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Abstract

Antimicrobial resistance (AMR) is one of the largest threats facing modern-day
healthcare and society in the coming decades. AMR genes are widely
disseminated on genetic vehicles called plasmids, leading to resistant bacteria in
many environments. Development of new antibiotics is inefficient, and
stewardship of existing antibiotics is often ineffective. One promising novel
approach to reduce AMR in bacteria is the delivery of genes coding for CRISPR-
Cas9, which can specifically cleave a target sequence of choice — and in this way

can be utilised to kill bacteria or remove their resistance plasmids.

The general concept of such CRISPR delivery tools has been proven to be
effective under laboratory conditions, however antibiotic resensitisation is more
complex when targeting natural plasmids in mixed microbial communities. In this
thesis, | aimed to develop a CRISPR delivery tool that can reach various species
of bacteria embedded in microbial communities and resensitise these to
antibiotics, allowing successful treatment using existing antibiotic drugs.

In the first chapter, | reviewed the role which plasmids play in the AMR crisis by
horizontal transfer of resistance genes. | summarised various approaches of
counteracting this, with a focus on CRISPR-mediated AMR plasmid removal. In
the second chapter, | engineered a broad host-range plasmid pKJKS5 to encode
CRISPR-Cas9 (pKJK5::Cas). | showed that this plasmid can be used to block
target AMR plasmid uptake in Escherichia and Pseudomonas isolates. In the third
chapter, | utilised pKJK5::Cas’ conjugative ability to remove a target AMR plasmid
from recipient bacteria, which depended on pKJK5::Cas conjugation efficiency

and CRISPR targeting efficiency.

In the fourth chapter, I investigated removal of the broad host-range conjugative
plasmid RP4 by pKJK5::Cas. | found that presence of toxin-antitoxin systems and
target plasmid incompatibility can interfere with the use of pKJK5::Cas. In the fifth
chapter, | assayed pKJK5::Cas transfer and maintenance in a synthetic bacterial
community. Surprisingly, pKJK5::Cas maintenance and fithess of its host was
dependent on community context where the plasmid became lost from a
Variovorax host strain in presence of Stenotrophomonas growth partners. Finally,
| offer concluding remarks on my data where | speculated under which conditions

target plasmid removal may be successful in such a community context.
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Chapter 1: Literature Review

Introduction

Routine healthcare is heavily dependent on antibiotics (Aminov, 2010).
Alarmingly, many bacterial pathogens that cause infections are becoming
increasingly resistant to antibiotics due to the acquisition of resistance through
mutation and mobile resistance genes coding for antimicrobial resistance (AMR).
In 2019, over one million deaths were directly attributable to bacterial AMR
(Murray et al., 2022), and the problem is getting worse: it is predicted that AMR
will surpass cancer to be the leading cause of death worldwide by 2050 (O’Neill,
2016). The issue is now so urgent that it has been argued that a paradigm shift
is needed which changes the value society attaches to antibiotics in order to

incentivise development of new antibiotic pharmaceuticals (Ardal et al., 2017).

AMR encompasses resistance of all microbes against their drugs, but as this
thesis focuses only on AMR in bacteria, | use the term AMR throughout this thesis

as a shorthand for bacterial antibiotic resistance.

Antibiotics and Antimicrobial Resistance

With the discovery of Penicillin in 1928, antibiotics initiated a new era in
healthcare. The following decades saw rapid development of a multitude of
classes of antibiotics, with aminoglycosides, cephalosporins, tetracyclines, and
macrolides all being discovered in the 1940s. More recent additions to this list are
glycopeptides and (fluoro-)quinolones, discovered in the 1950s and 1970s
respectively. In recent decades, the rate of discovery of new antibiotics has
however come to a near-standstill. Resistance to hallmark drugs of all antibiotic
classes was first identified within, at most, 11 years after their discovery (Medical
Research Council, 2014). Drug-resistant infections are now the norm in most
countries across the world: for instance, the vast majority of bloodstream and
urinary tract infections worldwide are resistant to Ampicillin, with resistance
against other antibiotics varying. While such resistance may, in part, be intrinsic
to certain pathogens, examples of multidrug-resistant pathogens are also
common (World Health Organisation, 2021). Antibiotic resistance is hence a
global problem that transcends all bacterial pathogens, and can be found in
pathogenic as well as non-pathogenic bacteria where many of the resistance

genes first evolved (e.g. B-lactamases; (Humeniuk et al., 2002)).
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Mechanistically, antibiotic resistance can be grouped into three main
mechanisms of action (reviewed in (Cag et al., 2016; Iskandar et al., 2022)): efflux
pumps reduce drug accumulation and induce their expulsion, target modification
prevents drugs acting upon their target enzymes, and drug inactivation modifies
the antibiotic into an inactive form. All these different resistance mechanisms are

encoded by AMR genes.

Acquisition of Antimicrobial Resistance

Broadly seen, bacteria can become resistant to antibiotics by two distinct
processes. Firstly, bacteria can become resistant by mutations to existing genes.
This emergence of resistance is higher in mutator strains (Cag et al., 2016),
readily occurs in the laboratory (Toprak et al., 2012), and for instance has been
shown to be the cause of resistance in clinical isolates of Pseudomonas
aeruginosa (Yee et al.,, 1996). Secondly, bacteria can acquire AMR genes
through horizontal gene transfer (HGT). HGT is the process of exchange of
genetic material between bacteria of the same or different species, and is
considered a major factor in the spread of AMR genes (Partridge et al., 2018).
Acquisition of AMR genes by HGT is the most frequent cause of resistant clinical
infections (Yelin and Kishony, 2018).

Horizontal Gene Transfer and Mobile Genetic Elements

HGT is a common process in bacterial evolution that is thought to be essential
for survival of bacterial populations by countering gene loss through mutation
(Koonin, 2016). Although HGT can occur between distantly related bacteria, this
process is still restricted by phylogenetics due to preferential transfer to and gene
uptake from closely related bacteria. For instance, acquired AMR genes cluster
phylogenetically across E. coli genomes, and inter-phylum transfer does occur
but is very rare (Petitjean et al., 2021).

Most commonly, HGT can occur by natural transformation (Griffith, 1928), by
transduction (Zinder and Lederberg, 1952), or by conjugation (Lederberg and
Tatum, 1956) (Figure 1.1). Of these mechanisms, HGT by conjugation is thought
to be by far the most prevalent and most effective means of rapidly dispersing
genes through bacterial communities, such as in the gut or soil (Ogilvie et al.,
2012). In 2018, a study estimated gene transfer rates arising from conjugation,
transduction, and natural transformation as well as vesicle-mediated gene
transfer. Using data from past studies and other properties intrinsic to each mode

16
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of HGT, such as the ability to mobilise genes across species, the author’'s models
predicted that genes transferred by conjugation alone or by all three mechanisms
together can reach fixation in bacterial communities in under a month, while this
process takes 7-8 years without conjugative transfer (Nazarian et al., 2018).
However, recent work argues that the relative importance of transduction may

have been underestimated with the discovery that small plasmids may also be

transduced (Humphrey et al., 2021).
e

e
->

Conjugation Transduction Transformation

Figure 1.1 Prominent mechanisms of Horizontal Gene Transfer.

A Conjugation. Adonor cell (yellow) contains a plasmid (blue), which encodes
genes necessary to form a conjugative pilus, connecting it to a recipient cell
(grey). The plasmid is copied and transferred into the recipient cell, generating
a transconjugant. B Transduction. The donor cell (yellow) is lysed by
bacteriophage (pale yellow), which infected and replicated within this host.
Some phage particles mistakenly packaged bacterial DNA (blue), which is
transferred into the next cell infected by such a virion. C Transformation. The
recipient cell (grey) takes up DNA from the environment, e.g. released by a
dead bacterium (yellow).

Transformation is a general method of uptake of environmental DNA fragments
and their incorporation into the genome. This process is highly relevant to the
evolution of a small subset of bacterial species, such as Acinetobacter baylyi or
Staphylococcus aureus (Ray et al., 2009; Ambur et al., 2016). HGT through
conjugation and transduction is mediated by particular mobile genetic elements
(MGEs; see Box 1.1), specifically plasmids and bacteriophage (phage)
respectively. Plasmids are usually circular pieces of DNA, and during conjugation
a pilus forms to connect two bacterial cells, after which the plasmid is linearised,
copied, and transferred into the recipient cell, generating a transconjugant
(Garcilldn-Barcia et al., 2009). Phage are viruses that infect and replicate inside
bacterial hosts. During transduction, bacterial DNA is packaged into phage
particles and mobilised into other cells (Clokie et al., 2011). In specialised
transduction, DNA sequences flanking an integrated prophage are packaged into
virions once the phage excises (Kwoh and Kemper, 1978). Generalised

17



Box 1.1 Mobile Genetic Elements (MGES)

MGEs are autonomous genetic elements that, while needing the replicative machinery of their
bacterial host, divide and spread independently of the bacterial chromosome. MGEs often impose
a growth cost on their host, but depending on their genetic payload can also give them a fithess
benefit — for instance, by carrying AMR genes. The most common MGEs, plasmid and phage, are
mediators of HGT by conjugation and transduction respectively.

Plasmids are usually circular pieces of DNA with a broad range in size. Conjugative plasmids encode
all elements necessary to transfer (conjugate) to a different bacterial cell, while mobilisable plasmids
encode no transfer machinery and instead hitchhike with co-residing conjugative plasmids. Smaller
plasmids are often not mobilisable by conjugation, but recent evidence suggests that they may be
transferred via phage transduction instead (Rodriguez-Rubio et al., 2020). Plasmids of the same
incompatibility group, defined by their replicative machinery, cannot be distinguished as separate
elements by the host cell and thus cannot be co-maintained (reviewed in (Shintani et al., 2015)).

Bacteriophage (phage) are bacterial viruses which encase their genetic material in a protein capsid.

Specialised tail fibre proteins inject the phage DNA (or RNA) into the bacterial host, and the bacterial
machinery gets hijacked to produce progeny phage. Phage can broadly be categorised into lytic,
where progeny virion particles form immediately upon entering a new host cell and lyse the cell, and
lysogenic, where phage DNA can temporarily integrate into the bacterial genome as a temperate
part of the phage’s life cycle (prophage; (reviewed in (Clokie et al., 2011)). Transduction describes
the erroneous transfer of bacterial DNA between unrelated bacterial cells by phage particles.

Many more MGEs beyond plasmids and phage form a complex network of genetic material and
move between different locations within and between bacterial cells. Genomic islands, plasmids,
gene cassettes, integrons, transposons, insertion sequences and their derivatives are all different
types of MGEs which act in parallel and often associate with each other in complex mosaics. In this
way AMR and other payload genes can be moved between various bacteria.

Some MGEs are related to plasmid or phage, but don't fully fit either definition. Integrative conju-

gative elements transfer like conjugative plasmids but integrate into their host's genome. Phage-
plasmids possess hallmarks of both phage and plasmids, and it is unknown whether they form
virions as well as transfer conjugatively (Pfeifer et al., 2020). Phage satellites (Christie and Dokland,

2012) and phage-induced chromosomal islands (Fillol-Salom et al., 2018) are dependent on phage

infection to disseminate by parasitising on an infecting phage. Well known such elements include
Staphylococcus aureus pathogenicity islands which are heavily implicated in S. aureus toxicity and
sometimes carry resistance genes (reviewed in (Novick et al., 2010), and Vibrio cholera PLEs, which
protect their host cells from phage infection (Barth et al., 2020).

A plethora of smaller MGEs can capture genetic material or move it between different compartments
in bacterial cells; clinically relevant AMR plasmids frequently play host to these (Partridge et al.,

2018). Mobile integrons, residing on plasmids or on the chromosome, capture and integrate genes

from their host or shuffle the order of genes within their operon to change their expression levels
(Cambray et al., 2010; Souque et al., 2021). Integrons are often associated with transposons, which
can copy themselves between different genetic compartments. Insertion sequences (IS) are very

short sequences often only containing a single transposase gene which insert themselves into dif-

ferent areas of genomes. A simple composite transposon carries cargo genes and is bound by two

ISs. Typically, larger transposons carry multiple transposases, inverted repeats, and several cargo
genes — and can thus carry multiple AMR genes between genomic regions (Partridge et al., 2018).
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transduction sees genetic material located elsewhere on the chromosome
packaged into the phage capsid. During lateral transduction, large segments of
the chromosome are erroneously transferred between bacteria — and recent data
indicates that this large-scale transfer of genetic material may result in the
chromosome being more mobile than “classical” MGEs in species such as
Staphylococcus and Salmonella (Hall, 2021; Humphrey et al., 2021).

