagagtggaca
           ** ***** ***** ** ** ** ** *** * ***** ** **  *  * ** ***** 

g17*       ACTGCCATTGGGGGAAATATTCAACTCGTTGTTAATGGTCAAATTATTACtCAaGGAGGC
WT         acagcgataggcggtaacatccagttagtagtaaacggacagatcatcacccaaggtgga
           ** ** ** ** ** ** ** **  * ** ** ** ** ** ** ** ** ***** ** 

g17*       GCAATGACTGGCCAATTGAAATTGCAaAATGGtCATGTATTGCAGCTTGAAAGTGCTAGT
WT         gccatgaccggtcagctaaaattgcagaatgggcatgttcttcaattagagtccgcatcc
           ** ***** ** **  * ******** ***** *****  * **  * **    **    

g17*       GATAAAGCaCACTATATcCTATCgAAAGAcGGTAACCGAAACAATTGGTATATAGGACGA
WT         gacaaggcgcactatattctatctaaagatggtaacaggaataactggtacattggtaga
           ** ** ** ******** ***** ***** ****** * ** ** ***** ** **  **

g17*       GGAAGCGATAAtAACAAcGACTGcACCTTCCAtTCCTACGTTCACGGCACCACACTCACC
WT         gggtcagataacaacaatgactgtaccttccactcctatgtacatggtacgaccttaaca
           **    ***** ***** ***** ******** ***** ** ** ** ** **  * ** 

g17*       TTAAAACAGGACTAcGCAGTAGTAAATAAGCATTTTCATGTTGGCCAAGCTGTCGTCGCC
WT         ctcaagcaggactatgcagtagttaacaaacacttccacgtaggtcaggccgttgtggcc
            * ** ******** ******** ** ** ** ** ** ** ** ** ** ** ** ***

g17*       ACTGACGGCAACATCCAGGGAACCAAATGGGGCGGCAAGTGGCTTGACGCCTATTTGCGA
WT         actgatggtaatattcaaggtactaagtggggaggtaaatggctggatgcttacctacgt
           ***** ** ** ** ** ** ** ** ***** ** ** ***** ** ** **  * ** 

g17*       GATTCTTTTGTCGCTAAAAGTAAaGCATGGACACAAGTTTGGTCgGGTAGTGCaGGCGGT
WT         gacagcttcgttgcgaagtccaaggcgtggactcaggtgtggtctggtagtgctggcggt
           **    ** ** ** **    ** ** ***** ** ** ***** ******** ******

g17*       GGGGTTTCTGTAACAGTCAGTCAAGATCTtCGCTTtCGCAAcATCTGGATcAAATGCGCA
WT         ggggtaagtgtgactgtttcacaggatctccgcttccgcaatatctggattaagtgtgcc
           *****   *** ** **    ** ***** ***** ***** ******** ** ** ** 

g17*       AATAATAGTTGGAACTTtTTCCGcACTGGCCCaGATGGAATaTAtTTCATAGCaTCTGAc
WT         aacaactcttggaacttcttccgtactggccccgatggaatctacttcatagcctctgat
           ** **   ********* ***** ******** ******** ** ******** ***** 

g17*       GGTGGcTGGTTgCGTTTTCAGATCCATTCTAATGGCCTTGGCTTCAAGAAcATTGCAGAt
WT         ggtggatggttacgattccaaatacactccaacggtctcggattcaagaatattgcagac
           ***** ***** ** ** ** ** ** ** ** ** ** ** ******** ******** 

g17*       AGcCGTTCcGTACCcAATGCAATtATGGTaGAGAAtGAGTAA
WT         agtcgttcagtacctaatgcaatcatggtggagaacgagtaa
           ** ***** ***** ******** ***** ***** ******

Figure A.1: Nucleotide sequence alignment of g17* and WT g17 (Clustal Ω v1.2.1
[221]). Instances of matching base pairs are denoted by an asterisk.
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Figure A.2: The relevant protein sequence expressed by pET30a+ T7-YP. In grey
are the vector-derived amino acids (note the initial N-terminal hist-tag sequence).
In blue are aa 371-467 of T7 gp17. In green are aa 486-569 of Yep-phi gp17.
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Figure A.3: A gel of four PCR amplified plaques (2 picked from PM5 plated against
BW25113 ΔtrxA pSEVA551-g17*, 2 from PM6 plated on BW25113 ΔtrxA). b)
A diagram indicating the region covered by Sanger sequencing reads. Reads run
from downstream of where the Yep-phi sequence and trxA selection marker had
recombined into the T7 genome.
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B Appendix to chapter 3

B.1 Co-infection model approximations

Let MOIT7 = PFUT7

CFU
. We expand 1− eMOIT7 using the Maclaurin series,

1− e−MOIT7 = MOIT7 −
(MOIT7)

2

2!
+

(MOIT7)
3

3!
− (MOIT7)

4

4!
+ ...

and take the 1st order approximation 1− eMOIT7 ≈ MOIT7, which is true for small

values for MOIT7 (say, MOIT7 ≤ 0.1). Substituting into equation 3.8 we have,

PFUspy = −CFU × ln

(
1− P0

CFU ×
(
1− e−MOIT7

))

≈ −CFU × ln

(
1− P0

CFU ×MOIT7

)
= −CFU × ln

(
1− P0

CFU × PFUT7

CFU

)

= −CFU × ln

(
1− P0

PFUT7

)
.
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B.1. Co-infection model approximations

Now, let us assume further that 0 ≤ 10× P0 ≤ PFUT7 (i.e. that the number of

co-infected plaques is at least 10 times fewer than the number of T7 Δg5 phage -

again, a likely occurrence in our system) so that we have 0 ≤ P0

PFUT7
≤ 0.1. Let

y = P0

PFUT7
, then the Maclaurin series for ln(1− y) is given by,

ln(1− y) = −y − y2

2!
− y3

3!
− y4

4!
− ...

and the series converges to the correct values for −1 < y = P0

PFUT7
< 1, of which

0 ≤ P0

PFUT7
≤ 0.1 is part. Similar to before, we take the first order approximation,

ln(1− y) ≈ −y, and use this to further simplify PFUspy as follows,

PFUspy ≈ −CFU × ln

(
1− P0

PFUT7

)
= −CFU × ln (1− y)

≈ −CFU ×−y

= CFU × P0

PFUT7

=
P0

MOIT7
(B.1)

where 100× P0 ≤ 10× PFUT7 ≤ CFU.
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B.2. MOIactual co-infection model

B.2 MOIactual co-infection model

We assume a non-homogenous Poisson process with intensity rate λ(t) = mkS0e
−kS0t,

where m is the MOIinput, k is the phage adsorption rate and S0 is the initial density

of cells. Let the number of phage infecting a cell at time t be given by the counting

process {N(t), t > 0}, then the probability mass function over the interval (0, t] is,

P (N(t)−N(0) = n) =
Λne−Λ

n!
, where Λ =

∫ t

0

λ(τ) dτ.

Since λ(t) = mkS0e
−kS0t, Λ = m(1 − e−kS0t) = MOIactual. Subsequently, the

probability of at least 1 phage infecting a cell at time t, is given by,

1− P (N(t)−N(0) = 0) = 1− e−MOIactual

B.3 A theoretical distribution for the number of

co-infected plaques observed

Assume P0 ∼ Poisson(134) and P1 ∼ Poisson(134/30). Further, let samples from P1

be adjusted so that in cases where no plaques are observed, P1 = 1. We can then

draw 106 samples from P0 and P1. The distribution of fold changes P0/P1 is shown

in Figure B.1. In this random sample, there is an ≈ 12% chance of observing at a

least a 67-fold change in the number of plaques.
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B.3. A theoretical distribution for the number of co-infected plaques
observed
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Figure B.1: This histogram derives from a Monte Carlo simulation of 106 sam-
ples drawn from 2 distributions: the number of co-infected plaques observed
on the undiluted plate (assumed to be P0 ∼ Poisson(134)); and the number of
co-infected plaques observed on the first tenfold diluted plate (assumed to be
P1 ∼ Poisson(134/30)). The samples from P1 be adjusted so that in cases where no
plaques are observed, P1 = 1. The presented histogram is then the fold change
between the 106 sample pairs (P0/P1).

B.3.1 Mathematica Code

In[1]:= X = RandomVariate[PoissonDistribution[134],10^6];

In[2]:= Y = RandomVariate[PoissonDistribution[134/30],10^6];

In[3]:= Yno0 = Table[If[Y[[i]] == 0,1,Y[[i]]],{i,1,Length[Y]}];

In[4]:= Length[Select[X/Yno0, # > 67 &]] / Length[X/Yno0] // N

Out[4]= 0.117478
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C Appendix to chapter 4

C.1 Interpreting the OD600 description of free T7

phage in the relative fitness model

Let us first consider how the population of phage changes with time for a typical

scale (phage numbers per ml). Let the rate of adsorption, k, be 3× 10−9 ml/min,

let the initial number of cells be C(0) = 108 CFU per ml [81] and the initial MOI

be 0.01 (so that P (0) = 106). Assume further that MOI is significantly small over

one minute that the reduction in cells is negligible. Then, the reduction in free

phage density during that 1st minute is given by,

dP (0)

dt
× 1 min = −kC(0)P (0)× 1 min

= −3× 10−9 ml min−1 × 108 ml−1 × 106 ml−1 × 1 min

= −3× 104 ml−1
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C.2. Relative fitness estimation from n phage dilutions

On the OD600 scale, let us say that 108 cells ml−1 corresponds to an OD600 of 0.1

in the plate reader (the precise relation is unimportant here). We then scale the

other quantities accordingly. The density of free phage (106 ml−1) was set to a

value 100 times less than the initial cell population (108 ml−1) and so on the OD600

scale we have P (0) = 106 ml−1

108 ml−1 × 0.1 OD600 = 10−3 free phage OD600. Similarly,

we can scale the reduction in free phage in density so that the fraction of phages

adsorbing stays the same, i.e.

dP (0)

dt
× 1 min =

−3× 104 ml−1

108 ml−1 × 0.1 OD600 = −3× 10−5 OD600.