Plasmids are majorly implicated in the spread of AMR (Carattoli, 2013), and
despite phage sometimes transducing AMR genes and some claims of high
relative importance of phage transduction (e.g. (Debroas and Siguret, 2019; Jian
et al., 2021) it is generally accepted that AMR gene transfer by transduction is
rare compared to conjugation (Volkova et al., 2014), although these processes
remain poorly quantified in the natural environment.

In addition to the three main mechanisms of HGT, less well-described means of
DNA uptake can be mediated by microvesicles, nanotubes, or phage-like gene
transfer agents (Arnold et al., 2021). Of these, especially DNA transfer by
microvesicles — which is not specific towards particular DNA sequences (Tran
and Boedicker, 2017) — has been implicated in AMR gene transfer, for instance
in Acinetobacter (Rumbo et al., 2011).

Antimicrobial Resistance in the Environment

HGT between different bacterial species leads to a situation where AMR genes
from harmless environmental bacteria can find their way into pathogens which
then proceed to cause infections in humans (Andersson and Hughes, 2014).
Bacteria resistant to clinically relevant antibiotics can be found in many
environments, for instance in rivers (Amos et al., 2015), coastal waters (Leonard
et al., 2018), and in soils (Knapp et al., 2010). In general, the open environment
is strongly linked to the emergence of antibiotic resistant strains of bacteria (e.g.
reviewed in (Wellington et al., 2013)) and is now recognized as a key reservoir of
AMR in addition to the more traditional reservoirs of resistant bacteria in humans
or animals (POST, 2019).

To further compound this issue, antibiotics are also used beyond healthcare in
livestock farms (often to a greater extent than in humans; (O’Neill, 2016)), in crop
agriculture (McKenna, 2019), in aquaculture (Lulijwa et al., 2020), and until
recently in apiaries (Bulson et al., 2021). Run-off from these environments and

from wastewater after human consumption of antibiotics release low
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concentrations of antibiotics in the environment, which can select for transfer of
resistance genes by providing slight fithess benefits (Andersson and Hughes,
2014). Additionally, heavy metal-contaminated environments can co-select for
antibiotic resistance (reviewed in (Seiler and Berendonk, 2012)), either because
resistance mechanisms against these two contaminants are similar (e.g. efflux
pumps), or because the genes are linked (e.g. both residing on the same
plasmids). Together, this led to AMR being identified as an emerging issue of

environmental concern by the United Nations in 2017 (United Nations, 2017).

Current Strategies and Concepts to Mitigate Resistance
Tackling AMR requires a multilateral approach, whereby responsible use of
existing antibiotics, development of new antibiotics, and development of

alternative treatments are all crucial.

Responsible use of antibiotics

Antibiotic stewardship aims to enable us to keep using existing antibiotics by
reducing the rate of AMR evolution. While some antibiotic use in agriculture is
necessary to prevent animal illness, many countries are now banning clear mis-
and overuse of antibiotics in these settings, such as for a prophylaxis,
metaphylaxis or growth promotion. For instance, aquaculture antibiotic use is now
strictly regulated in most high-income countries across the world (Lulijwa et al.,
2020). Beyond this, new initiatives aim to curb even the more traditional use of
antibiotics, for example by teaching farmers to identify sheep illnesses early
enough to make them treatable without antibiotics (Jones et al., 2020).

Regarding healthcare, broad-spectrum antibiotics are often prescribed as a ‘one-
size-fits-all’ treatment, and as such are sometimes unnecessarily used or are
used when a more appropriate narrow spectrum antibiotic would be preferable.
A public information campaign attempted to bring this issue closer to the general
public by imploring them to not unnecessarily demand antibiotics, always finish a
course of antibiotics, and to use antibiotics for pets responsibly (Public Health
England, 2014). This was effective in re-enforcing previous positive behaviours,
but had a limited effect in engaging unresponsive members of the public (Kesten
et al., 2017).

20



© 0 N o o b

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28

29
30
31
32
33

Novel antibiotics
Alongside these preventative strategies, discovery of novel antibiotics is crucial

to allow treatment of pathogens resistant to even our last-resort antibiotics.

In general, antibiotic development is not a profitable investment for the
pharmaceutical industry due to novel antibiotics being reserved for last-resort
treatments, antibiotics’ short-lived treatment and functional time-span, and
regulations often changing (Renwick et al., 2016; Iskandar et al., 2022). One
problem with discovery of novel antibiotics is rediscovery. Identifying potential
bactericidal activity in environmental isolates is straightforward, but identification
of the proteins and genes responsible for this activity can be laborious.
Substantial amount of research money may be wasted if the compound in
question turns out to be previously known, or very closely related to a previously
known antibiotic. To counteract this, one approach is to search through the
microbiome of traditionally under-analysed environments, e.g. of deep-sea
sponges, which are more likely to contain novel microbes, genes, and gene
products (Williams et al., 2020). Functional metagenomics (dos Santos et al.,
2017) and enhanced screens of functional metagenomics libraries (Stocker et al.,
2020) additionally allow a screen of antibiotic activity without the need for
identification of the microbe producing these novel compounds. Taking this one
step further, in in situ cultivation approaches enable to grow and analyse a larger
breadth of microbes (Berdy et al., 2017) and led to discovery of teixobactin,
produced by a previously unculturable soil microbe (Ling et al., 2015). While this
antibiotic shows promising activity and low resistance development in vitro and in
vivo, challenges such as drug delivery, activity against Gram negative pathogens,

and larger scale production remain (reviewed in (Gunjal et al., 2020)).

On balance, the development of new antibiotics is inefficient and expensive (Ardal
et al., 2017), so there is a need to look further than stewardship of existing and

discovery of new antibiotics to tackle this mounting problem of AMR.

Alternative means of tackling antimicrobial resistance

A broad variety of alternative approaches to reduce AMR aim to find new means
of killing bacteria, or to reduce the need for antibiotics by decreasing the
prevalence of infection, or to resensitise bacteria to antibiotics, or a combination

of these (reviewed in (Kumar et al., 2021)).
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Most prominently, phage therapy involves the use of bacteriophage to target and
kill pathogenic bacterial species. Phage are highly effective at killing bacteria, and
have been used to treat bacterial infections in some eastern European countries
throughout the latter half of the 20™ century (Miedzybrodzki et al., 2018). Now this
approach is being revisited around the world (Roach and Debarbieux, 2017). For
example, their efficacy was tested to treat infected wounds of burn patients in a

recently completed clinical trial (Jault et al., 2019).

One of the advantages of phage therapy is the relative ease by which phage can
be isolated: bacteriophage are the world’s most abundant biological entity and
ubiquitous in nature. Furthermore, phage epidemics spread rapidly through large
populations as lysis can occur within minutes after first contact and results in
hundreds of progeny phage (Clokie et al., 2011). Phage treatment can sometimes
select for collateral antibiotic sensitivity, making this approach attractive for use
alongside traditional antibiotic treatments (Chan et al., 2016), but in other cases
phage may also select for antibiotic resistance (Tariq et al., 2019). Finally, phage
are notoriously specific to their bacterial hosts, allowing targeting of a single
pathogenic strain while leaving other bacteria unharmed. However, when treating
a more undefined infection, narrow phage host-range becomes a drawback —
phage host-range engineering, directed evolution, and application of mixtures of
different phages (phage cocktails) can alleviate target specificity to some extent
(Pires et al.,, 2016). Furthermore, bacteria have evolved several defense
mechanisms against phage lysis, for example abortive infection, receptor
mutation, restriction-modification, and CRISPR-Cas (reviewed in (Westra et al.,
2012; Tal and Sorek, 2022)). To circumvent some of these issues, the application
of phage lysins may help to directly lyse pathogenic bacteria (Vazquez et al.,
2018).

Antimicrobial peptides (AMPs) can also be used to kill bacteria. Unlike antibiotics,
these small molecules are peptide-based and naturally produced by prokaryotes
and eukaryotes (including humans) as part of the innate immune response,
showing broad activity against microbes. Many AMPs simply function to enhance
other parts of the innate immune system, while others have active bactericidal
properties (Jenssen et al., 2006). More recent work has shown that resistance to
AMPs is less likely to occur than resistance to antibiotics due to their fundamental

multi-target nature, and even more encouragingly that antibiotic resistant bacteria
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generally show sensitivity to AMPs. Unlike for antibiotic resistance genes, HGT
doesn’t play an important role in AMP resistance (Lazar et al., 2018). This makes

AMPs a promising area for clinical investigation (Mahlapuu et al., 2016).

Other bactericidal approaches include the use of predatory Bdellovibrio bacteria
to clear pathogenic bacterial infections (Negus et al., 2017) or the use of non-
coding RNAs which can, for instance, control gene expression or induce mRNA
degradation (reviewed in (Parmeciano Di Noto et al., 2019)). Nanomaterials can
be used to deliver novel drugs with antimicrobial properties, and sometimes
possess bactericidal properties themselves (reviewed in (Baptista et al., 2018)).

Manipulation of the microbiome can both reduce infection prevalence and, in
some cases, directly kill problematic bacteria. For instance, faecal microbiome
transplants aim to augment the gut flora of a patient with dysbiosis with a healthy
gut microbiome. This has long been in use for livestock and experimentally in
ancient and modern human medicine, but the clinical efficacy remains unclear
(Kumar et al., 2021). As a less extreme approach, the use of probiotics sees the
application of one or several strains of bacteria to revert dysbiosis of a
microbiome. However, recent trials suggest that there is considerable variation in
how susceptible a patient is to microbiome manipulation, with some individuals

naturally being resistant to probiotic colonisation (Zmora et al., 2018).

With the aims of reducing infection, quorum sensing (QS) inhibitors disrupt
bacterial communication which is key to biofilm formation and bacterial virulence.
Disrupting this process with QS inhibitors (reviewed in (Saeki et al., 2020)) could
help prevent persistent bacterial infections — but applying these to clinical settings
may not be straightforward (Kumar et al., 2021). Additionally, several different
areas of research aim to boost our immune system, for instance by application of
monoclonal antibodies — some of which also have direct bactericidal properties
(reviewed in (Streicher, 2021).

Beyond this, plasmid curing approaches aim to remove plasmids and resensitise
bacterial hosts to allow successful antibiotic treatment (reviewed in (Buckner et
al., 2018; Vrancianu et al., 2020)). The earliest efforts involved the use of plasmid-
curing compounds (e.g bile, (Garcia-Quintanilla et al., 2006), Ethidium Bromide
(Bouanchaud et al., 1969), sodium dodecyl sulfate (SDS; (Tomoeda et al., 1968)),
apramycin (DeNap et al., 2004)). These generally only affect specific bacteria-

plasmid combinations, need high local dosage, and show toxicity in vivo.
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Alternatively, phage can produce plasmid-loss-inducing compounds, or create a
selective pressure against uptake of certain plasmids (e.g. PRD1 (Jalasvuori et
al., 2011), M13KE (Lin et al., 2011), SBW252¢ (Harrison et al., 2015)).

Most prominently, plasmid incompatibility — defined by their replicative machinery
— can be exploited for plasmid curing. Different plasmids of the same
incompatibility group can temporarily coexist, but not be co-maintained in the
same bacterial cell. This was first exploited with the discovery that high-copy
vectors can replace resident plasmids of the same incompatibility (Inc) group
(Bringel et al., 1989). In this way, problematic AMR plasmids might be replaced
by harmless incompatible plasmids. This approach shows less toxicity than other
compound-based curing, but it can fail when target plasmids encode toxin-
antitoxin systems which cause post-segregational killing upon plasmid loss. To
circumvent this, a series of “pCURE” plasmids was engineered to encode various
origins of replication, origins of transfer, as well as antitoxin genes to rescue cells
cured of persistent plasmids (Hale et al., 2010). Further tweaking of this approach
resulted in small, high-copy humber pCURE derivatives which can cure resident
AMR plasmids from the mouse gut, and can subsequently be selected against
(Lazdins et al., 2020). Other similar displacement plasmids could be constructed
by deleting unwanted antibiotic resistance and toxin genes from natural AMR

target plasmids (Kamruzzaman et al., 2017).