We then have,

dP (0)

dt
× 1 min = −fC(0)P (0)× 1 min

= −f OD600
−1 min−1 × 0.1 OD600 × 10−3 OD600 × 1 min

= −f × 10−4 OD600 ×min = −3× 10−5 OD600

which implies, f = 0.3 OD600
−1 min−1.

C.2 Relative fitness estimation from n phage dilu-

tions

C.2.1 Estimation using 2 phage dilutions

Similar to before, we define Pij to be the population of phage for phage dilution j

challenged against strain i. We let P12 be a 10-fold dilution of P11 at t = 0, though

we could pick any non-trivial dilution without loss of generality. Analogously to
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C.2. Relative fitness estimation from n phage dilutions

equation 4.3 we have P11 = P0 e
f1α11 and because P12 is a 10-fold dilution, P12 =

0.1P0 e
f1α12 where we recall that P0 is the initial phage population on the OD600

scale. Similar to equations 4.5 and 4.6 we also have P11 = r1
f1

(
1− C11

K1

)
:= r1

f1
η11

so symmetrically P12 = r1
f1

(
1− C12

K1

)
:= r1

f1
η12. Therefore, we can equate our two

equations for P11, and do the same for P12 to get

r1

f1

η11 = P0e
f1α11

r1

f1

η12 = 0.1P0e
f1α12 .

Dividing both equations through by the η term, and then equating both again, we

have,

P0
ef1α11

η11

− 0.1P0
ef1α12

η12

= 0

P0

(
ef1α11

η11

− 0.1ef1α12

η12

)
= 0.

Since P0 > 0, we must have that,

ef1α11

η11

− 0.1ef1α12

η12

= 0, which implies,

ln(η12) + f1α11 = ln (0.1η11) + f1α12, which implies,

f1(α11 − α12) = ln (0.1η11)− ln(η12), which implies,

f1 =
ln
(

0.1η11
η12

)
(α11 − α12)

.

Following the same process gives us,

f2 =
ln
(

0.1η11
η12

)
(α21 − α22)

.
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C.2. Relative fitness estimation from n phage dilutions

Therefore, we can conclude that,

f1

f2

=
(α21 − α22) ln

(
0.1η11
η12

)
(α11 − α12) ln

(
0.1η21
η22

)

This result can be simplified in certain instances. First note that,

ηi1
ηi2

=
1− Ci1

Ki

1− Ci2

Ki

=
Ki − Ci1
Ki − Ci2

.

Suppose further that Ki−Ci1

Ki−Ci2
≈ 1, which might be the case if the estimated carrying

capacities of both strains are similar, and lysis of both strains is complete, i.e.

Ci1, Ci2 ≈ 0. Then we have,
f1

f2

≈ α21 − α22

α11 − α12

.

C.2.2 Estimation using n phage dilutions

In the case of more than 2 phage dilutions, we have a system of non-linear equations

with 2 unknowns,

r1f2η11

r2f1η21

− ef1α11

ef2α21
= 0

r1f2η12

r2f1η22

− ef1α12

D1ef2α22
= 0

... = 0

r1f2η1n

r2f1η2n

− ef1α1n

Dn−1ef2α2n
= 0
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C.3. Notes on the meta-distribution of p-values

where, n denotes the number of lysis curves, and Dj is the relative dilution in initial

PFU. Since there are more equations than unknowns, the system is overdetermined,

but we can still find numerical solutions for f1 and f2 using, for instance, fsolve in

MATLAB. Observe that η2j must be not equal to 0 for all j, i.e. that C2j 6= K2

for all j. In practise this would be the case if no phage was added, or if the

time period considered was not sufficiently large as to observe cell lysis via OD600

measurements.

C.3 Notes on the meta-distribution of p-values

What follows is an explanatory piece on the work of Taleb [208] on the meta-

distribution of p-values, and how it relates to the work performed in this thesis.

Consider the log-transformed data from an efficiency of plating (EOP) experiment,

where we have two distinct populations whose log10(EOP)s we can consider to

have been drawn from normal distributions, with the same mean and variance (i.e.

X1, X2 ∼ N(µ, σ2)). If we took random samples from these populations, and ran

two-sample t-tests, every p-value, in the interval (0, 1), is a possible outcome, and

uniformly so. In other words, each p-value is equally likely to arise. This is what

we might expect from a p-value; it is meant to show us how likely a difference in

the means of the two samples was, if we assumed that there was no such difference.

If instead, however, we took two distinct populations, which had means and

variances such that the "true" p-value, if calculated, would be 0.5, and we again

took random samples from these populations, and ran t-tests, we would find that

every p-value is no longer equally likely to arise. In fact, the distribution of p-values
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C.3. Notes on the meta-distribution of p-values

would be right skewed1 (see Figure C.1). We can not replicate this procedure

precisely for the p-values calculated in this thesis (in the case where we can not

assume equal variance when performing a t-test - commonly referred to as Welch’s

t-test) however, we can do so if we relax that assumption. In this instance, and

given a "true" p-value of 0.5, approximately 15% of the estimated p-values would

pass a significance test at the 0.05 level, and ≈ 3.5% of the values would be found

below the 0.01 cut-off. If we did this again starting with a "true" p-value of 0.1, we

get ≈ 55% below 0.05, and ≈ 20% below 0.01. From this, it is clear that p-values

obtained in this thesis may not be as close to the "true" p-values as one might

hope.
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Figure C.1: A representative probability histogram of the meta-distribution of
p-values for a "true" p-value of 0.5, made up of 10, 000 t-tests on random samples
(with n = 3 data points in each sample) taken from normal distributions with
carefully chosen means and variances so as to ensure a "true" p-value of 0.5.

C.3.1 Mathematica code for the required Monte Carlo sim-

ulations

Code for the two-sample, two-sided case (equal variances). The "true" p-value is

set to 0.5.
1the term refers to the tail of the distribution, so values found on the left of the distribution

occur more frequently
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C.3. Notes on the meta-distribution of p-values

In[1]:= truep = 0.5;

In[2]:= n = 3;

In[3]:= m=10^4;

In[4]:= sol = Solve[CDF[StudentTDistribution[2(n-1)],t] == 1- truep/2,t, Reals]

Out[4]= {{t→0.740697}}

In[5]:= texact = t ==
sampleMean√
(s12+s22)/n

/. sol[[1]]

Out[5]= 0.740697==

√
3
2

sampleMean

In[6]:= sol2 = Solve[texact ,sampleMean]

Out[6]= {{sampleMean→0.604777}}

In[7]:= s1 = 1;

s2 = 1;

In[9]:= x = sampleMean /. sol2[[1]]

Out[9]= 0.604777

In[10]:= repetitionsOfprocedure = 5;

In[11]:= metaPvalues = Table[

X1 = Table[RandomVariate[NormalDistribution[x,s1],n],m];

X2 = Table[RandomVariate[NormalDistribution[0,s2],n],m];

tstatistics = Table[
Mean[X1[[i]]] - Mean[X2[[i]]]√

(Variance[X1[[i]]]+ Variance[X2[[i]]])/n
,{i,1,m}];

p = Table[1 - CDF[StudentTDistribution[2(n - 1)], tstatistics[[i]]], {i, 1, m}],

repetitionsOfprocedure]

In[12]:= below005 = Table[N[Length[Select[metaPvalues[[i]],#<0.05&]]/m],{i,1,

repetitionsOfprocedure}]

Out[12]= {0.1457,0.1588,0.1539,0.1552,0.1504}

In[13]:= Median[below005]
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C.3. Notes on the meta-distribution of p-values

Out[13]= 0.1539

In[14]:= MedianDeviation[below005]

Out[14]= 0.0035

In[15]:= below001 =

Table[N[Length[Select[metaPvalues[[i]],#<0.01&]]/m],{i,1,repetitionsOfprocedure}]

Out[15]= {0.0353,0.0379,0.0383,0.033,0.0377}

In[16]:= Median[below001]

Out[16]= 0.0377

In[17]:= MedianDeviation[below001]

Out[17]= 0.0006
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Genetically modified bacteriophages

Antonia P. Sagona,a Aurelija M. Grigonyte,ab Paul R. MacDonaldac and
Alfonso Jaramillo*ad

Phages or bacteriophages, viruses that infect and replicate inside bacteria, are the most abundant

microorganisms on earth. The realization that antibiotic resistance poses a substantial risk to the world’s

health and global economy is revitalizing phage therapy as a potential solution. The increasing ease by

which phage genomes can be modified, owing to the influx of new technologies, has led to an

expansion of their natural capabilities, and a reduced dependence on phage isolation from

environmental sources. This review will discuss the way synthetic biology has accelerated the

construction of genetically modified phages and will describe the wide range of their applications. It will

further provide insight into the societal and economic benefits that derive from the use of recombinant

phages in various sectors, from health to biodetection, biocontrol and the food industry.