Finally, as a relatively new approach which has found increasing attention in
recent years, CRISPR-Cas9 and related nucleases may be used either as an
antimicrobial or to remove AMR genes (reviewed in (Pursey et al., 2018)).
CRISPR-based antimicrobials are the focus of this thesis and reviewed in detalil

below.

CRISPR-based antimicrobials

In nature, CRISPR-Cas is a microbial immune system which bacteria and
archaea use in the battle against their viruses, bacteriophage. There are several
types of CRISPR-Cas systems, which use related enzyme complexes for the
same overall process (reviewed in (Makarova et al., 2020)) . An immune memory
is formed by integration of short sequences from phage genomes into a “spacer”
region on the bacterium’s chromosome, separated by repeat sequences — this is
where the acronym CRISPR (Clustered Regularly Interspaced Short Palindromic

Repeats) comes from. Later, when infected by a phage of the same genotype,
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the bacterium uses these spacers, transcribed as crRNA (CRISPR RNA), to
specifically guide its effector Cas (CRISPR-associated) proteins to the
complementary target sequence on the phage genome. Cas nucleases then
cleave the phage DNA, conferring immunity upon the host to this phage (reviewed
e.g. in (Faure et al., 2019); Figure 1.2A).

The high sequence specificity and versatility of CRISPR-Cas, especially of the
relatively simple Streptococcus pyogenes’ Type Il CRISPR-Cas9 system, has led
to a revolution in genome editing. What makes the use of CRISPR-Cas9
attractive is that rather than using a complex made up of multiple Cas proteins
this CRISPR system boasts a single nuclease, Cas9. In 2012, Jinek et al. fused
tracRNA and crRNA, the short RNAs necessary for target recognition, into a
single guide RNA (sgRNA). This transformed CRISPR-Cas9 into a simple, two
component system, ready to a target sequence of choice depending on the
sequence of the short sgRNA supplied together with the protein ((Jinek et al.,
2012); Figure 1.2B). Minor restrictions regarding target sequence remain, where

only a 20-nucleotide sequence followed by the sequence “NGG” can be targeted.

-

cas9 l SgRNA

Cas9

single

CRISPR locus cas genes guide RNA

Figure 1.2 CRISPR-Cas in nature and in biotechnology applications.

A: As an immune response, CRISPR-Cas functions by integrating incoming
bacteriophage DNA into its CRISPR locus as a spacer (1). This spacer is
transcribed and processed to CRISPR RNA (crRNA), which associates with
effector Cas nucleases (e.g. Cas9) (2). Upon a subsequent infection by a phage
of the same genotype the crRNA specifically guides the Cas nuclease to the
complementary sequence on the phage genome. The Cas nuclease cleaves the
phage DNA, aborting the infection (3). B: For biotechnology applications,
crRNA processing steps are skipped by use of a single guide RNA (sgRNA). In
this way, only two genes, cas9 and sgRNA, are needed to mediate specific
target sequence cleavage.
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This is called the proto-spacer adjacent motif (PAM) restriction, hardwired into
the Cas9 protein to ensure bacteria don’t cleave spacers in the CRISPR locus on
their own genome. Some applications surpass even this issue by engineering

Cas9 to change its PAM requirements (Leenay and Beisel, 2017).

Since then, CRISPR-Cas9 and related CRISPR systems have found numerous
biotechnology applications in most areas of biology. These are very diverse and
include eukaryotic gene editing and gene therapy (reviewed in (Williams and
Warman, 2017), microbial genetic and population engineering (Choi and Lee,
2016; Rubin et al., 2020), gene expression modulation (Vigouroux et al., 2018),
cellular event recording (Tang and Liu, 2018), and even population-level
engineering of insect populations using gene drives (Hammond et al., 2016). In
2008, Marraffini and Sontheimer suggested for the first time that CRISPR could
be used as an alternative to antibiotics in the face of rising resistance (Marraffini
and Sontheimer, 2008). In 2010, other ground-breaking work showed how natural
CRISPR systems retargeted towards lysogenised phage, therefore targeting the
host cell’s own genome, led to cell death (Edgar and Qimron, 2010). When used
in bacteria, double-strand DNA breaks can cause cell death if the bacterial
chromosome is targeted, or plasmid removal if such an accessory genetic

element is the nuclease’s target.

Therefore, CRISPR can be applied as an alternative to antibiotics with two
different approaches: bacteria can be directly killed, or they can be resensitised
to antibiotics by removal of AMR plasmids. Approaches which aim to directly kill
bacteria are pathogen-targeted, as they are specific to the target pathogens. In
contrast, approaches which resensitise bacteria to antibiotics can be seen as
gene-targeted, as they are specific to the nucleotide sequence of the target gene.
This perspective might allow appropriate choice of delivery vehicle for CRISPR-
Cas genes, where a pathogen-specific delivery vehicle such as phage may be
more suited to pathogen-targeted bactericidal approaches (Sunderhauf et al.,
2018).

Bactericidal CRISPR treatments

Most earlier studies regarding CRISPR-based antimicrobials focussed on direct
killing of target strains. In 2014, several groups independently carried out proof-
of-concept experiments in which CRISPR genes were delivered to target bacteria

to selectively kill a specific, pathogenic strain while keeping other closely related
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strains alive. Gomaa et al. (2014) delivered the genes necessary for CRISPR-
killing by transformation, a technique which is unlikely to work outside a laboratory
setting. The other studies, in which pathogenic Escherichia coli (Citorik et al.,
2014) or Staphylococcus aureus (Bikard et al., 2014) strains were specifically
killed utilised engineered bacterial viruses, termed phagemids, as CRISPR
delivery tools. The use of phagemids has the advantage of being more suitable
to in vivo applications than direct transformation, as indicated by the use of

Galleria mellonella or mouse skin animal models in these studies.

As such, many later studies essentially combined phage therapy with CRISPR by
generating engineered bacteriophage. For instance, Park et al. engineered S.
aureus phage to carry CRISPR-Cas9 and broadened their host range by
modifying their tail fibres (Park et al., 2017). In a combined plasmid-delivery and
phage-capsid-delivery study, Kiga et al. deployed Casl3a to E. coli and S.
aureus, targeted towards antibiotic resistance genes. Casl3a has pleiotropic
RNAase activity when a target sequence is present, therefore target strain growth
inhibition occured regardless of the genomic position of the target gene (Kiga et
al., 2020). In the same year, Selle et al. engineered a Clostridioides difficile phage
to carry spacers matching the bacterial host genome. The host's own CRISPR
system could utilise these spacers, and this made target strain killing more
effective, both in vitro and in a mouse model (Selle et al., 2020). Similarly, use of
engineered Cas9-expressing M13 phage allowed depletion of specific E. coli

strains from the mouse gut (Lam et al., 2021).

Beyond phage, researchers have experimented with other MGEs as delivery
vehicles. For example, Ram et al. engineered a Staphylococcal pathogenicity
island to encode CRISPR-Cas9. This treatment cleared S. aureus infections and
improved disease outcome in mice (Ram et al., 2018). In a study with the aim to
kil Salmonella enterica, conjugative Cas9 plasmids were developed and
delivered to the target from an E. coli donor. Cas9 and the conjugation machinery
being expressed from the same rather than from separate plasmids was shown
to increase Kkilling efficiency (Hamilton et al., 2019). In a different study,
conjugative delivery of CRISPR-Cas9 on a plasmid that had undergone
accelerated evolution to be a more effective spreader allowed manipulation of

target strain frequencies in the mouse gut (Neil, Kevin et al., 2021).
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A single study investigated a delivery method not linked to MGEs: A Cas9-sgRNA
nanocomplex could directly be delivered to methicillin-resistant S. aureus despite

their thick cell wall to induce cell killing (Kang et al., 2017).

Resensitisation of Target Strains

Rather than targeting bacterial chromosomes, several studies have used
CRISPR to target and remove accessory AMR genes, therefore resensitising
bacteria to the relevant antibiotics. Gene delivery methods also varied throughout
these studies. One of the earliest studies used direct transformation of bacterial
cells to deliver the necessary CRISPR genes to target B-lactamase plasmids (Kim
et al., 2015). With the same delivery method, Sun et al. resensitised a clinical E.
coli isolate to colistin by removing its mcr-1-plasmid, and addition of an
antimicrobial peptide enhanced Cas9 activity in this system (Sun et al., 2017).
Using another transformation-based approach, Tagliaferri et al. transformed E.
coli with a Cas9-plasmid and found that this technique could remove high copy-
number plasmids. When resensitising clinical isolates, this method was more
effective in E. coli than Klebsiella (Tagliaferri et al., 2020). In an alternative
approach to more effectively clear high-copy number plasmids, Valderrama et al.
developed a gene-drive-like methodology where target E. coli were transformed
with a Cas9 plasmid and a second plasmid, which encoded lambda-red
recombination systems and sgRNA flanked by arms homologous to the target
sequence. This enabled the target gene to be knocked out by insertion of the
targeting sgRNA and was considerably more effective at resensitising E. coli than
standard Cas9 targeting (Valderrama et al., 2019). As a slightly different
approach which did not target MGEs, catalytically inactive dCas9, which is now
widely used as a gene expression inhibition tool (Vigouroux et al., 2018), was
delivered to S. aureus to abrogate chromosomal mecA AMR gene expression.
While gPCR showed a significant reduction in gene expression, this wasn’t
sufficient to resensitise the bacteria to methicillin (Wang and Nicholaou, 2017).

Phage-based Cas9 delivery has also been experimented with for plasmid
clearance: Yosef et al. used a system with two different engineered phagemids
to first remove antibiotic resistance genes from bacteria, whilst at the same time
giving resensitised bacteria a selective advantage by immunising them against

the second engineered phage, applied afterwards (Yosef et al., 2015).
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The most promising CRISPR-directed plasmid clearance applications deliver
Cas9 by conjugation on a conjugative or mobilizable plasmid. This theoretically
allows delivery of Cas9 genes to, and plasmid clearance from, bacterial strain
and species not typically tractable in the laboratory. However, most past studies
developed these CRISPR delivery tools as proof-of-concept and applied them to
E. coli only. For instance, Dong et al. removed accessory mcr-1 genes from E.
coli by constructing a conjugative CRISPR plasmid with a relatively narrow host-
range (Dong et al., 2019). An alternative approach of curing mcr-1 plasmids from
E. coli clinical isolates applied a mobilisable Cas9 plasmid in an engineered E.
coli donor which encoded its own conjugative machinery (Wang et al., 2019). A
different mobilisable Cas9 approach used broad host-range conjugative plasmid
RP4 to help deliver the CRISPR plasmid between different E. coli strains. Target
plasmids could be removed using this approach, but after 72 hours of growth RP4
spread further without mobilising the CRISPR plasmid (Ruotsalainen et al.,
2019).

A common theme throughout the different studies using conjugative or
mobilizable plasmids for Cas9 delivery is that low conjugation rates can limit the
efficacy of target plasmid removal. The same was true in an experimental system
established by Wongpayak et al., where a mobilizable Cas9 plasmid was
ineffective in clearing E. coli target plasmids when applying an E. coli donor
engineered to encode conjugative machinery. This was improved when the Cas9
plasmid was instead mobilised by means of a second conjugative plasmid.
However, this also caused target plasmid mobilisation, counteracting its removal.
Addition of a third incompatible displacement plasmid to stop re-infection by the
target plasmid addressed this and led to effective resensitisation (Wongpayak et
al., 2021).

Targeting of AMR plasmids can sometimes have knock-on effects. In
Enterococcus faecalis, an inactive CRISPR-system could be reactivated to
protect the host from incoming plasmids. However, transconjugants could still be
generated and plasmids could temporarily co-exist with the active CRISPR
system. If both were forced to be maintained over longer periods this resulted in
a fitness cost to the host strain, and thus allowed manipulation of E. faecalis strain
proportions in mixed populations (Hullahalli et al., 2017). Further work developed

a conjugative Cas9 plasmid which removed erythromycin-encoding E. faecalis
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plasmids in vitro and in a mouse model in vivo, albeit with poor efficiency due to
low conjugation efficiency. Interestingly, targeting plasmids also led to recipient
depletion due to slow growth of this strain, and surviving recipients were slightly

protected against uptake of AMR plasmids (Rodrigues et al., 2019).

Issues with current research

While these previous studies form a solid basis for future work and provide a
valuable proof-of-concept for the use of CRISPR against AMR, there are still
several challenges associated with developing this technology. These can be
summarised as challenges of gene delivery, evolution of resistance, community

complexity, and legislation (reviewed in (Pursey et al., 2018)).

CRISPR delivery

Perhaps experimentally most pressing, the challenge of gene delivery highlights
the need for development of delivery methods which can be applied in vivo or in
situ and are an effective means of reaching target bacteria. It is essential to tailor
this to the final application: If CRISPR is being used to target and kill specific
pathogenic strains, phage-based delivery might be best. If instead a resistance
gene should be removed from an entire microbial community, conjugative
plasmid-based delivery may be more appropriate (Stinderhauf et al., 2018). While
previous studies have already trialled both delivery methods (see previous
section), further work needs to be carried out to make these more feasible.
Disadvantages of phage include the work needed to engineer them to encode
CRISPR-Cas as well as having to find an appropriate phage cocktail. This
negates the utility of CRISPR-Cas and the ease with which its target sequence

can be programmed.

Conjugative delivery needs to be made more broad-host range without
dependence on a specially engineered donor strain, which would likely be
outcompeted quickly in the microbial communities it is introduced to.
Development of a truly broad host-range delivery plasmid is needed. Such
plasmids are often large and difficult to engineer, which is why most past studies
relied on a natural conjugative plasmid and engineered a smaller mobilizable
CRISPR plasmid. However, data show that systems like these are not an
effective means of reaching an entire target population (Hamilton et al., 2019;

Ruotsalainen et al., 2019).
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Target Community Complexity

The challenge of gene delivery ties in nicely with community complexity, which
increases when moving from controlled lab experiments to in vivo and in situ
applications. Upon removal of a bacterial target species, other more virulent
community bacteria may fill this ecological niche: microbiomes with altered
species composition (for instance after antibiotic application) are prone to
invasion by bacterial pathogens (Theriot et al., 2014). The same could be
possible for plasmid removal, upon which recolonization by other plasmids with
alternate resistance genes or virulence determinants could follow. More
generally, community composition can be tightly linked to community functioning,
with perturbations having unwanted consequences (Sierocinski et al., 2018). For
these reasons, careful consideration and risk assessment tailored to target
communities is necessary when applying CRISPR delivery tools to natural

communities.

Evolution of Resistance

From the studies outlined above, we know that resistance against CRISPR-Cas
(target avoidance) can and will evolve. The main mechanisms of resistance are
loss of CRISPR-Cas activity and point mutations in the target sequence (Bikard
et al., 2014; Citorik et al., 2014). The former can perhaps be addressed by
expressing multiple or engineered Cas variants; and the latter might be
circumvented by multiplexing, which involves expression of multiple sgRNAs
targeting different regions of the same gene. Furthermore, depending on the gene
delivery method, natural bacterial defences (including CRISPR-Cas itself as well
as other defenses such as Restriction-Modification) might interfere with CRISPR-

Cas delivery, too.

Legislative and Public Opinion Issues

Finally, apart from optimising the technology itself, there are significant legislative
and public acceptance barriers to novel environmental gene-editing technologies
such as this (reviewed in (Kofler et al., 2018)). A similar technology further in
development are CRISPR-Cas gene drives, used for manipulation and genetic
engineering of insect populations. Several scientific working groups have
published guidelines and frameworks around safe, ethical deployment of this
CRISPR-Cas technology in the laboratory and in the field (Akbari et al., 2015;

National Academies of Sciences, Engineering, and Medicine, 2016; James et al.,
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2018). However, while these are thorough resources, such self-governance by
researchers is not sufficient, as large-scale consequences of rolling out genetic
engineering technologies like these are often not considered (De Graeff et al.,
2019).

As both are environmental gene editing technologies, the main concepts,
frameworks, and ethical and regulatory shortcomings are transferrable from
CRISPR-Cas gene drives to CRISPR-Cas antimicrobials. In summary, most
current approval frameworks do not consider ethical and societal perspectives
and legislation is sorely lacking. Overall, local stakeholder support is crucial to

work towards legislative approval. (Kofler et al., 2018)

Thesis Objectives
This thesis aims to understand the efficacy of CRISPR-Cas delivery and AMR

target removal in a microbial community context.

In Chapter 2, | engineer Cas9-encoding broad host-range plasmid pKJK5::Cas
and use this to protect Escherichia and Pseudomonas laboratory strains and
environmental isolates from AMR plasmid uptake. In Chapter 3, | use pKJK5::Cas
to cure resident AMR plasmids from a target E. coli strain by conjugative delivery
of the CRISPR plasmid. | assess the impact of CRISPR targeting efficiency and
of CRISPR plasmid conjugation efficiency on target plasmid removal. In Chapter
4, | turn towards the impact of target-plasmid-specific properties on their removal
by pKJK5::Cas. Specifically, | assess the impact of toxin/antitoxin system
presence and of target plasmid incompatibility. In Chapter 5, | assess pKJK5::Cas

transfer and maintenance in a synthetic soil microbial community.

Finally, in the General Discussion, | apply the data generated throughout these
chapters by analysing how effective target plasmid removal may be from the
synthetic soil microbial community, and finish by reviewing in which environments
and under which conditions pKJK5::Cas application would be most effective, and

how this CRISPR delivery tool may be improved in future.
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Chapter 2: pKIK5::Cas as a broad host-range barrier
to plasmid uptake

Abstract

Antimicrobial resistance (AMR) is a key challenge facing healthcare. AMR genes
are often horizontally transferred between bacteria via plasmids; therefore,
blocking AMR plasmid uptake could reduce the prevalence of resistance genes.
Previous work has used CRISPR-Cas9 to target and cleave AMR plasmids for
this purpose, but Cas9 delivery has typically been achieved using narrow host-
range genetic elements, requiring re-engineering for application in a different host

background.

In this chapter, | engineered the broad host-range plasmid pKJK5 to encode Cas9
(pPKJK5::Cas) and a sgRNA programmed to remove cloning plasmid pHERD30T,
encoding gentamicin resistance. After testing which sgRNA target sequence led
to the most effective target plasmid removal, | demonstrated pKJK5::Cas target
removal by measuring transformation efficiency of a targeted plasmid in
Escherichia coli. Finally, | utilised the broad host-range feature of pKJK5::Cas
and showed that AMR plasmid uptake can be blocked in human, pig-gut, and

environmental coliform isolates as well as two Pseudomonas species.

This study shows that pKJK5::Cas can block AMR uptake in a range of species,
crucially without the need for re-engineering. This is a promising approach of
curbing resistance gene transfer to problematic species of bacteria.

Introduction

The adaptive immune system CRISPR-Cas provides bacterial cells with
protection against not only their natural predators, bacteriophage, but also
against other genetic elements including plasmids (Kamruzzaman and Iredell,
2020) which often carry antimicrobial resistance (AMR) genes, and can therefore
act as a barrier to horizontal gene transfer (HGT). In fact, when analysing
thousands of genomes of pathogenic Enterococcus, Staphylococcus,
Acinetobacter, and Pseudomonas, it was found that presence of a CRISPR-Cas
system is associated with AMR genes (Pursey et al., 2021). This was shown
experimentally in Enterococcus faecalis, where a CRISPR-Cas system could be

reactivated to protect its host from incoming plasmids (Hullahalli et al., 2017).
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CRISPR-Cas systems, particularly CRISPR-Cas9, have found a large range of
applications in biotechnology. It was first postulated over a decade ago that
CRISPR may provide a barrier against plasmid uptake (Marraffini and
Sontheimer, 2008). Previous approaches have used non-replicating phage
plasmids (phagemids) (Bikard et al., 2014; Citorik et al., 2014), expression
vectors (Gomaa et al., 2014), or synthetic conjugative or mobilisable plasmids
(Dong et al., 2019; Wongpayak et al., 2021) to deliver minimal CRISPR-Cas9
systems. These may be effective at blocking transfer of resistance genes into
specific strains, but would need to be re-engineered and re-tested for application
in a new target species due to their narrow host range. Therefore, we sought to
design a broad host-range CRISPR-Cas9 expression system which can block

AMR gene uptake in multiple species.

Such a CRISPR delivery tool may find application in healthcare or in the
environment: In healthcare, applying this treatment before exposure to antibiotic
resistant bacteria could prevent the resident microbiome from becoming
colonised by AMR plasmids. In the environment, this treatment would prevent
colonisation of soil or waste-water treatment plant microbiomes from colonisation
by AMR plasmids when exposed to contaminated slurry. In both scenarios, such
a CRISPR delivery tool would prevent local microbiomes from becoming

reservoirs of mobile AMR genes.

As a backbone for this CRISPR delivery tool we chose IncP-1¢ plasmid pKJKS5,
which has been shown to have a particularly broad host-range and can effectively
spread through soil, rat microbiome, pig gut, and waste-water treatment plant
communities using Escherichia coli, Pseudomonas putida, or Kluyvera spp. as
donors (Bahl et al., 2007a, 2007b; Klumper et al., 2015; Li et al., 2020). pKJIK5
was found to be taken up by multiple species of at least 10 phyla of mostly Gram
negative, but also Gram positive bacteria. These phyla included Acidobacteria,
Actinobacteria, Bacteroidetes,Firmicutes, Fusobacter, Gemmatimonadetes,
Planctomycetes, Pseudomonodota, Spirochatetes, and Verrucomicrobia
(Klumper et al., 2015). Classically, plasmids were considered broad host-range if
they could replicate in Enterobacteria and Pseudomonas species, but pKJK5
further meets the modern requirments of broad host-range plasmids to have the
ability to transfer between bacteria of different phylogenetic groups (Jain and

Srivastava, 2013). Generally, Inc-P1¢ plasmids are commonly found in
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environments such as soils, rhizospheres (Jechalke et al., 2013b), and organic

digestates in biogas plants (Wolters et al., 2014).

The gentamicin resistance-encoding cloning vector pHERD30T was chosen as a
target plasmid for these first experiments, as it can be maintained by Escherichia
and Pseudomonas spp., is compatible with pKJK5, and encodes no payload

genes which may interfere with CRISPR targeting.

In this chapter, | aimed to (1) engineer pKJK5 to encode a CRISPR-Cas9
cassette programmed to target AMR, and (2) test the ability of this recombinant
plasmid pKJK5::Cas to act as a barrier to AMR plasmid acquisition in different

bacterial species.

Methods

Strains, growth conditions, and molecular cloning

All bacterial strains used throughout the thesis are listed in Thesis Supplement
Table S1. Unless otherwise specified, all strains were cultured in LB at 37°C
whilst shaking at 180 rpm. Where necessary for plasmid selection, antibiotics
were added to achieve the following final concentrations: Ap — 100 pg/mL
Ampicillin; Carb — 250 pg/mL Carbenicillin; Cp — 25 pg/mL Chloramphenicol; Gm
— 50 pg/mL Gentamicin; Km — 50 pg/mL Kanamycin; Sm - 50 pg/mL
Streptomycin; Tc — 12 pg/mL Tetracycline; Tmp — 10 pg/mL Trimethoprim. Where
necessary, the following additives were added to growth media after preparation
of stock solutions and filter-sterilisation: Ara — 0.5% (w/v) Arabinose; Gluc — 0.5%

(w/v) Glucose.

Pig gut isolate bhiF2 was isolated from a microbial pig gut community: Briefly,
faecal pig samples, collected from four Cornish black pigs, were suspended in
10% Glycerol and 0.9% (w/v) NaCl, and subsequently blended and strained. The
resulting pig gut slurry was plated onto BHI (brain heart infusion) agar plates
without selection, and bhiF2 was one of several visually distinct bacterial isolates
picked from these plates. Genus identity was confirmed as Escherichia/Shigella
by 16S colony PCR (amplified using primers Forward 27F/Reverse 1492R; Table
S3), Sanger sequencing, and BLAST homology search.