Insight, innovation, integration
In this review, we address the technological advances of synthetic biology that enable the genetic engineering of bacteriophages. Further, we discuss the wide
spectrum of applications of genetically engineered bacteriophages.

1. Introduction
1.1 Why use recombinant phages?

Current advances in synthetic biology have facilitated the
rational design, modification and construction of recombinant
phages – that contain genetically engineered DNA and/or have
been through genetic recombination – enabling the extension
of their innate phenotypes. The host specificity of phages is
evolutionarily refined, with most phages targeting one species.
This host recognition specificity is conferred by receptor
binding domains (RBDs) that are found in either the tail-spike
or tail fiber protein assemblies of the virions. Many researchers
have altered the specificity of phages towards non-native hosts.1–6

In one such example, the host range of fd filamentous phage is
altered by fusing a RBD from another filamentous phage (IKe),
onto the infection-mediating protein of fd. Moving on to lytic
phages, a genetically engineered T4 phage repository, was curated
by randomizing the T4 RBD using polymerases with less fidelity
to PCR amplify non-conserved regions. The repository was found

to propagate in Yersinia ruckeri and Pseudomonas aeruginosa,
indicating that the host range of T4 had been re-directed from
its native Escherichia coli host.2 Similarly, T3 (which naturally
infects E. coli) and T7 phage (which infects E. coli and some
species of Yersinia) was assembled in Saccharomyces cerevisiae
with exogenous phage protein domains in order to alter its host
range. As a proof of concept, it was demonstrated that modified
T3 and T7 phage scaffolds could target pathogenic Yersinia and
Klebsiella bacteria respectively. In addition, Klebsiella phage
scaffolds were retargeted against Escherichia coli by swapping
their phage tail components.3

Recombinant phages also function as vehicles for anti-
microbials that are either incorporated into the phage7 or
attached to its surface.8 For instance, they have been used to
deliver light-activated antimicrobial agents (photosensitizers),
which are seen as promising alternatives to antibiotics for
treatment of common skin infections.9 Phages can also be
engineered to suppress host SOS DNA repair system, enhancing
the effectiveness of broad-spectrum antibiotics in vitro.10

Understandably, a natural concern about using engineered
organisms is that the balance between natural phages in
the environment may be affected. However, a recent study
illustrated that phages endowed with gain of function
mutations were out-competed by natural phages specific to
the same host, suggesting that engineered phage genomes
might not persist in the wild.11 Additionally, one strategy to

a Warwick Integrative Synthetic Biology Centre and School of Life Sciences,
University of Warwick, Coventry, CV4 7AL, UK.
E-mail: Alfonso.Jaramillo@synth-bio.org

b Synthetic Biology Centre for Doctoral Training, University of Warwick, Coventry,
CV4 7AL, UK

c MOAC DTC, Senate House, University of Warwick, Coventry, CV4 7AL, UK
d iSSB, Genopole, CNRS, UEVE, Université Paris-Saclay, Évry, France
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commercialize phages is to re-engineer them to be non-replicative
or non-lytic.12,13

1.2 Synthetic biology technologies for phage engineering

Genome engineering. A wide range of genome engineering
methods have been applied to modify phage genomes and
provide the desired characteristics for different applications.
For simplicity, we have divided the methods in the text into
in vitro and in vivo.

a. In vitro methods. Restriction endonuclease-based methods
have been used to construct recombinant genomes in vitro.
For instance, the genome of T7 was redesigned to remove
overlapping genetic elements among other modifications.
The new version of the genome (T7.1) is divided into 73 ‘parts’

belonging to six sections. The first two sections of T7.1 were
synthesized and shown to be viable.14

An additional, in vitro method is reported for the genetic
modification of lytic phages, called genome recombineering with
electroporated DNA (BRED), where they used the P1vir phage as a
proof of concept. BRED is based on the use of recombinases
(obtained from bacterial heterologous overexpression) to assemble
phage genomes from purified phage genome and given synthetic
DNA fragments.15 BRED has been recently used to genetically
modify a P1vir phage. Specifically, a copy of the mobile element
IS1 was removed from the genome of P1vir phage, with the use
of BRED.16

b. In vivo methods. In vivo methods have been used for
bacteriophage engineering involving marker-based or marker-less
selections of genetically modified bacteriophages. The most
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commonly used in vivo method is homologous recombination
(HR), where the sequence to be inserted is cloned into a vector
with flanking regions matching upstream and downstream of
phage genome sequence. Phage that has undergone HR can
then be selected from the phage population, with the methods
described below.

Marker-based selection methods exploit genes promoting
phage propagation. They could be genes encoded in the phage
genome or host factors required for phage propagation. For the
former, the gene has to be previously deleted from the genome,
where the phage may require a strain expressing such gene to
propagate. A first step would consist of the homologous
recombination of the insert and the gene marker. Later, a
marker-deficient strain could be used for selection. Alternatively,
a host factor can be used. For instance, in order to identify a
marker for T7 selection, E. coli BW25113 is screened for genes
that promote T7 phage growth, and these can be used as
selection markers when editing T7 phage genome. Two potential
genes are identified: cmk and trxA. Deletion of the trxA gene
appears to confer phage infection inhibition, whereas deletion
of the cmk gene in the bacterial host shows a lower efficiency
of plating of T7 bacteriophage in comparison to the control
bacteria. The reduced efficiency of plating, but not a complete
absence of plaques, indicates that despite the gene deletion,
some degree of T7 infection is obtained. These false positives can
be removed by serial dilutions. In this study the E. coli gene cmk,
which encodes for CMP/dCMP kinase, was inserted instead of
T7 gp5 by HR between wild-type T7 and a plasmid containing the
cmk gene. The plated recombined phage was shown to be
negative for growth on cells that were deficient in cmk, and
which did not contain a plasmid expressing gp5. This expected
phenotype was confirmed to be true at the genotypic level by
sequencing.17

False positives may occur in the marker-less selection
method, CRISPR/Cas.18 In a recent report, CRISPR/Cas system,
and specifically type I-E CRISPR/Cas system, was used to select
for engineered T7 bacteriophage (see Fig. 1). The T7 phage
genome was edited by homologous recombination and the
recombinant phages were selected by targeting wild-type
phages with the CRISPR/Cas system.19

In another report, in addition to using CRISPR/Cas for the
selection of engineered phage, CRISPR/Cas II-A system was
used to in vivo modify phage 2972. Phage genome editing
included gene exchange, point mutation and small or large
deletions. For the gene exchange, orf33 in the phage 2972 was
replaced with methyltransferase gene of the type II restriction/
modification (R/M) system LlaDCHI from L. lactis. Since the
results showed a successful gene swap and a fully functioning
methyltransferase it was concluded that the CRISPR/Cas
engineering system can be used for gene insertions into the
phage’s genome.20 CRISPR/Cas technology could be adapted to
other phage genomes.

In another example, bacteriophage engineering is accomplished
using an in vivo yeast platform as an alternative host for bacterio-
phage assembly. This platform is used to engineer phage
with novel host ranges by swapping viral tail fibre scaffolds.

Phage genomes are placed in Saccharomyces cerevisiae, allow gene
modifications and result in generation of engineered phage. Each
fragment of the phage genome is first amplified by PCR while
retaining a homologous overhang. First and last fragments of
the phage genome have a homology region with the yeast
artificial chromosome (YAC). All amplified phage genome
fragments as well as YAC are then transformed into yeast where
gap repair facilitated joining of all the fragments and the YAC
according to homology regions. After the purification of the
vector the phage can then be initiated to form functional phages
when transformed into bacteria. This yeast phage-engineering
platform has a great potential because any genomic loci can be
modified even by adding genes toxic to E. coli.3 One possible
inconvenience is that the phage may have repeats at their ends
(as it is the case for T7) and recombination may produce excision
of the phage from the vector. This may be overcome by including
a selective marker for yeast inside the phage genome.

Directed evolution methodologies. Directed evolution may
be used to alter and optimize bacteriophage genomes providing
a phenotypic or genotypic advantage in a given environment.
It is possible to evolve bacteriophages via serial passaging, or

Fig. 1 Summary of CRISPR/Cas system used for recombinant phage
selection via non-edited genome targeting. (a) The DNA of wild type
(WT) bacteriophage (in light blue) undergoes homologous recombination
following infection of the recombinant strain. The recombination strain
contains a plasmid with a sequence (in violet) with flanking homology
regions that replaces the WT phage genome sequence (in blue).
This infection results in mixed population of phage progeny, producing
recombinant phage (in violet) in addition to the WT phage (in blue). (b) The
selection strain contains a CRISPR-Cas system, which targets and cleaves
the WT sequence. Phages can still propagate in this strain, either because
of inefficiencies associated with the CRISPR machinery, or because they
contain one or more SNPs in the region targeted by the Cas-gRNA
complex (deemed escape mutants). (c) The CRISPR-Cas system does
not complex with the recombinant phage, resulting in relatively more
progeny.
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continuous culture in a bioreactor.21 This platform was used
to evolve lambda phage, which normally infects its host via
LamB protein receptor, to infect via a novel OmpF receptor.4

In another remarkable study, a phage was optimized by serial
passages in a living mouse providing a 13 000 fold greater
capacity of the phage to evade immune system and remain in
the circulatory system. This was a result of a single mutation
which led to amino acid substitution in the major lambda
phage capsid protein E.22