Where E. coli MFDpir was used, cultures were supplemented with 300mM DAP
(diaminopimelic acid) to ensure growth of this auxotrophic strain. By omitting DAP
the strain could be selected against.
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Unless otherwise stated, all molecular cloning steps were carried out with high-
fidelity restriction enzymes (NEB) and according to manufacturer protocols, using

commercially chemically competent E. coli DH5a cells (NEB).

in silico cassette construction and specificity swap

A CRISPR-Cas9 gene cassette was constructed and restriction sites were
identified using Benchling (Benchling, 2015); an overview of the workflow is
shown in Figure 2.1. Sources of nucleotide (nt) sequences for each module are
summarised in Table 2.1.

Table 2.1: Sequence sources of CRISPR-Cas9 cassette coding and non-coding
elements.

Element Source

Cas9 Addgene plasmid # 39312 (Jinek et al., 2012) Coding sequence
only.

SgRNA Addgene plasmid # 44251 (Qi et al., 2013); N20 replaced to

target aacC1. Promoter and terminator as in source. Upper stem
edited as described in text.

GFPmut3b (Cormack et al., 1996)

Multiple  cloning | pPBAM1 (Martinez-Garcia et al., 2011). The final version is
site heavily edited to exclude restriction sites used elsewhere.

Cas9 promoter /| Asfound on pBAM1 (Martinez-Garcia et al., 2011): bla Ampicillin
terminator resistance upstream region (70 nts) as promoter with two final

nts changed to CC (to create Ncol restriction site for promoter
exchange), downstream region (54 nts) as terminator.

GFP promoter Pal/04/03 as found on Genbank acc. no. DQ493878.
Constitutive, Lacl-repressible promoter with strong ribosome
binding site.

GFP terminator neo Kanamycin resistance downstream region (29 nts) as found

on pBAM1 (Martinez-Garcia et al., 2011)

Homology arms Upper homology: nts 450-550; lower homology: nts 551-651 of
dfrA on pKJK5 (GenBank accession AM261282.1). This insert
was chosen by sgRNA identification for potential Cas9-assissted
recombineering.

Genes were codon optimised using OPTIMIZER (Puigbo et al., 2007) with pKJK5
codon usage database tables (Nakamura et al.,, 2000). To enable a modular
cassette build, common restriction sites were removed from coding sequences.
In these instances, the codons were changed to the second most common on
pKJIKS5. When creating or altering multiple cloning sites, random nts were added
to increase spacing and allow double digestions with multiple restriction enzymes
at the same time. Terminator presence (and absence from unwanted regions)
was checked using Arnold (Gautheret and Lambert, 2001). The initial single guide
RNA (sgRNA) carried the specificity to [aacC1-164] and targets Gentamicin
resistance gene aacC1 on pHERDS3OT (Table 2.2).
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The sgRNA gene was placed under control of synthetic, strong constitutive
promoter J23119 (which contains a Spel restriction site; as on pgRNA (Qi et al.,
2013)) and was edited to encode a Sacl restriction site in its upper stem region,
the function of which is generally resilient to mutations (Briner et al., 2014). These
two restriction sites allow simple exchange of the specificity-defining N20 stretch
on the sgRNA (Figure 2.1C).

The CRISPR-Cas9 gene cassette was commercially synthesised
(ThermoScientific). A fully annotated sequence of pMA-RQ_Cas, an expression
vector which carries the final version of this CRISPR cassette, is available in the

Thesis supplement.

To exchange sgRNA target specificity of pMA-RQ_Cas, | designed DNA
oligonucleotides containing a 20-nt specificity region with Spel and Sacl
compatible overhangs (N20_xx_top/btm; Table S3). These were annealed by
mixing 10uL of each 100uM oligo with 80uL of annealing buffer (100 mM
potassium acetate, 30 mM HEPES; pH=7.5) and heating to 95°C followed by slow
overnight cooling to room temperature. Subsequently, the annealed oligos were
phosphorylated using T4 polynucleotide kinase (NEB) according to
manufacturer’s instructions. The annealed and phosphorylated oligos were
inserted between pMA-RQ_Cas’s Spel and Sacl restriction sites following
standard molecular cloning protocols, resulting in pMA-RQ_Cas[new specificity]
(Figure 2.1C).

Evaluation of Cas9 guide RNA efficiency

Possible Cas9 guide targets (spacers) for targeting Gentamicin plasmid
pHERD3O0T were identified using CRISPOR (Haeussler et al., 2016). Several
random guides with high and low off-target scores were chosen and are
presented in Table 2.2. Off-target hits were identified against Pseudomonas

aeruginosa PAO1 and E. coli K12 genomes.

To test efficacy of these guides, | constructed a series of pHERD20T_sgRNA
expression vectors. First, | constructed a template pCDF1b_sgRNA vector by
amplifying a sgRNA-coding region using Tag polymerase (PCRbiosystems) and
pgRNA (bacteria) as a template with primers sgRNA_amp_fwd and
SgRNA_amp_rev (Table S2-3). This amplicon was inserted into pCDF1b’s Ncol
restriction site following standard molecular cloning protocols. To exchange
SgRNA specificity, a stretch containing the new N20 specificity was amplified
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using pCDF1b_sgRNA as a template and primers sgRNA _amp_rev and
sgRNAXxp_[specificity] _fwd with corresponding N20 specificity stretches (all
guides listed in Table 2.2 except ‘nt’). The amplicon was re-inserted into
pCDF1b_sgRNA wusing Spel and Hindlll restriction sites to generate
pCDF1b_sgRNA[new specificity]. To allow expression in streptomycin-resistant
P. aeruginosa PA01::cas9, these sgRNAs were cut out of vector pPCDF1b_sgRNA

and inserted into pHERD20T using Ncol and Hindlll restriction sites.

Table 2.2: sgRNA guide sequences and details: “off-target” indicates number of

off-target hits in genome identified for n number of mismatches in guide
sequence. A visualisation of pHERD30T-targeting guides can be found in Figure
2.2A.

Guide | Target Guide sequence (5’ 2 3’) Off-target (P. | Off-

name | (gene / aeruginosa target
plasmid) PAO1) (E. coli

K12)

dfrA dfrA (pKJK5) | ACGACCGCATACTTTCGGTT | None None

identified identified
aacCl | aacC1 CGCCCTAAAACAAAGTTAGG | None None
60/fw (PHERD30T) identified identified
aacCl | aacC1 AAGTTAGGTGGCTCAAGTAT | None None
72/fw (PHERD30T) identified identified
aacCl | aacC1 CGGCTGATGTTGGGAGTAGG |1 hit (4 mis- | None
164/rev | (PHERD30T) matches) identified
aacCl | aacC1 CACCTACTCCCAACATCAGC | None None
185/fw | (pHERD30T) identified identified
aacCl | aacC1l GCCCTGCCTCCGGTGCTCGC | 1 hit (3 mis- | None
341/rev | (PHERD30T) matches); 18 | identified

hits (4 mis-

matches)

MCS18 | multiple GGTCGACTCTAGAGGATCCC | None None
cloning site identified identified
(PHERD30T)

nt n/a GGTAAGACCATTAGAAGTAG | None None

identified identified

To prepare electrocompetent PAOL1::cas9, 1mL aliquots of an overnight culture
were washed twice with 300mM sucrose solution and resuspended in 100uL 300
mM sucrose. PAO1::cas9 was electroporated in 2mm gap cuvettes at 2.5 kV with
500ng plasmid DNA of each pHERD20T_sgRNA variant, and electroporated cells
were recovered by adding 1mL LB and incubation at 37°C, 250rpm for 1 hour.

The sgRNA plasmid was selected for and maintained using Carb.

For the guide test experiment, PAQO1::cas9 carrying each pHERD20T_sgRNA

variant were incubated overnight in presence of Carb (for sgRNA maintenance)
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and Ara (for Cas9 expression) and transformed with 500 ng pHERD30T plasmid
DNA as described above, using either 3 or 4 replicates. Each transformant was
plated onto LB + Gm + Ara as well as LB + Gm + 0.2% Glucose. No differences
were detected between these treatments, so averages between the plates were
used to calculate the transformation efficiency for each replicate. A no-plasmid

control transformation of PAO1_Cas9 yielded no colonies.

pKJK5::Cas recombineering

The CRISPR-Cas9 cassette was introduced to pKJKS (original size
approximately 54 kb) using homologous recombineering. Initial attempts using
pKD46 (Datsenko and Wanner, 2000) proved unsuccessful. Successful
recombineering was carried out with an altered version of pDOC and pACBSCE
plasmids as described in (Lee et al., 2009). To construct pDOC_Cas as a
template vector containing the CRISPR cassette, the kanamycin resistance gene
was removed from pDOC-K using Avrll and Nhel restriction sites. The following
steps were carried out in parallel with pMA-RQ_Cas[aacC1-72] and pMA-
RQ_Cas[nt]. The CRISPR cassette was inserted from pMA-RQ_Cas using

restriction sites EcoRI and Hindlll to create pDOC_Cas.

The recombineering workflow is summarised in Figure 2.3A. E. coli DH5a +
pKJIKS was transformed with pACBSCE and pDOC_Cas following standard
procedures for electrotranformation in E. coli. After electrotransformation, cells
were cultured in the presence of Tc + Tmp (pKJIK5) + Ap (pDOC_Cas), + Cp
(PACBSCE) to maintain plasmids, and in the presence of Gluc to prevent leaky

A-red expression.

10pL of an overnight culture of this recombineering-ready strain were grown in
ImL LB+ Tc+ Tmp + Cp + Ap + Gluc at 37°C, 250 rpm for 2 hours in triplicate.
The cultures were spun and resuspended in 1 mL LB + Tc + Ara and incubated
at 37°C until turbid (4-5 hours) to allow recombination. Finally, the cultures were
plated onto LB + Tc + 5% sucrose in several dilutions and incubated at 28°C for
48 hours (to allow counterselection of bacteria with intact pPDOC_Cas plasmids).
To isolate recombinants, bacterial lawns were investigated for GFP expression
under a fluorescence microscope. Green colonies were restreaked onto LB +
tetracycline several times until all colonies appeared GFP+, indicating successful
recombination events. Next, GFP+ colonies were checked for correct CRISPR

cassette insertion by colony PCR using primer combinations dfrA_fw / Cas9 bw
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and GFPend_fw / dfrA_bw (Figure 2.3B). A ~300 / 500 bp DNA band from each
PCR reaction respectively indicated successful recombination. Additionally,
primers dfrA_fw / dfrA_rv were used to check for presence of WT pKJK5: a ~500
bp band indicated presence of the WT dfrA gene (with cassette insertion, the
band would be >6kb long and did not amplify under standard PCR conditions).
Three colonies which were positive for the first two PCR reactions and negative
for the third were chosen and investigated for Cas9 activity and conjugative

ability.

pKJK5::Cas conjugation and Cas9 targeting

Three independent E. coli DH5a + pKJK5::Cas[aacC1] / [nt] recombinants each
(see above) were chosen as replicate donors to verify pKJK5::Cas conjugative
ability. 50uL of overnight cultures of donors were mixed with 50uL of overnight
culture of recipients (E. coi DH10pB or E. coli K12::mCherry) in 5 mL LB without
antibiotic selection and incubated overnight at 37°C, 45 rpm. After overnight
incubation, the cultures were stored at 4°C for one day before selective plating.
All matings were plated onto LB, those with DH10 as recipients were additionally
plated onto LB + Sm and LB + Sm + Tc (to select for recipients and
transconjugants respectively); those with K12::mCherry as recipients onto LB +
Km and LB + Km + Tc. Additional ‘no-recipient’ and ‘no-donor’ controls yielded
colonies as expected. CFU on different selective plates were assessed and
proportion of transconjugants per recipients calculated independently for each
replicate. Additionally, GFP expression was randomly checked by fluorescence
microscopy for colonies on selective plates and found to be as expected (all

transconjugants assessed were GFP+, most recipients were GFP-).