PACE (phage-assisted continuous evolution) combines
continuous culture with increased mutagenesis to accelerate
the evolution of M13 phagemids (non-replicative phages that
require a strain carrying a helper system). PACE is used to
evolve regulatory molecules rather than structural proteins in
the virion. This is done by removing an essential gene (gpIII)
from the phage and placing it, in an inactivated form, in the
host strain. The gene responsible for the initiation of the
evolution is introduced into the phage. The product of this
gene must activate gpIII to produce infectious progeny. It is
possible to use a similar methodology to evolve proteins from
the phage such as those conferring host specificity or involved
in replication.23 This method has been further expanded
to evolve biomolecules with altered or highly specific new
activities, using negative selection and modulation of selection
stringency.24

Phage display. Phage display is based on generating a library
of synthetic or natural peptides and then fusing them onto a
coat protein of a bacteriophage. Modified phages that bind
strongly to the ligand displayed are enriched via sequential
recovery from the surface and upon that they re-infect bacteria
to propagate and increase in number. Filamentous phages
M1325–33 and fd34–36 are the most commonly used phages for
phage display although T4,37,38 T739–43 and lambda44–47 phages
have also been used. Traditionally phage display has been used
for antibody production, proteomics,48 therapeutics, diagnostics
(specially for cancer applications), infectious diseases and drug
discovery.49,50 Phage display has also been used for epitope
mapping, a method to identify the epitope of the antigen that
interacts with an antibody. The identification of epitopes is
important for the development of diagnostic tools, vaccines
and new therapeutic targets.51,52 Additionally, phage display

has proven useful in targeting membrane receptors via the
identification of their agonists and antagonists, which present
biological applications as drugs for various diseases.53 Phage
display is also an excellent tool for the identification of protein–
protein interactions.54–57 Its biggest advantage, compared to
other methods established in the protein–protein interactions
field, is that highly diverse peptide libraries can be constructed at
low cost.56 These are some of the applications of phage display.
The list is even broader and even more applications are expected
to arise as the methodology evolves.58–67

2. Applications of engineered phages
Herein, we discuss how genetically modified phages (listed in
Table 1) are used in different fields (presented in Fig. 2).

2.1 Therapeutic applications

Natural phages have multiple barriers that could prevent them
from being developed into viable phage therapeutic products.
Issues can arise both from their entry to mammalian cells and
from circumventing the immune response of the host. Modified
phages can be developed to avoid inactivation by the host defense
system and persist in the body, thus enhancing their therapeutic
potential.

In this section, examples of recombinant phages as therapeutic
agents for a variety of diseases are given. This includes phage
therapy in mammalian hosts as well as phages as lethal delivery
vehicles for prokaryotic hosts.

The T7 bacteriophage was genetically modified for a
potential therapy of hepatitis B. Globally HCC (hepatocellular
carcinoma) is the fifth most common cancer in men, and the
eighth most common in women, and it was estimated that
during the year 2000, more than 500 000 new cases arose.68

The first step of hepatitis B virus (HBV) infection is the inter-
action between a cell surface receptor and the HBV envelope
protein (specifically the PreS1 region). T7 phage was modified to
display polypeptides of varying length (up to fifty amino acids) of
the PreS1 region. This was achieved by fusing the peptides of
interest (PreSi region variants) to the C-terminus of the capsid
protein gp10B from T7. It was suggested that this system could be
enhanced by displaying amino acids of the first half of the PreS1

Table 1 Engineered bacteriophages and their applications

Engineered
bacteriophage Application

M13 Phage display,25–33 lethal delivery agent,83 engineered
protein purification,84 nanomaterials,87

vaccinology109,110

M13KE Pathogen detection100

T7 Phage display,39–43 gene therapy,69 biofilm control114

Lambda (l) Phage display44–47 vaccinology,46,70 biocontrol116

T4 Phage display,37,38 vaccinology72,112

fA1122 Pathogen detection106

A511 Pathogen detection104

HK620 Pathogen detection98

PBSPCA1 Agriculture108

fd Phage display,34–36 nanodevice fabrication and
bottom-up manufacturing85,86

Fig. 2 A schematic representation of the synthetic bacteriophage applications
discussed in this review.
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region, which would increase modified phage uptake and hence
the efficiency of desired gene transfer into the cell. This study
introduces T7 display as a model system for gene delivery into
mammalian host cells and elucidates recombinant phages
expand upon natural phage therapy.69

Another example of therapeutic bacteriophage applications in
mammalian systems is the display of a membrane glycoprotein,
of H5 influenza virus, on bacteriophage lambda major capsid
protein gpD.70 Here the lambda bacteriophage is assembled
without its major capsid protein first in vivo, and then a fusion
of gpD and H5 influenza membrane glycoprotein is added
in vitro. This approach can be used to ‘decorate’ gpD deficient
phage with recombinant gpD fused proteins (which are hetero-
logously expressed in insect cells). The recombinant phages bind
to the receptors on red blood cells and create a lattice structure of
interconnected virus and red blood cells. It is observed that two
H5 influenza-specific monoclonal antibodies inhibit the binding
of red blood cells to the recombinant phages. These modified
phages mimic H5 influenza virus behavior by attaching to the red
blood cells; this could potentially be exploited for the detection of
influenza virus-specific antibodies in vaccine trials.71

T4 phage is another example of engineered phage use in
vaccinology. The outer capsid protein of T4 phage was fused to
a protective antigen from Bacillus anthracis, to develop a vaccine
for anthrax. The fusion protein was expressed in E. coli, purified,
and in vitro added to the assembled phage. The PA-T4 particles
presented immunogenicity in mice in the absence of an adjuvant.
This study provides a promising system for construction of
customized vaccines against anthrax.72

Phages target bacteria more specifically than most antibiotics,
and consequently have less effect on the human gut microbiome.
However, lytic phages, whose concomitant cell lysis may result in
the release of toxic substances (endotoxins) have encouraged
the development of lysis-deficient phages. These lysis-deficient
phages can be engineered by harnessing the phage machinery
responsible for cell lysis. This consists of a membrane protein
(normally deemed, holin) and endolysin or murein hydrolase.
Holins form holes in the cell membrane, thus letting endolysin
cross the membrane and degrade the peptidoglycan layer of the
cell wall.73 An example of engineering a recombinant phage that
is lysis-deficient involves Staphylococcus aureus phage P954
where its endolysin gene was inactivated by a loss of function
insertion.74 Endolysin-deficient phages encoding lethal but
non-lytic proteins are able to kill bacteria while reducing the
endotoxin release.75 Engineered non-lytic phages have been
shown to be efficient in treating mice infected with P. aeruginosa,
E. coli or S. aureus which present higher survival rates, due to
the lower levels of endotoxin release.13,74,76,77 Additionally,
filamentous phages (which do not lyse the host) have been
used for the specific delivery of lethal substances or genes to
the site of infection.78 Among possible genes, those encoding
for modified holin,79 lethal transcription regulator80 and addiction
toxins (which induce programmed cell death) have been
reported.81,82

Modified phage particles can also be used as lethal delivery
agents for efficient pathogen killing. A recent example is the

engineering of the filamentous phage M13 to carry an integrin
binding peptide and a fragment of the polymorphic membrane
protein D from the sexually transmitted pathogen Chlamydia
trachomatis (Ct), as a possible way to eliminate Ct infection.
Based on this report, the engineered phage was able to signifi-
cantly reduce Ct infection in both primary endocervical and HeLa
cells, addressing the current lack of treatments against Chlamydia
trachomatis.83

2.2 Industrial applications

High-gradient magnetic fishing (HGMF) partially purifies target
products from heterogeneous bioprocess liquors. In HGMF,
the target product is captured using magnetic adsorbent
particles in combination with high-gradient magnetic separation
equipment. HGMF binding capacity of microbeads was increased
by placing an engineered M13 bacteriophage monolayer on a
superparamagnetic (SPM) core of microbeads. This was achieved
by genetic and chemical modification of the M13 coat proteins,
pIII (minor coat) and pVIII (major coat) respectively. pIII protein
was modified at its N-terminus to enable its binding onto
nitrilotriacetic acid or silica coated SPMs, respectively. pVIII
protein subunits of wild-type M13 were chemically cross-linked
to a carboxyl-functionalized bead permitting side-on linkage of
the phage to the SPMs. The phage-SPM particles, when used to
fish the desired antibodies, led to 490% purified product from
high protein solutions in one purification step.84

fd filamentous phage has been engineered to increase the
affinity of gold (Au) to its protein coat. This was achieved by
substituting five amino acids on the N-terminal region of p8,
the fd phage’s major coat protein.85,86 These studies show how
recombinant phages can be coated with a metal of interest,
demonstrating the potential of recombinant phages as self-
assembling templates for applications in bottom up
manufacturing.