For Cas9 activity verification, E. coli DH5a + pKJKS5::Cas[aacCl]/[nt] were
electrotransformed using standard protocols, using 500ng of plasmid DNA
(PHERD3O0T / pHERDZ20T) in 6 replicates. Briefly, an overnight culture of E. coli
carrying each plasmid was diluted 1:100 in 25 mL LB supplemented with
appropriate antibiotics and grown at 37°C, 250rpm to a culture density of
OD600=0.6. Cells were immediately chilled and washed twice with ice-cold 10%
(w/v) Glycerol. Cells were concentrated approximately 25-fold and immediately
electroporated in 100 pL aliquots using 1mm gap cuvettes and 1.8kV, and
recovered in 1 mL LB at 37°C, 250rpm for 1 hour.
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50uL of transformed cells were plated onto either single (LB + Gm / Amp) or
double selective plates (LB + Tc + Gm/Amp), but pKJK5::Cas was maintained in
the presence and absence of Tc, so no differences between plates were found.
Therefore, counts on both plates were averaged for each replicate. Colony counts
allowed to calculate transformation efficiency of each strain (cfu/mL/ug DNA).
Where no colonies could be recovered, transformation efficiency was set to ¥z of

the limit of detection (transformation efficiency if a single colony were recovered).

pKJK5::Cas as a tool to block plasmid uptake in multiple species
Using E. coli DH5a or E. coli MFDpir as a donor, pKJK5::Cas[aacC1-72] / [nt]
transconjugants of bhiF2, C743E1, TV1-2, 6TB-1, P. aeruginosa PA14, and of
Pseudomonas fluorescens SBW25 were generated and pKJK5::Cas[nt]/[aacC1]
was maintained with Tc. Next, each strain was made electrocompetent and
transformed with 600 ng pHERD3O0T plasmid DNA following protocols described
above for E. coli (bhiF2, C743E1, TV1-2, 6TB-1) or PAOl1 (PAl14). To prepare
electrocompetent P. fluorescens cells, the protocol for PAO1 was followed with
the exception that SBW25 was grown at 28°C, cultures were grown until log
phase (estimated OD600: 0.5-0.6) and then the protocol was started. Cultures
were electroporated at 1.8kV in 2mm gap cuvettes, and recovered in 1mL SOB
at 28°C, 250 rpm for 1 hour.

800uL of all strains were plated onto LB + Gm, and transformation efficiency
calculated as described above. For P. fluorescens SBW25 transformations, only

50uL of transformed cells were plated resulting in a higher limit of detection.

Statistical analyses
Data processing, data visualisation, and statistical analyses were carried out
using R software version 4.1.0 and RStudio version 1.4.1717 with the following

packages: tidyverse version 1.3.1, janitor version 2.1.0.

For statistical analyses of data presented in Figures 2.2, 2.4, and 2.5 linear or
generalised linear models were fitted, see below for model details. For all models,
other model types were tested and the best fitting model was chosen. Model
assumptions were tested and found to be upheld. For data in Figures 2.2, 2.4B,
and 2.5, a Tukey’s post-hoc test was carried out to assess statistical difference

between treatment categories.
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Guide Test (Figure 2.2) Linear model describing log(transformation efficiency) as
a function of guide identity. F=169.4; d.f.=6&17; p=3.2x10"14; adjusted R?>=0.978.

pKJK5::Cas mating (Figure 2.4A) Gaussian generalised linear model (GLM) with

identity link function describing log(conjugation efficiency) as a function of
recipient strain and pKJK5::Cas variant. F=57.2; d.f.=2&9; p=7.643x10°;
adjusted R?=0.91009.

E. coli transformation efficiency (Figure 2.4B) Gamma GLM with log link function

describing log(transformation efficiency) as a function of transformed plasmid,
pKJK5::Cas variant, and their interaction. F=3.757x10°%; d.f.=3&20; p<2.2x106;
adjusted R?=1.

Transformation efficiency of other host strains (Figure 2.5) Inverse Gaussian

GLM with log link function describing log(transformation efficiency) as a function
of the interaction of host strain and pKJK5::Cas variant. F=374.6; d.f.=11&48;
p<2.2x10%%; adjusted R?=0.9858.

Results

| aimed to engineer the broad host-range plasmid pKJK5 to carry a CRISPR-
Cas9 cassette which would block uptake of pHERD30T, a plasmid encoding
Gentamicin resistance gene aacCl.

in silico CRISPR-Cas9 cassette construction

The initial step in engineering a pKJK5-based CRISPR-Cas9 expression system
was to design a CRISPR entry cassette in silico which could later be
recombineered in pKJK5. The gene cassette was designed to include the
nuclease Cas9, a sgRNA for targeting specificity, and a GFP (green fluorescent
protein) gene to track plasmid transfer (Figure 2.1A). Strategic restriction sites
were incorporated in the gene cassette design to ensure full modularity (Figure
2.1B), and the sgRNA gene was edited to allow simple exchange of the
specificity-defining N20 stretch (Figure 2.1C). As a final main module, GFP was
added under control of lacl-repressible promoter Paio403 (Lanzer and Bujard,
1988) to allow optional repression of GFP expression. Next, the entire CRISPR
entry cassette was flanked by homology arms to allow homologous
recombination with dfrA on pKJKS5, the trimethoprim resistance gene which the
cassette would be inserted into.
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Figure 2.1: in silico CRISPR-Cas9 cassette construction.

A Source of genes included in cassette (cas9, sgRNA, GFPmut3b) and
alterations undertaken. See C for sgRNA details. B Final cassette layout.
Gene lengths are to scale. Spacings, restriction sites, ribosome binding sites,
promoters, terminators, and homology arms are not. C sgRNA region in detail.
Highlighted in red: nucleotide mutations undertaken in upper stem region to
form Sacl restriction site. The region to be exchanged for N20 specificity
exchange is indicated with blue crossover lines.

The final CRISPR cassette is 5722 nts in length, and its protein-coding
seqguences have an average GC content of 59.45%, which matches that of pKJK5
backbone genes (ranging from 55-70% GC (Bahl et al., 2007a)). This means that
the codon-optimised genes can be predicted to be compatible with the pKJK5
backbone. The cassette was synthesised by Thermo Fisher's Gene Art service
and delivered as vector pMA-RQ _Cas, placing the CRISPR cassette onto a pUC-
based vector. A fully annotated sequence of vector pMA-RQ_Cas can be found

in the supplementary material.
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SgRNA target determines CRISPR targeting efficiency

First, | determined which sgRNA sequence efficiently targets Gentamicin
resistance-encoding vector pHERD30T, which was chosen as an AMR target
plasmid for initial experiments. Crucially, pHERD3O0T is a shuttle vector and can
be maintained by Eschericha as well as Pseudomonas species to allow testing
of pKJK5::Cas’ broad host range. The efficiency of several sgRNAs was tested
by electroporating Cas9-expressing P. aeruginosa PAO1::cas9 carrying various
SgRNA plasmids with pHERD3O0T. | tested five sgRNAs targeting gentamicin
resistance gene aacC1, and one which targets pHERD3O0T in an intergenic region
[MCS18]. As a control, | used a sgRNA targeting dfrA, a gene sequence absent
from pHERD3O0T (Figure 2.2A).

Presence of all guides significantly impaired pHERD3O0T transformation efficiency
compared to the control guide, and decreased transformation efficiency by at
least 1 order of magnitude (p<0.05; Figure 2.2B). Three guides (185/fw, 60/fw,
and 72/fw) showed very stringent transformation blocking, reducing
transformation efficiency by nearly 3 orders of magnitude compared to the dfrA

72/fw
ﬂ 60/fw

D 185/fw
D D
1 aacC1 >-//{ mcs |
a a a
164/rev 341/rev MCS18
ﬂ Figure 2.2: CRISPR targeting

efficiency varies dependent on
SgRNA sequence.
pHERD30T transformation efficiency A Location of target sequences
F on pHERD30T. Block arrows
indicate gene sequence features
8 and are to scale. (MCS: multiple
1er05E emote| | ClONing site) B Transformation
—control aacCl targets efficiency of PAO1:cas9 carry-
I arget | | ing  different sgRNAs  with
1e+04 4— § pHERD30T. Means +* standard
3 Q deviation (blue points and lines)
' and individual data points (white
, , A.S. g points), n=3-4. dfrA target
1e+03 = sequence is not present on
i pHERD3O0T. Differences between
§ all treatments are significant
(p<0.05-p<0.001) unless indi-
GTA B0/tw 72w 164rey 165w satiey Mos1s | CAt€d; n.s. not S|.gr1|flcant.. Tu-
Guide target key's HSD after fitting a linear
model; details in methods.

cfu/ ml/ ug DNA
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control. Out of the remaining guides, 341/rev and 164/rev showed comparatively
low transformation inhibition (1-1.5 orders of magnitude). Interestingly, the guide
targeting a non-essential region of the plasmid backbone (MCS 18/rev) showed
a greater inhibition of transformation than the two aforementioned guides (~ %2 of
the transformation efficiency of 164/rev; p<0.05, see methods for model details).

As the guide aacC1l 72/fw was most effective at blocking transformation by
pHERD3O0T (albeit non-significantly in comparison with 60/fw and 185/fw), its
specificity was used in all further experiments.

pKJK5::Cas can conjugate and target plasmids in E. coli

Next, | constructed pKJK5::Cas by carrying out homologous recombineering of
the CRISPR-Cas9 cassette with pKJK5 using established methods and E. coli
DH5a (adapted from (Lee et al., 2009); see methods; Figure 2.3). | generated two
pKJK5::Cas variants with different sgRNA specificities: pKJK5::Cas[aacC1-72]
targets gentamicin resistance gene aacCl on pHERD30T and is the most
efficient guide to do so, as identified in Figure 2.1. As a non-targeting (nt) control,
pKJK5::Cas[nt]'s sgRNA carries a random nucleotide sequence with no full
matches in the BLAST database (two matches exist, but these lack a protospacer
adjacent motif (PAM) adjacent to the target sequence, which is essential to
CRISPR-Cas9 targeting). After verifying successful insertion of the CRISPR-
Cas9 cassette into pKJK5 using GFP expression and PCR (see methods), |
investigated the conjugation and Cas9-mediated targeting properties of
pKJIK5::Cas.

First, to understand whether sgRNA variant matters to pKJK5::Cas conjugation,
| set up a series of co-inoculations of donors and different recipients. Three
independently generated recombinants of E. coli DH5a + pKJK5::Cas[aacC1-
72]/[nt] were used as donors, and either E. coli DH10B or E. coli K12::mCherry
were used as recipients. While nearly 50% of recipient E. coli K12::mCherry
formed transconjugants of both pKJK5::Cas variants, this proportion was ~2
orders of magnitude lower for E. coli DH10B (Figure 2.4A). pKJK5::Cas variant
did not significantly influence conjugation efficiency (p=0.40), whereas recipient
strain identity was a significant predictor for these data (p<0.01; see methods for

model details). These results show that in the absence of a Cas9 target, the
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Figure 2.3 pKJK5::Cas recombineering.

A Gene doctoring recombineering method. Plasmids pKJK5, pDOC_Cas,
and pACBSCE are transferred into E. coli DH5a. Upon Arabinose induction,
meganuclease |-Scel is expressed by pACBSCE (1). It linearises the CRISPR
cassette on pDOC_Cas and cleaves pACBSCE to destroy the vector (I-Scel
recognition sites shown in red). Simultaneously, A-red machinery is expressed
by pACBSCE (2). It recombines pKJK5 and the CRISPR cassette using
homologous regions (beige). Additionally, sacB expression on pDOC_Cas at
30°C (not shown) ensures complete template plasmid removal in the presence
of sucrose. Successful recombinants are isolated based on GFP expression
and verified by PCR using several primer combinations (3). B Representative
gel of isolates after recombineering with Cas[aacC1]: all samples a-f show
successful recombination, evidenced by primer sets 1 and 2. However, a
combination of both primers shows that only samples ¢ and d are free of WT
pKJKS5. a-f: individual pKJKS5::Cas[aacC1] recombinants. WT: non-recombined
pKJKS. ctr: unsuccessful recombination using pKD46. A very faint band is
visible for primer set 2.

sgRNA specificity does not interfere with pKJK5::Cas conjugation, but also

indicate that conjugation efficiency depends on recipient strain identity.

As each independent pKJK5::Cas[aacC1-72] and pKJK5::Cas[nt] recombinant
displayed comparable conjugation abilities (Figure 2.4A), one recombinant of
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each was chosen randomly as the clone to work with for future experiments. To
test Cas9 targeting activity, | measured the transformation efficiency of a targeted
plasmid (pHERD3O0T) or an untargeted control plasmid (pHERD20T) in E. coli
carrying pKJK5::Cas[aacC1-72]/[nt]. Instead of pHERD30T’s aacC1 Gentamicin
resistance gene, pHERD20T encodes ampicillin resistance gene bla. Therefore,
pHERD20T is not targeted by either guide and accordingly transformation
efficiency was high regardless of sgRNA specificity (~10° cfu/mL/ug DNA; Figure
2.4B). Instead, for the targeted plasmid no successful transformants of DH5a +
pKJIK5::Cas[aacC1] could be recovered, while the same plasmid showed
transformation efficiencies of ~10* cfu/mL/ug DNA in DH5a + pKJK5::Cas|nt].

This means that transformation efficiency of a target plasmid was reduced to at

ﬂ Conjugation efficiency of pKJK5::Cas ﬂ pKJKS::Cas blocks uptake of
E target plasmid
%) L ? - L o
g L % % 1e+06 JE % @
=3 - E
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r ) E
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Recipient Strain untargeteld plasmid targetedl plasmid

Figure 2.4 pKJKS5::Cas verification.

A Conjugation efficiency of pKJK5::Cas[aacC1]/[nt] using E. coli DH5a as a
donor and either E. coli DH108 or E. coli K12::mCherry as a recipient. Data is
recorded as proportion of transconjugants out of total recipients, n=3.
diamond/line=mean/standard  deviation, circles=individual datapoints.
Recipient strain (p<0.01), but not pKJK5::Cas variant (p=0.399) are significant

data predictors when fitting a gaussian GLM. F=57.2; d.f.=2&9; p=7.643x10'6,

adjusted R’=0.9109. B Transformation efficiency of transformation of E. coli
DH5a + pKJK5::Cas[aacC1)/[nt] with pHERD20T (untargeted plasmid) or
pHERD3O0T (targeted plasmid). [aacC1] transformation with pHERD30T did
not yield any transformants, datapoints are displayed as % of the limit of
detection. Grey box: datapoints underneath the limit of detection. n=6,
diamonds=mean, circles=individual datapoints. All treatments are significantly

different from each other (p<0.05) when fitting a Gamma GLM. F=3.757x105;
d.f.=3820; p<2.2x10""" adjusted R°=1.
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least the limit of detection (4 cfu/mL/ug DNA) and was nearly four orders of

magnitude lower than the non-targeting control.

pKJK5::Cas is a barrier to plasmid acquisition in various species
Finally, after constructing and verifying pKJK5::Cas[aacC1] and its non-targeting
control pKJK5::Cas|nt], | aimed to test their ability to act as a barrier to plasmid
acquisition in a broader range of bacterial species. Therefore, | transformed
pKJK5::Cas transconjugants of several environmental, animal, and human-
associated coliform isolates as well as two species of Pseudomonas (P.
aeruginosa PA14 and P. fluorescens SBW25; Table 2.3) with pHERD3O0T. The
coliform isolates included pig-gut Escherichia/Shigella spp. isolate bhiF2 (this
study), human isolate C743E1, and environmental isolates TV1-2 and 6TB-1
(Leonard et al., 2018). These isolates were chosen for their ability to carry target
plasmid pHERD3O0T.

Table 2.3: Isolates used for pKJK5::Cas transformation assay.

Name | Source Species Other information
bhiF2 Pig faeces Escherichia / Strain characterised by Sanger
samples Shigella sequencing of 16S PCR only (this
study)
C743E1 | Human Escherichia coli | ST131; O16:H5. Strain
rectal swab characterised by PCR testing and

lllumina sequencing (Leonard et
al., 2018; Leonard, in prep)
TV1-2 | Sewage Escherichia coli | ST196; O8:H7. Strain

water characterised by PCR testing and
lllumina sequencing (Leonard et
al., 2018; Leonard, in prep)
6TB-1 Bathing Escherichia coli | ST527; O139:H9. Strain

water characterised by PCR testing and
[llumina sequencing (Leonard et
al., 2018; Leonard, in prep)

PA14 Laboratory | Pseudomonas Originally isolated from burns

strain aeruginosa patient in the 1970s (Schroth et
al., 2018)
SBW25 | Laboratory | Pseudomonas Originally isolated from sugar
strain fluorescens beet in the 1990s (De Leij et al.,
1995)

Transformation of these isolates carrying pKJK5::Cas[nt] was successful, but
efficiency remained slightly below of that of E. coli DH5a from the previous
experiment (~666-4320 cfu/mL/ug DNA; Figure 2.5). In contrast, transformation
efficiency of all isolates when carrying pKJK5::Cas[aacC1-72] was close to or
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below their limits of detection and remained at least 2-3 orders of magnitude
below transformation efficiency when carrying pKJK5::Cas[nt] (p<0.001; see

methods for details).

Together, these data show that pKJK5::Cas is an effective barrier to uptake of a
plasmid containing a targeted AMR gene by transformation. Most likely, blocked
uptake is achieved by Cas9-mediated cleavage of the target plasmid after it has
entered the cell, which prevents plasmid replication. Blocking plasmid uptake was
effective in a range of species of laboratory strains as well as environmental,
animal-, and human-associated isolates without the need for re-engineering of
pKJIK5::Cas.

pKJKS5::Cas[aacC1-72] prevents transformation

1e+04

4

©

o

1e+03 ‘

I I I
I I I I I
I I I I I
I I I I I
— I I I I I
% I I I I I
=) I I I I I
2 I I I I I
= I I I I I
£ C I I I I I
2 G
G, I I I I I
> I I I I I pKJK5::Cas variant
2 I I I I I
QL 1e+02 £~ | | | | | (©) ¢ aacC1
= : | N | | | &
[} C | | | | |
'5 I I I I |§
*g‘ I I I I I
= I I I I I
O 1e+01 . | | (S | 1
2 F I I I I I
g - I I I I I
I I I I I
I I I I I
I I I I I
1e+00 ‘ I‘ 10 1 I’ 1
E ! 1 ! 1 ! 1 ! 1 ! 1 !
bhiF 2 C743E1 TV1-2 6TB-1 PA14 SBW25
Strain

Figure 2.5 pKJK5::Cas prevents transformation in various host
backgrounds.

Transformation efficiency of various isolates carrying pKJK5::Cas[aacC1] or
pKJK5::Cas[nt] with target plasmid pHERD30T. Diamonds and lines indicate
mean * standard deviation, points indicate individual replicates; N=3-6
(samples arcing during electroporation were discarded). Shaded areas
indicate the limit of detection; counts of 0 were manually set to V2 of the limit
of detection. bhiF2, C743E1, TV1-2, 6TB-1: coliform environmental and
human isolates. PA14: Pseudomonas aeruginosa PA14. SBW25:
Pseudomonas fluorescens SBW25. aacC1 and nt transformation efficiency
are significantly different for all strains; p<0.001 as assessed by Tukey’s HSD
after fitting an inverse Gaussian GLM; details in methods.
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Discussion

In this work, | engineered pKJK5::Cas as a broad host-range platform to prevent
plasmid uptake by transformation and validated this process in a series of
Escherichia and Pseudomonas strains. Species belonging to these genera can
be found together in, for instance, wastewater treatment plants (Li et al., 2018) or
human microbiomes (Martinson and Walk, 2020; Wheatley et al., 2022).
Therefore, this work provides a foundation for pKJK5::Cas to protect multiple

species of the same microbiome from AMR plasmid invasion.

Other studies also investigated the use of CRISPR-Cas9 to prevent uptake of
targeted plasmids, and delivered these genes to E. coli or Staphylococcus aureus
using engineered phage (Yosef et al., 2015201), phagemids (Bikard et al., 2014),
or narrow-host range plasmids (Dong et al., 2019). In these approaches the host
range of the Cas9 delivery vehicle typically only extends to a single species or
strains. In contrast, this work shows that plasmid targeting is possible in a range
of bacterial species and natural isolates, crucially without the need for re-
engineering (Figure 2.5). Nevertheless, suitability of this approach may vary
between species: Interestingly, P. fluorescens cultures grew very poorly when
carrying pKJK5::Cas (data not shown). Despite this apparent fithess cost of a
lower growth rate, a significant proportion of the cultures maintained pKJK5::Cas
as evidenced by the reduction in transformants of the SBW25 +
pKJK5::Cas[aacC1-72] culture (Figure 2.5). Nevertheless, this points towards
fitness and maintenance dynamics of pKJK5::Cas being dependent on their
bacterial host, and could lead to failure of target plasmid removal in species which
struggle to maintain pKJK5::Cas. This plasmid maintenance is further

investigated for different soil isolates in Chapter 5.

Further to possible fithess costs arising from pKJK5::Cas maintenance,
protection from plasmid uptake may also be impacted by the presence of off-
target hits in some species’ genomes: To test sgRNA and Cas9 targeting
efficiency, | generated a series of different sSgRNAs targeting different areas of
aacC1l (Figure 2.2A) which were randomly chosen out of a total of 59 different
possible guides targeting this sequence, with a range of off-target hits predicted
by CRISPOR ((Haeussler et al., 2016); Table 2.2). Off-target hits seem to be an
important determinant of target plasmid removal efficiency: Compared with other
SgRNAs targeting aacC1, both guides with predicted off-target activity in P.
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aeruginosa PAOL (164/rev & 341/rev) resulted in ~1-2 orders of magnitude higher
transformation efficiency with the target plasmid (p<0.05; Figure 2.2). While both
these sgRNAs also target aacC1l on the reverse rather than forward strand,
strand directionality has been shown to have no effect on CRISPR targeting
efficiency (Guo et al., 2018). This indicates that utility of pKJK5::Cas may be
species-specific, where plasmid removal from species containing similar

sequences to the target in their chromosome could be less effective.

Beyond this, other host-specific factors may also impact plasmid targeting by
pKJK5::Cas: For instance, Enterococcus faecalis’s native CRISPR system was
reactivated to target resident plasmids, but maintenance of plasmids remained
possible despite a fithess cost to their host (Hullahalli et al., 2018). Additionally,
some bacteria’s immune mechanisms may prohibit plasmid entry (Westra et al.,
2012) and resident prophage or plasmids could encode anti-CRISPRs which

might attenuate the actions of such a treatment (Pawluk et al., 2018).

Itis promising that pKJK5::Cas can block uptake of plasmids carrying AMR genes
in a range of different bacterial species, despite efficacy probably varying
between species. Multiple studies investigate plasmid targeting with similar
engineered plasmids, phage, or phagemids, but also go beyond prevention of
plasmid uptake by analysing how well such a CRISPR treatment can cure
resident AMR plasmids (Bikard et al., 2014; Yosef et al., 2015; Dong et al., 2019).
Both entry exclusion and curing of resident plasmids are likely needed for a
CRISPR treatment to be effective to reduce AMR gene prevalence in natural
populations. Therefore, in the next chapter, | investigate the ability of pKJK5::Cas

to conjugatively remove AMR plasmids from target bacteria.

Conclusion
In this chapter, | aimed to develop a CRISPR-Cas9 plasmid which can protect a

range of bacterial isolates from AMR plasmid uptake.

| generated broad host-range conjugative plasmid pKJK5::Cas, which was able
to block AMR plasmid uptake in a range of Pseudomonas species and
Escherichia isolates without the need for re-engineering. These experiments
showed that CRISPR-Cas9 mediated plasmid removal was possible in multiple
species using the same expression plasmid, and is thus a promising approach
for protecting mixed bacterial communities from AMR plasmid uptake.
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Effectivity of this approach may vary between species dependent on sequence
similarity between genome sequences and the target gene, and on host-
dependent fitness costs of pKJK5::Cas. Further experiments are needed to

consider how pKJK5::Cas may be feasibly applied to remove resident plasmids.
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Chapter 3: pKIK5::Cas-dependent properties
determine efficiency of target plasmid removal

Abstract

Antimicrobial Resistance (AMR) is on the rise, a problem exacerbated by AMR
genes spreading between different bacterial species via plasmids. To curb the
spread of resistance, CRISPR-Cas9 has found application in removal of AMR
plasmids. In the previous chapter, | designed the recombinant conjugative
plasmid pKJK5::Cas and used this as a barrier to AMR plasmid uptake in a range
of different bacterial species. Here, | utilised its conjugative ability to remove

resident AMR plasmids from a target strain.

| discovered that two variables, conjugation efficiency and CRISPR targeting
efficiency, affected target plasmid removal and that an optimal conjugation
efficiency was most important for effective target plasmid clearance. Additionally,
experiments revealed that maintenance of pKJK5::Cas together with a target

plasmid was costly, even in the absence of CRISPR targeting.