In addition, M13 filamentous bacteriophage has been used
as a scaffold for the self-assembly of cobalt manganese oxide
nanowires to make LiO2 battery electrodes. Here, the phage
coat protein gpVIII is modified to display peptides of negatively
charged amino acids, and is able to interact with cationic metal
precursors (such as cobalt and manganese) resulting in high
production yield oxides. These oxides formed LiO2 battery
electrodes which were more porous and had a higher specific
heat capacity in comparison to carbon electrodes.87

2.3 Biodetection applications

One area in which synthetic phages are proving useful is
biodetection, where one of their main advantages is that they
can be quickly amplified in the targeted live bacteria, compared
to PCR or antibody-wash detection systems (which subsequently
incur more false positives from the detection of dead bacteria).88

Early adoptions of biodetection with synthetic phages have
focused on the insertion of reporter genes into naturally isolated
phages.89–93 Most of these methods comprise of either inserting
luciferase genes into the phage genome, or of fusing fluorescent
proteins to the phage capsid, mimicking the engineering strategy
employed in phage display.94 It should be emphasized that these
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systems are far from just academic enquires. Sample6 recently
launched its DETECT/L kit on the back of luciferase-based
recombinant phage technologies.93 The kit correctly identifies
50 Listeria species, as well as correctly excluding 30 non-listeria
species that were subjected to testing. However, converting
luciferase-based assays to more optimal multiplex assays
(i.e. assays that detect more than one bacterial species in a given
sample) may not be straightforward,95 which is an issue that
could be circumvented by fluorescent-based reporter systems
with compatible emission and excitation wavelengths.96

The precision of phage host recognition has been explored for
pathogen detection from environmental samples. Water quality
control is one of the major concerns for public health as well
as marine environment, and rapid methods need to be developed
to allow accurate pathogen identification. One such method used
a phage-based fluorescent biosensor ‘phagosensor’ prototype
for enteric bacteria detection.97 In this system, the synthesis
of the fluorescent protein only occurs after it is delivered to
E. coli TD2158 by temperate bacteriophage HK620 carrying the
fluorescent gene.98 The recombinant phages were incubated with
the sample for one hour, followed by flow cytometry, which
allowed sensitive detection of environmental E. coli TD2158 strain
in diluted samples, and in mixed co-cultures. The established
template was also successfully adapted to phage P22 to detect
Salmonella enterica Typhimurium.99

Colorimetry is another method for detecting pathogenic
bacteria in water. In this instance, the target bacterial strain,
ER2378, is trapped on a syringe filter followed by infection of a
specific phage, M13KE.100 ER2378 is a lacZa-complementing
strain of E. coli that expresses the o-domain of the b-gal (oGal)
and the aGal peptide is cloned in an intergenetic region of the
M13KE genome.101,102 Upon aGal peptide delivery to the bacterial
strain, aGal is converted to the b-gal active form of aGal, which is
detectable by colorimetric assay.100

Another example of bacteriophage-based pathogen detection
is the high-intensity fluorophage that can detect Mycobacterium
tuberculosis.103 Phage A511 was modified to report cells of Listeria
genus upon synthesis of a bacterial luciferase gene. The modified
gene was placed downstream of the major capsid protein (cps)
and was expressed upon phage infection of Listeria cells.104

Yersinia pestis is the etiological agent of the plague, which
has seen a breakout of cases in America recently.105 To detect
Yersinia pestis in blood samples, a recombinant reporter phage
containing bacterial luxAB reporter genes was inserted in an
early-transcribed noncoding region of the plague-diagnostic
lytic phage fA1122 by homologous recombination. Upon infection
of Yersinia pestis with the recombinant fA1122, the biolumi-
nescent phenotype was observed after 10 to 15 min.106 In a
following study, the reporter phage was assessed as a diagnostic
tool for Yersinia pestis in samples taken directly from the blood.
Even though it displayed 100% inclusivity for Yersinia pestis,
some non-pestis Yersinia strains and Enterobacteriaceae also
showed signal transduction. The reporter phage demonstrated
rapid detection of antimicrobial susceptibility profiling upon
antibiotic incubation of the blood samples. As a consequence
these results suggest that the application of lytic reporter

phages to detect bacterial pathogens in blood samples could
reduce the time to diagnosis for patients afflicted with.107

Phage-reporter systems were also developed for agricultural
settings. Pseudomonas cannabina pv. alisalensis and Pseudomonas
syringae pv. maculicola are both causative agents for diseases of
Brassicaceae family. In a recent study, phage-based diagnostic
was developed to identify the cause of bacterial blight.
P. cannabina pv. alisalensis or PBSPCA1 phage was modified by
integration of bacterial luxAB genes in the place of nonessential
phoH gene using homologous recombination upon wild-type
PBSPCA1 phage infection of P. cannabina pv. alisalensis BS91
containing luxAB expression cassette. A successful detection of
Pseudomonas cannabina pv. alisalensis versus Pseudomonas syringae
pv. maculicola resulted in more than 100-fold increase in
bioluminescence within 4 hours of tissue harvesting.108

2.4 Veterinary applications

Genetically engineered phages have a wide range of applications
in veterinary science and medicine. In the vast majority of cases,
recombinant phages deliver antigens to be used for vaccination
against animal diseases.

Recombinant M13 bacteriophage has been used to vaccinate
pigs against the tapeworm Taenia solum, which causes cysticercosis,
a disease to which humans and pigs are susceptible. KETc1,
KETc12 and GK1 peptides were fused to coat protein gpVIII and
a recombinant antigen KETc7 was displayed on coat protein gpIII.
The pooled phages were successful in reducing the number
of cysts in the murine model (990 in mice receiving M13 vs.
338 immunized with the pool of recombinant phage). Preliminary
work demonstrated sporadic effectiveness for a small sample
of pigs, but further studies were needed to corroborate this
evidence.109 Such a study was performed on a larger sample size,
and significantly reduced the occurrence of cysticercosis in
vaccinated pigs by 54.2%.110

Phages lambda and T4, as mentioned earlier in this review,
have been used to vaccinate against human diseases. In this
section, we briefly mention their application as possible vaccines
against pathogens that target animals. Recombinant lambda
phage can be used as a potential vaccine against porcine
Circovirus 2,46 a virus that causes post-weaning multisystemic
wasting syndrome (PMWS), and has proved costly in the swine
industry.111

In another study, the T4 bacteriophage was used to develop
a vaccine against infectious bursal disease virus (vvIBDV),
a virus that causes infectious bursal disease (IBD) in chickens.
Immunization of chickens with the recombinant T4-VP2 phage
resulted in no clinical death; however, some temporary bursal
damages were observed.112

2.5 Biocontrol applications

Biocontrol is the regulation of pest/pathogen levels by bio-
logical means; a strategy that is being progressively favored
by industry. One of the major problems in industrial processing
is biofilm formation, and this is especially apparent in food
industry.113 To this end, T7 bacteriophage was modified
to express dispersin B (DspB),114 an enzyme produced by
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Actinobacillus actinomycetemcomitans.115 DspB acts via b-1,6-N-
acetyl-D-glucosamine hydrolysis which disrupts biofilm formation
and integrity. DspB was placed downstream of capsid gene 10B
under the control of the strong T7 10 promoter. This allowed DspB
to be expressed intracellularly so that its release would occur
during cell lysis. The results showed that DspB expressing phage
was significantly more effective at killing E. coli in comparison to
wild-type T7 and wild-type T3 bacteriophages, and that this phage
reduced the amount of biofilm by a factor of 2.6 in comparison to
non-engineered T7 control phage.114

In another study lambda phage was engineered to deliver
CRISPR/Cas system to sensitize bacteria with antibiotic resistance
genes. Once delivered to a pathogen, the CRISPR/Cas system
was transferable between bacterial hosts so that bacteria with
antibiotic genes would be outcompeted. In addition, pathogens
with acquired CRISPR/Cas were no longer susceptible to engineered
lytic phage infection. This system showed effective reduction in
infections of antibiotic-resistant pathogens and thus offering a
potential biocontrol system for hospital surface treatment.116

3. Discussion
Natural phages may be a solution to a myriad of issues in
agriculture, biocontrol, and medicine: in agriculture, they are
applied against plant infections; in biocontrol, in the protection
and control of crops and food products; and in medicine, a
number of trials have explored their safety and efficacy.

Phage therapy has reached a critical juncture in its development.
Natural phages are, according to current legislature, unpatentable,
as they are no longer considered novel, having first been introduced
over a century ago.117 This prevents them from being commercially
viable in industry, especially for big pharma corporations that have
to undergo expensive clinical trials, and so is an impediment to
the development of infrastructure that can deliver treatments to
patients. The intellectual property of recombinant phages, on
the other hand, can be secured, thus overcoming these issues.
Yet recombinant phages do more than to provide opportunities
for profit; they extend upon natural phages by creating
additional functionalities (such as delivery of variety of cargos,
e.g. depolymerase114) as well as overcoming some of their
limitations.

One such limitation is that natural phages can induce a
mammalian immune response upon their entry, a response
that could be avoided by modifying the phage’s coat protein.
Nonetheless, in some instances, an overexcited immune
response is desired, for example, when developing vaccines
against viral particles. In the case of HBV, phage-displayed viral
peptides can evoke immune response, and help identify the
antibodies specific to these viral peptides.

Furthermore, by refactoring phage genomes,14 phages could
have their sequences rejigged to avoid host restriction systems, by
removing the palindromic sequences targeted by type II restriction
enzymes, or by appending peptides that inhibit the CRISPR/Cas
proteins. One can also envisage the swapping or addition of
exogenous endo/exonucleases to cleave host genomes faster.

Further work demonstrated that rational engineering of
tail fibres can change host tropism of bacteriophages1–6 and
pyocins118,119 (phage-like particles called bacteriocins, produced
by some strains of Pseudomonas aeruginosa for use in intra-
species warfare). Employing this in combination with directed
evolution, phage cocktails could be generated to target a given
pathogen through separate, or a combination of, receptors, and
adapted to circumvent the host-immune system. Importantly,
new techniques are constantly being developed in the fields of
genome engineering and gene synthesis, decreasing also the cost
of gene synthesis. It is expected that also because of that,
the engineering of recombinant bacteriophages will be further
facilitated and will enable the corresponding broadening of their
applications.

In summary, although there are still ethical, socio-economical,
and experimental issues to resolve, the groundwork of phages
appears promising, and will surely come to establish itself at the
forefront of personalized therapeutics and diagnostics.
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Abstract: With the recent rise in interest in using lytic bacteriophages as therapeutic agents, there is
an urgent requirement to understand their fundamental biology to enable the engineering of their
genomes. Current methods of phage engineering rely on homologous recombination, followed by
a system of selection to identify recombinant phages. For bacteriophage T7, the host genes cmk or
trxA have been used as a selection mechanism along with both type I and II CRISPR systems to select
against wild-type phage and enrich for the desired mutant. Here, we systematically compare all
three systems; we show that the use of marker-based selection is the most efficient method and we
use this to generate multiple T7 tail fibre mutants. Furthermore, we found the type II CRISPR-Cas
system is easier to use and generally more efficient than a type I system in the engineering of phage
T7. These results provide a foundation for the future, more efficient engineering of bacteriophage T7.

Keywords: bacteriophage; CRISPR; T7; tail fibres

1. Introduction

Bacteriophages (phages) are viruses that specifically infect bacteria. Much of the original research
on bacteriophages has guided our current understanding of molecular biology. Recently, there has
been a renaissance in phage research due to the emergence of multi-drug resistant bacteria and the
need for viable antibiotic alternatives [1]. Thus, there has been considerable research in the area of
phage therapy, to kill bacterial infections using phages [2–4]. Phages offer a number of advantages
(bactericidal agents, rapid discovery, undergo replication at the site of infection) over traditional
antibiotics [5–9]. However, there are several limitations to phage therapy, such as narrow host range
and limited pharmacokinetics leading to insufficient build-up of phage concentration at the site of
infection [10,11].
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The genetic engineering of phages offers the possibility of overcoming these limitations and
allowing phage therapy to be a viable alternative. For the effective engineering of phages to occur
a highly efficient and reproducible system is required. From the onset of phage research a number
of methods have been used to create phage mutants; this has included random mutagenesis using
a variety of inducing agents including UV, as well as chemical mutants such as hydroxylamine and
N-methyl-N’-nitro-N-nitrosoguanidine [12]. The use of random mutagenesis provides the ability to
create a large library of mutants but requires extensive screening to identify a mutant of interest. Thus,
other approaches have been developed to create targeted mutants using homologous recombination
to introduce the desired mutation, followed by selection of the resulting phage [13]. The selection
process has proven to be the major bottleneck in the creation of phage mutants. Unlike bacteria where
an antibiotic resistance marker can be used to select for mutants, no such generic approach works so
efficiently for phages, as phage lysis kills the bacterial host. Therefore, a number of other strategies
have been developed for engineering and creating phage mutants.

An alternative to the antibiotic resistance markers used for positive selection of phage mutants,
is the use of a bacterial host gene that is essential for phage replication but not essential for host
growth [14,15]. In the infection of E. coli by phage T7, the proteins thioredoxin and cytidine
monophosphate kinase (dCMP), encoded by trxA and cmk genes respectively, are known to be
essential [14]. Therefore, these genes have previously been used as markers to positively select for
phage mutants in an E. coli background that lack trxA or cmk [14,16]. This marker-based approach has
been used to knockout a number of T7 genes including genes 0.4, 11, 12, 17 [16–18]. These knockouts
were achieved by replacing the target gene with trxA by homologous recombination, and selection on
E. coli BW25113 ∆trxA cells [16–18].

An alternative to positive selection is to reduce the number of phages that have to be screened to
find the desired mutant by increasing the efficiency of homologous recombination. An example of
this is the BRED system (bacteriophage recombineering with electroporated DNA) that has been used
to genetically modify mycobacteriophages and coliphages [19,20]. BRED exploits the mycobacterial
recombineering system, in which expression of the RecE/RecT-like proteins of the mycobacteriophage
Che9c confers high levels of homologous recombination and facilitates simple allelic exchange using a
linear DNA substrate. This method has been used to engineer both lytic and temperate phages [21,22].

Another method to reduce the number of phage that require screening is the use of a Yeast
Artificial Chromosome (YAC) in Saccharomyces cerevisiae [19,20]. Here, a phage genome can be
cloned into a YAC, either in one piece or as PCR fragments assembled through gap-repair cloning [23].
Transformation-associated transformation recombineering (TAR) systems of yeast can then be used to
introduce desired mutations, with the engineered genome re-introduced into its bacterial host. TAR
approach has been used to make tail fibre mutants in coliphages T7 and T3 [24].

The most recent advance in screening methods is the use of CRISPR-Cas to counter select
against phages that have not been altered and enrich for the phage mutants of interest. A number
of different CRISPR systems have now been used to modify the genomes of a number of phage
systems, the first of which used a type I CRISPR system to target and create mutants of bacteriophage
T7 [25]. A different type I CRISPR system has also been used to create mutants of the lytic phage ICP1
that infects V. cholerae [26]. A number of phages have been modified with type II CRISPR systems;
including phage 2972 infecting Streptococcus thermophilus, phage P2 infecting Lactococcus lactis, phiKpS2
infecting Klebsiella pneumoniae and phages T2, T4, T7 and KF1 that infect E. coli respectively [25,27–31].
A type III CRISPR system has also been used to engineer phages that infect Staphylococcus aureus and
Staphylococcus epidermidis [32]. Whilst CRISPR is being used for editing phage genomes, there is still
much to be learned concerning what the most efficient system to use is. For example phage T4 has
been engineered by three different groups, with contrasting efficiency for type II CRISPR [29,30,33].

Both Type I and II CRISPR/Cas systems have different essential components that are required
for their function. Whilst both systems require a DNA repeat-spacer, each of them has additional
requirements. Type II-A CRISPR-Cas needs Cas9 endonuclease and trans-activating CRISPR RNA
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(tracrRNA), whilst the I-E CRISPR-Cas system requires Cas3 enzyme as well as a five protein complex
that consists of CasA, CasB, CasC, CasD, and CasE, often referred to as cascade [34–36]. It is clear
both CRISPR-Cas and marker-based selection can be used to generate phage mutants; however, no
comprehensive analysis of their comparative efficiency has been carried out in a single system for a
single phage.

The aim of this work was to compare efficiencies of both CRISPR-Cas systems and marker-based
(cmk and trx) methods for the development of an efficient system of constructing phage T7 mutants
(Figure 1). As a proof of concept, the most efficient method was then used to rapidly generate tail fibre
mutants of phage T7.
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Figure 1. Summary of marker-based vs. marker-less selection methods. (A) The homologous
recombination step allows for generation of a mixed population of chimeric/mutant (CH) and wild-type
(WT) phages. (B) Marker-based selection requires a gene encoding an essential host factor to be
incorporated into the region that will homologously recombine in step A. Mutants are then selected
for on E. coli cells that are deficient in this host factor. For phage T7 either E.coli ∆trxA or E.coli ∆cmk
can be used for positive selection. (C) Type II CRISPR system consists of one vector (pCas9: contains
Cas9 as well as direct repeat regions and guide RNA). (D) A Type I CRISPR system consists of three
vectors (pWUR400:Cas3, pWUR397:cascade system and pAG_2:guide RNA). Both CRISPR systems
target wild-type phage, enriching for mutants.

2. Materials and Methods

2.1. Bacterial Strains and Phages

E. coli BW25113, E. coli BW25113 ∆trxA, E. coli BW25113 ∆cmk, BL21(DE3) and BL21(AI) strains
were used as the bacterial hosts for all assays carried out in this study (Table S1). The strains were
grown in LB medium (Oxoid, Basingstoke, UK) at 37 ◦C overnight with shaking (200 rpm). Phage T7
was propagated by inoculating E. coli culture at an OD 600 nm of 0.3. Phage lysates were filtered using
a 0.22 µm pore size filter (Sartorius, Dublin, Ireland) and stored at 4 ◦C. Phage enumeration was carried
out using a standard double agar overlay plaque assay or spot assays as previously described [37].

2.2. Type I CRISPR gRNA Delivery Vector Component/Vector Design

The vectors pWUR400 and pWUR397 provide the cascade and cas proteins of the type I system,
respectively [36]. A third component of the system, a vector containing a gRNA to target specific sites
of interest, was designed and synthesized in a pSMART Ampr vector (Table S2). The initial vector
pAG_1 contained a non-targeting gRNA control, referred to as a scrambled RNA (scr). The main
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components of the construct were: (a) T7 RNA polymerase promoter at the 5’ of the construct; (b) 5’
handle; (c) gRNA for a target gene sequence; (d) BbsI restriction enzyme sites flanking the gRNA
region; (e) 3’ handle; (f) T7 terminator.

2.3. Type I CRISPR gRNA Design

Type I CRISPR gRNAs were designed manually taking into consideration protospacer adjacent
motif (PAM) requirements for the system. Previous research has identified that the PAM that fits most
efficiently is AGG [38]. The main principle for the design was to first identify the AGG sequence;
the 32 bp following AGG comprise the target sequence. All AGG motifs were identified in g17.
Ten out of 37 identified potential gRNAs were chosen for gRNA design: four targeting the 5’ region
and six targeting the 3’ region of the gene respectively. They were designed and synthesized as a
complementary single stranded DNA fragments (IDT) and inserted into pAG_1 vector using Golden
Gate cloning (Tables S2 and S3, Figure S6).

2.4. Type II CRISPR gRNA Design

Each of the type II CRISPR gRNAs was designed using DNA 2.0 (Atum, Newark, CA, USA).
The following criteria were chosen when using the software: NGG was entered for the desired PAM
and species off target was E. coli. Each of the gRNAs generated by the software was appended with BsaI
enzyme restriction sites. A total of 11 gRNAs was designed and then synthesised as a complementary
single stranded DNA fragments (IDT) and inserted into pCas9 vector using Golden Gate cloning
(Tables S2 and S3, Figure S6).

2.5. Golden Gate Cloning

The type I CRISPR gRNAs were inserted in the vector pAG1 using a modified Golden Gate
cloning method [39]. Briefly, 0.5 µL of each primer (100 mM) was mixed together with 49 µL of sterile
water and incubated at 95 ◦C for 5 min, prior to being diluted 10 times. The 15 µL assembly mix was
prepared as follows: vector of interest (100 ng), 2 µL of the diluted primers (10 mM), 1.5 µL of 10×
T4 buffer (NEB, Ipswich, MA, USA), T4 Ligase (NEB), 0.15 µL of 100× BSA and made up to 15 µL
with water. The assembly mix was then incubated in a thermocycler under the following conditions:
25 cycles of 3 min incubation at 37 ◦C followed by 4 min at 16 ◦C, and 1 cycle of 5 minutes at 50 ◦C and
5 min at 80 ◦C. The samples were then left overnight at room temperature and 1 µL of the assembly
mix was then transformed into electro-competent E. coli cells using 2 mm cuvettes at 2.5 kV.

2.6. PCR

Polymerase Chain Reaction (PCR) was carried out in 0.2 mL volume PCR in a thermal cycler
(T100 Thermal cycler, Bio-Rad, Hercules, CA, USA). HF Phusion Master mix (M0531S, New England
Bio Labs, Hitchin, UK) and BSA (B9000S, New England Bio Labs, UK labs) were used for the reactions.
Final concentrations were used as follows: primers at 0.5 µM, DNA at < 250 ng, 1× Phusion Master
Mix. PCR amplification was carried out as per Protocol Phusion®High-Fidelity PCR Master Mix
recommended conditions.

2.7. Gibson Assembly

A master mix was prepared of 5× ISO buffer 0.5 M Tris-HCl pH 7.5, 0.05 M MgCl2, 4 mM dNTPs
(1 mM of each: dGTP, dCTP, dATP, dTTP), 0.05 M DTT, 0.25% (v/v) PEG800 and 5 mM NAD. Then the
following components were mixed 0.26% 5× ISO Buffer, 0.005 U T5 exonuclease, 0.03 U Phusion
polymerase, 5.3 U Taq ligase. The Gibson assembly was based on previously described method [40].
Briefly, fragments required for the assembly were PCR amplified (using primers in Table S3) and
gel purified. Gibson reactions were carried out in 20 µL volumes, with 15 µL of Gibson master mix
(0.26% 5× ISO Buffer, 0.005 U T5 exonuclease, 0.03 U Phusion polymerase, 5.3 U Taq ligase) with the
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remaining 5 µL made up of vector and inserts at the appropriate ratios. For the assembly of three
or more fragments an equilmolar ratio of fragments was used; when inserting one fragment into
a vector, a ratio of 1:2 (vector to insert) was used. The reaction was incubated at 50 ◦C for 60 min,
followed by incubation at 37 ◦C for 60 min. The reaction volume was diluted 3-fold and 1 µL used
in electroporation.

2.8. Homologous Recombination and In Trans Complementation

A strain containing a homologous recombination plasmid (HR) was grown until it reached an
OD600 of 0.3–0.4, whereby phage T7 was then added at MOI ~0.01. This was then followed by
incubation at 37 ◦C with shaking (200 rpm) for 3 hours. The lysate was then filtered through a 0.22 µm
pore size filter and stored at 4 ◦C until further use. For the in trans selection, the lysate was plated on
E. coli BW25113 ∆trxA strain containing pAG30 or pAG31 vectors that provide wild-type tail fibres.

2.9. Confirmation of Phage Mutants

Following homologous recombination and selection, plaques were picked from plates and
resuspended in 1 mL of SM buffer. PCR was used to confirm the presence of phage mutants using
primers to differentiate between wildtype and mutant phages (Table S3). PCR products were Sanger
sequenced bidirectionally to confirm products were correct. For four phages, whole genome sequencing
was carried out. Genomic DNA was extracted from 1 mL of phage lysate using a previously described
method [41]. Sequencing libraries were prepared using NexteraXT (Illumina, San Diego, CA, USA)
following the manufacturer’s instructions. Reads were trimmed with sickle using default settings
and genomes assembled using SPAdes v3.12.0 [42,43] using “-only-assembler” option and assemblies
checked for errors and corrected with pilon [44]. Genomes were annotated with Prokka using phage
T7 (accession: V01146) as the source of annotations. SNPs were identified using DNAdiff using default
settings [45]. All data were submitted under the project accession PRJEB35760.

2.10. Type I and Type II CRISPR Screening Assays

To determine the selection efficiency of the marker-based methods (trxA and cmk), plaque assays
of T7 were performed against E. coli BW25113, E. coli ∆cmk and E. coli ∆trxA with a starting titre of
1 × 1010 pfu/mL. The efficiency of plating on E. coli ∆cmk and E. coli ∆trxA was compared to E. coli
BW25113. A similar approach was used to determine the efficiency of type I and type II CRISPR
systems, with efficiency of plating of phage T7 on strains containing these CRISPR systems compared
to E.coli BW25113.

3. Results

3.1. Determination of Marker-Based (cmk and trxA) Selection Efficiency against Phage T7

In order to test the efficiency of Type I and II CRISPR selection along with the selective markers trx
and cmk all three methods were compared in their ability to select against g17 of wild-type T7. To do
this the same genetic background was used to try to minimise differences caused by the use of different
E. coli strains. The strain of choice was E. coli BW25113 which allows the Keio collection of mutants to
be used [15].

First, the extent to which the absence of host factors reduces T7 progeny was determined. To do
this plaque assays were carried out on E. coli strains that lacked cmk or trxA. Efficiency of plating (EOP)
on both strains was compared to the control strain E. coli BW25113 (Figure 2). In the case of E. coli
∆cmk cells, the number of progeny phage was reduced by approximately 105-fold, whereas with E. coli
BW25113 ∆trxA cells, no progeny was detected (detection limit ~ 1), reduction by 1010-fold (Figure 2).
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3.2. Determination of the Efficiency of Type I CRISPR for Selecting against Wild-Type Phage T7

A type I CRISPR system that has previously been used to engineer phage T7 was used in this study
and comprises the vectors pWUR400 and pWUR397 that carry genes encoding for the enzyme cascade
and Cas3 respectively [10]. A third plasmid (pAG_1) was constructed in this study that delivers the
gRNA and allows for easy swapping of gRNAs to target different regions (Figure 3). It consists of
(a) T7 RNA polymerase promoter at the 5’ of the construct; (b) 5’ handle; (c) gRNA for a target gene
sequence; (d) BbsI restriction enzyme sites flanking the gRNA region; (e) 3’ handle; (f) T7 terminator.
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It is known that different gRNAs can alter the efficacy of CRISPR selection [46,47]. Therefore,
multiple gRNAS were designed and tested (Figure S6). Eleven different gRNAs, ten targeting g17 and a
scrambled gRNA, were cloned into pAG_1 by Golden Gate cloning (Tables S2 and S3). The efficiency of
each gRNA to target phage DNA was determined by EOP with respect to the control gRNA (Figure 4A).
All gRNAs were effective in reducing the number of T7 progeny, with gRNA7 the most effective at
reducing T7 progeny by ~90-fold (Figure 4A). With gRNA2, gRNA5 and gRNA8 reducing T7 progeny
by ~10-fold, whereas gRNA1, gRNA6, gRNA9 and gRNA10 showed a reduction of less than 10-fold.
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The highest reduction in wild-type T7 was ~100-fold, which is significantly lower than previous reports
of 10,000-fold reduction using this system [25]. No correlation between GC content and EOP was
identified between the different gRNAs analysed (Figure 4B).
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(A) Efficiency of plating (EOP) for T7 against E. coli BW25113 containing different type I CRISPR gRNAs
as well as Cas3 (pWUR400) and cascade genes (pWUR397). The (EOP) was determined with respect to
a reference E. coli strain BW25113/pAG1. EOP data are presented as the mean of three independent
experiments. (B) EOP data were plotted against GC% of each gRNA.

E. coli BW25113 possesses an innate type I CRISPR system under the control of the transcriptional
repressor H-NS (hns) [48–50]. The innate CRISPR system is only active if H-NS, is inactivated (∆hns) [49].
The E. coli BW25113 used in this study did not contain the hns deletion, however, it was necessary
to ensure that the innate CRISPR had no effect on the type I CRISPR used here. To verify this E. coli
BW25113 containing eight gRNAs, including the most efficient gRNA7, was evaluated for its ability to
target the T7 genome and accordingly reduce viable T7 progeny. No reduction was identified, ensuring
that the introduced CRISPR system used in this study was not overlapping with the innate CRISPR of
E. coli BW25113 (Figure S1).

A type I CRISPR system has previously been used to target wild-type phage T7, with reductions
of two orders of magnitude greater than we obtained [25]. It is possible the different gRNAs are
responsible for observed differences in reduction of wild-type T7. However, the previous work of Kiro
et al. 2014, also induced the expression of the CRISPR system prior to infection with T7. To identify
if the pre-induction of a CRISPR system prior to phage addition results in increased efficiency, the
same experiment was repeated in strains that contain an inducible T7 RNA polymerase: E. coli
BL21(DE3) and E. coli BL21-AI (Figures S2 and S3). No difference in phage progeny reduction, between
induced and un-induced systems, was identified using BL21(DE3) or BL21-AI strains (Figures S2 and
S3). The carriage of all the plasmids necessary for the type I CRISPR results in substantial change
in growth rate, with µ increasing from ~28 min (BL21) to > ~39 min (BL21 pWUR397 pWUR400)
(Figure S4).

3.3. Determination of Type II CRISPR Efficiency as a Method for Engineered Phage T7 Selection

Eleven targeting gRNAs were designed against g17, that spanned the length of the gene and the
efficiency of each gRNA was determined (Tables S2 and S3, Figure S6). All eleven gRNAs resulted in
a reduction in T7 progeny compared to the control. The gRNA2 was the most effective, resulting in
a 1000-fold reduction compared to the control (Figure 5), whereas the majority of gRNAs (gRNA5,
gRNA7-gRNA11) showed a reduction in progeny of less than 10-fold, with gRNA3, gRNA4 and
gRNA6 resulting in more than 10-fold but less than 100-fold reduction. In working with the type II
system, we found that there was no significant change in the growth rate of cells containing Cas9
vector versus no vector containing E. coli BW25113 (Figure S5).
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3.4. Generation of T7 Tail Fibre Mutants

The use of marker genes was the most efficient at reducing wild-type progeny. To check that
the method is also effective at selecting phage mutants, we used this method to make a number of
mutants that were fusions between the tail fibre of T7 and phages BPP-1 and Yep-phi [51,52]. Phage
BPP-1 is very distantly related to phage T7 [53], whereas Yep-phi is more closely related to T7 [52,54].
The tail fibre of BPP-1 contains major tropism determinant (Mtd) domain, where a single mutation
allows phage BPP-1 to rapidly evolve and infect the constantly changing receptors of Bordetella
pertussis [53]. Although these phages have limited similarity the fusion of the Mtd domain from phage
BPP-1 with the T7 tail fibre may allow the host range of phage T7 to be expanded. The tail fibre of
Yep-phi (accession: YP_009014859.1) shares 37% protein identity with the T7 homologue, with 53%
protein sequence identity over the last 86 amino acids of the C-terminal [54].Thus, it may be more
likely to form a functional tail fibre if fused with the T7 version. Eight T7 tail fibre mutants were
designed that consisted of domains from both the T7 and BPP-1 tail fibre and one tail fibre mutant that
contained domains from T7 and Yep-phi tail fibres (Table S4 and Figure S7). This was achieved by first
constructing homologous recombination plasmids pAG23–pAG32 (Tables S2 and S3) with the desired
chimeric tail fibre genes and trxA for selection. Phage T7 was then used to infect E. coli BW25113 ∆trxA
containing homologous recombination plasmids.

To check that selection with trxA was occurring and that chimeric phages could be obtained,
phage mutants were created in a two-step manner using an in trans tail fibre. Following homologous
recombination, the progeny was plated on E. coli BW25113 ∆trxA, containing a plasmid expressing
wild-type tail fibres (pAG_30). The resultant phage has a genome which contains a chimeric tail fibre
gene, but wild-type tail fibres on the viral particle. Once confirmed as mutants, these phages were
further propagated on just BW25113 ∆trxA to determine whether the resultant progeny is functional.

Selection efficiency was measured by PCR screening of plaques to determine the presence of
mutants or wild-type phage. Between 10 and 30 plaques were screened for each mutant, all of which
were positive for phage mutants (Table S5). Thus, confirming the efficiency of trxA marker-based
selection for rapidly creating phage mutants. Only one phage mutant was able to infect E. coli, the fusion
of T7 and Yep-phi tail fibres, with all other phages were non-infective. To ensure the lack of infectivity
was due to the non-functional tail fibres and not other deleterious changes in the genome, four phage
mutants were sequenced along with the initial wild-type phage T7. In addition to the desired tail
fibre mutations, an additional 1-4 SNPs in phages phAG_3, phAG_4 and ph_PM (Table S6). However,
these are in regions known to be non-essential for T7 replication and when a wild-type tail fibre was
provided in trans the phage could replicate.
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4. Discussion

Comparison of selective markers and Type I and II CRISPR systems revealed that selection with
trxA was the most efficient method for reducing phage numbers. The use of marker-based selection
produced an approximately 1010-fold drop in phage progeny, compared to a ~100× and ~1000×
decrease with the most efficient gRNAs using Type I and II CRISPR systems respectively. Previously,
the use of E. coli ∆trxA and cmk mutants has been reported to produce an EOP of 10−2 and 0.05
respectively [25], whereas, within this study, EOPs of 10−10 and 10−4 were observed. The differences
in the observed EOP of plating may simply be due to the growth state of the cells used during a
plaque assay. Within this study exponentially growing cells were used, whereas the original work
of Kiro et al. 2014 used cells that had been grown overnight and likely to be in stationary phase of
growth [25]. Whilst T7 can infect cells in stationary phase, more productive infections occur in the
exponential phase of growth [55]. Thus, when using E. coli ∆trxA or ∆cmk for positive selection we
would suggest infecting E. coli in the exponential phase of growth.

The maximum reduction in wild-type T7 progeny, and hence the potential T7 mutant selection
efficiency, was found to be 100-fold for the type I CRISPR, when targeting g17. This 100-fold reduction
was 100 times less than had been achieved by Kiro et al. when targeting g1.7 using the same CRISPR
system [25]. Although the same type of CRISPR system was used, there were differences in the protocol
used as we did not pre-induce the CRISPR system, unlike Kiro et al. [25]. However, when repeating
the experiment using E. coli BL21(DE3) and BL21-AI, allowing for induction of the CRISPR system
prior to phage addition, we found no difference in Type I CRISPR efficiency with or without induction.
Therefore, the difference in observed EOP may simply be down to the selection of the most optimal
gRNA. The EOP obtained in this study with different gRNAs varied from 1 to 1 × 10−4, which is within
the range reported for other studies where the EOP obtained with different gRNAs varies from 1 to
1 × 10−6 [29,30].

Using a type II CRISPR system we obtained a 1000-fold reduction when targeting g17 with gRNA2,
which is higher than any gRNA used for the type I system in this study. In targeting g17 with a
similar number of gRNAs distributed across the region of interest, it is clear to see that that type
II CRISPR system was generally more efficient than the type I system. The 1000-fold reduction we
obtained with a type II CRISPR system is within the range of 10−1 and 106 -fold that has previously
been reported when using a type II CRISPR system to target phage T4 [29,30]. What gives rise to the
large variation in efficiency of different gRNAs is not clear. For non-bacteriophage systems where type
II CRISPR has been widely used, there have been numerous studies to predict the efficiency of different
gRNAs (see Wilson et al. 2018 for a review) with large databases of validated gRNAs for different
organisms [56,57]. Very high or low GC content of gRNAs has been shown to be an important factor in
the decreasing efficiency of gRNAs when targeting human cell lines [58], whereas, we found that the
efficiency of gRNAs increased with GC content, albeit on small sample. These differences are probably
not unexpected given the vastly different backgrounds when using a type II CRISPR system in human
cell lines and bacteria.

Given the number of CRISPR systems available to engineer phages, it is often difficult to compare
across systems. For instance, the Cas9 used in this study originated from S. pyogenes, whereas other
studies have used Cas9 that originates from S. thermophiles, potentially adding to differences in efficiency,
combined with the choice of gRNA that is known to be critical [59–61]. Within this study, we directly
compared a marker-based system with both type I and II CRISPR systems. Based on the results
obtained here, it is clear the most efficient gRNAs for the type II CRISPR system had a higher GC
content, an important factor to consider when designing new gRNAs. In contrast with type I system,
there was no clear and obvious pattern that may lead to the design of gRNAs that are more effective.

In addition to assessing the effectiveness of a type I and II CRISPR systems and marker-based
selection for the ability to target g17, we observed differences in the ease of use of these systems. In this
study we designed a new vector to be used with type I systems that allows gRNAs to be quickly
inserted. Whilst this allows the rapid changing of different gRNAs, the system still requires the use
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of three plasmids. The growth of cells that contain this system was severely inhibited in our hands,
making the system difficult and cumbersome to work with compared to a type II system. The choice
of method for creating phage mutants will depend on a number of factors and the use of CRISPR
allows the creation of clean deletions that cannot be achieved using marker-based methods, whilst also
allowing the creation of multiple mutations, whereas in comparison, marker-based methods are limited
to the number of markers that can be selected for. However, the use of marker-based methods has
the advantage of being extremely efficient, in particular trxA, for the selection of phage mutants and
does not require multiple gRNAs to be designed and tested. Within this study we were able to rapidly
generate a number of tail fibre mutants (the majority of which ultimately proved to be non-functional
in their ability to infect E. coli) using trxA-based selection. The functional T7–Yep–phi tail fibre hybrid
adds to the growing evidence that functional synthetic phages can be engineered [16,24,25].

5. Conclusions

The use of the trxA marker-based positive selection proved the most efficient at selecting against
wild-type phage T7. We were able to use this system to rapidly engineer eight T7 tail fibre mutants.
Although only one of these mutants was ultimately found to be functional. The comparison of type
I and II CRISPR systems demonstrated that the type II system was the most efficient at targeting
wild-type phage T7. This method was also easier to use and would be method of choice if choosing a
CRISPR based selection approach. Furthermore, we highlighted that when using CRISPR selection to
engineer phage T7 the GC content of the spacer can impact the efficiency. The direct comparison of
these three methods provides a basis for further T7 engineering, and aid others who wish to engineer
phages in choosing the most appropriate method.
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