This work provides a solid basis for the use of pKJK5::Cas as a conjugative tool
to remove AMR plasmids from bacterial communities. Further work is needed to
assess how target plasmid properties affect their removal by pKJK5::Cas, and to
assess how pKJK5::Cas spreads through bacterial communities. These ques-

tions are addressed in the following chapters.

Introduction

CRISPR-Cas delivery tools are a novel means of resensitising bacteria to
antibiotics by removal of antimicrobial resistance (AMR) plasmids (reviewed in
(Vrancianu et al., 2020)). Due to the relative ease by which conjugation could
reach bacteria embedded in natural communities, those CRISPR delivery tools
which deliver genes necessary for target plasmid removal on conjugative or
mobilizable plasmids are particularly promising, but a low efficiency of
conjugation often led to only modest target plasmid removal (Ruotsalainen et al.,
2019; Valderrama et al., 2019; Wang et al., 2019; Wongpayak et al., 2021).

One study directly compared a trans-acting conjugative plasmid system
(conjugation and CRISPR genes encoded on separate plasmids) with a cis-acting

system (conjugation and CRISPR genes encoded on the same plasmid) and
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found that target plasmid removal is more effective in the latter case, primarily

due to increased conjugation (Hamilton et al., 2019).

In the previous chapter, | inserted cas9, sgRNA, and gfp onto IncP-1¢ plasmid
pKJK5. This broad host-range conjugative plasmid can conjugate to bacteria
across the prokaryotic tree of life (Klimper et al., 2015). The engineered plasmid
pKJK5::Cas can block transformation of its host strain with targeted gentamicin
plasmid pHERD30T, and is effective in Escherichia coli, Pseudomonas
aeruginosa, Pseudomonas fluorescens, and in a range of coliform environmental

isolates (Chapter 2).

In this chapter, | test how effective target plasmid removal is from a recipient E.
coli strain when pKJK5::Cas is conjugatively delivered. | test the impact of two
key variables — conjugation efficiency and CRISPR targeting efficiency — on target
plasmid removal. For this study, | define conjugation efficiency as the fraction of
transconjugants within the recipient population at the end of each experiment.
This descriptor therefore explains the ultimate outcome of plasmid transfer, taking
into account conjugation, plasmid loss, and vertical transconjugant expansion.
However, conjugation efficiency does not provide temporal information and
therefore is not equivalent to conjugation rate, for instance classically described
as the conjugational transfer rate parameter y (Stewart and Levin, 1977).
Similarly, | define CRISPR targeting efficiency as the singular outcome of
stringency in CRISPR-Cas9 plasmid removal or target escape once pKJK5::Cas
has entered the target cell. Therefore, this variable takes into account sgRNA
targeting stringency, cleavage efficiency, and plasmid escape by mutation or
DNA repair.

Lastly, | analyse transfer dynamics of non-targeting pKJK5::Cas controls and
uncover costs to the co-existence of pKJK5::Cas and the target plasmid in the

absence of CRISPR-Cas targeting.

Methods

Strains, plasmids, and growth conditions
All bacterial strains and plasmids used throughout the thesis are listed in Thesis
Supplement Table S1-2. Unless otherwise specified, all strains were grown in LB

at 37°C and 180 rpm. For selective plating and where necessary in liquid culture,
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antibiotics were added at the following concentrations: Gm — 50 ug/mL Genta-

micin; Km — 50 pg/mL Kanamycin; Tc — 12 pg/mL Tetracycline.

Where E. coli MFDpir was used, cultures were supplemented with 300mM DAP
to ensure growth of this auxotrophic strain. By omitting DAP, the strain could be
selected against.

Unless otherwise stated, all molecular cloning steps were carried out using high-
fidelity restriction enzymes (NEB) using commercially competent E. coli DH5a
cells (NEB) and manufacturer protocols. PCR reactions were carried out using

PCRbio Taqg master-mix according to manufacturer’s instructions.

pKJK5::Cas construction

To construct pKJK5::Cas[aphA99] and [nt2], initially the new specificities
(aphA99: AAATGGGCGCGTGATAAGGT; nt2: GTTTTCTGCCTGTCGATCCA)
were inserted into pMA-RQ_Cas as described in Chapter 2. Next, the homology
arms flanking the CRISPR cassette were exchanged to match intll on pKJK5.
The upper and lower homology tracts were amplified using primers
uphom_intl1_fw/uphom_intl1_rv or lohom_intl1_fw/lohom_intll_rv respectively
(Table S3) and pKJK5 as a template, and the PCR products were inserted into
PMARQ_Cas using Hindlll/Xhol or BamHI/EcoRI restriction sites respectively.
Subsequently, using Hindlll and EcoRl restriction sites, CRISPR cassettes were
cut out of pMARQ_Cas[aphA99]/[nt2] and inserted into pDOC, which was used
as a template for homologous recombineering (Chapter 2) with intll on pKJKS5.
Recombined pKJK5::Cas[aphA99] and [nt2] and correct insertion of the CRISPR
cassette into intll were verified using PCR as described in Chapter 2. Primer
intl1_fw was used in a primer pair with either intl1_rv or GFPend_fw, and intl1_rv

was also used in a pair with Cas9_bw.

MFDpir +pKJK5::Cas transconjugants were generated by co-incubating E. coli
DH5a +pKJK5::Cas with MFDpir and selecting for transconjugants in the
presence of Tc and 250ug/mL Erythromycin. K12+pKJK5::Cas strains were
prepared by co-incubation of MFDpir + pKJK5::Cas and K12 followed by plating

on LB+Tc in the absence of DAP to select against the donor strain.

pHERD99 construction

To construct pHERD99, oligos aphA99PAM_HK _top and aphA99PAM_HK_btm

were annealed as described previously (Chapter 2) and inserted into
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pHERD30T’s multiple cloning site using Hindlll and Kpnl. This yielded pHERD99,
a plasmid 12bp shorter than pHERD30Tand targetable by pKJK5::Cas[aphA99]

due to insertion of the aphA99 target sequence.

Mating experiments

Liquid mating

For liquid mating, single colonies of donors (E. coli DH5a + pKJK5::Cas[aacC1-
72]/[nt]) and recipients (E. coli K12::mCherry + pHERD30T) were suspended and
grown overnight in 5 mL each LB + Tc or LB + Gm respectively. Cultures were
washed twice with 0.9% (w/v) NaCl, 50 pL of donors and recipients were co-
incubated in fresh 5 mL LB microcosms in 6 replicates, and incubated overnight
at 37°C, 50rpm. The next day, all cultures were frozen in 20% (w/v) Glycerol at -
80°C and plated onto various selective media: LB without selection allowed
donors and recipients to grow, LB+Km selected for all recipients, LB+Km+Tc
selected for recipients which had taken up pKJK5::Cas (transconjugants),
LB+Km+Gm selected for recipients with target plasmid pHERD3O0T, and
LB+Km+Gm+Tc selected for recipients containing both plasmids. Additional
controls (not shown) included donor-only and recipient-only controls, and yielded
colonies as expected. Enumerating colonies on selective plates allowed to

calculate proportions of recipients carrying various plasmids.

Filter mating

For the filter mating experiments, 6-12 colonies each of donors (E. coli K12 +
pKJK5::Cas[aacC1-72] / [nt] for the first experiment; E. coli DH5a +
pKJK5::Cas[aphA99] / [nt2] for the second experiment) and recipients (E. coli K12
+ pHERD30T / pHERD99) were suspended in 15mL LB+Tc or LB+Gm
respectively and grown overnight. Then, all strains were washed twice with 15mL
0.9% (w/v) NaCl and resuspended to OD600=0.5.

Filter matings were carried out using a 12-stream Millipore vacuum pump,
sterilised with 70% Ethanol and UV light before and after each filter mating and
assembled in a Cat2 biosafety cabinet. For each mating, a 0.22uM glass
microfibre filter (Whatman) was placed onto a vacuum pump position, dampened
with 200pL sterile 0.9% NaCl, and topped with a 0.22uM cyclopore membrane
(Whatman). Fully assembled filter positions were equilibrated by pumping

through 2mL 0.9% NaCl by applying a vacuum. Next, 1 mL of OD-adjusted
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donors, 1 mL of OD-adjusted recipients, and 1 mL of 0.9% NaCl were added to
each sample position and pumped through by applying a vacuum. Matings were
carried out with 12 (first experiment) or 6 biological replicates (second
experiment). Cyclopore membranes were placed onto an LB plate (cell-side-up)
and incubated at 37°C overnight, after which cells were recovered by placing
each filter into 3mL of 0.9% NaCl and vortexing for 15 seconds. This cell
suspension was then frozen in 20% glycerol at -80°C and plated onto selective
plates as for the liquid mating experiment above. Additional controls (not shown)
included donor-only and recipient-only controls, and yielded colonies as

expected.

For both mating methods, only an endpoint measure of donors, recipients, and
their subpopulations was taken by selective plating. Bacterial growth was not
tracked during the experiments.

Growth curves

Frozen samples from the experiments above were thawed and re-plated onto
selective media to extract recipients with various plasmid content (LB+Km+Tc:
Transconjugants. LB+Km+Tc+Gm: Recipients containing both plasmids). For
recipients containing pHERD3O0T, TO recipients (those strains used to start the
experiment) were plated onto LB+Gm. One colony of each recipient from each
experiment was picked of each biological replicate (n=6 for liquid mating and filter
mating (low efficiency), n=12 for the first filter mating). Four replicate colonies
were picked for TO recipients, donor strains, and of the empty E. coli
K12::mCherry recipient. Some samples did not yield any colonies on certain
selective media when replating and were omitted from the downstream growth
curve analysis. Consequently, the filter-mating experiment only had 4 replicates
for recipients + pKJK5::Cas[nt], and 5 replicates for recipients + pKJK5::Cas[nt]
+ pHERD3O0T.

Colonies were suspended in 200 uL LB broth in a 96-well plate, supplemented
with appropriate antibiotics and grown overnight statically at 37°C. During growth
in all 96-well plates, a single row or column around each edge was left with blank

media to allow for a barrier to evaporation.

After overnight growth, cultures were thoroughly resuspended and 20 pL of each
culture was transferred into a fresh 96-well plate filled with 180 uL LB. The freshly
inoculated 96-well plates were placed into an absorbance reader (Biotek Synergy
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2) and run on a cycle which incubated the sample at 37°C, slowly shook the plate,
and read the optical density (OD600) every 10 minutes for 16 hours. Analysing
OD readings of blank wells showed that out of >180 blank controls, only two were

contaminated.

Finally, growth parameters were modelled for each replicate individually. To
extract growth rates, a rolling regression was performed on log-transformed OD
readings by calculating the linear growth rate for each interval spanning 7
measurements (70 minutes) throughout the entire measurement time and
selecting the maximum linear growth rate. To estimate lag time, the
corresponding time point of the maximum growth rate interval was selected.
Finally, endpoint OD was estimated by calculating the median of the 10 highest

measurements of OD600 throughout the time-series.

Statistical analyses

Data processing, data visualisation, and statistical analyses were carried out
using R software version 4.1.0 and RStudio version 1.4.1717 with the following
packages: tidyverse version 1.3.1, arm version 1.11-2, MuMIn version 1.43.17,
bbmle version 1.0.24, ggpubr version 0.4.0, lemon version 0.4.5, purrr version
0.3.4, lubridate version 1.7.10, Ime4 version 1.1-27.1, LMERConvenience

Functions version 3.0

For all models, assumptions were tested and found to be upheld. Other model
types, link functions, and model structures were tested and the overall best

models were chosen.

Target plasmid retention (Figure 3.1A) A Gaussian Generalised Linear Model

(GLM) was fitted with an identity link function; explaining log-transformed
pHERD30T/99 proportion with Experiment, pKJK5::Cas target, and their
interaction as explanatory variables. Datapoints with infinite, NA, or values of O
were removed; to compare between categories, Tukey’s post-hoc honest
significance differences were carried out, the relevant results of which are listed
in the figure legend. F=127.5; d.f.=5 & 39; p<2.2x105; adjusted R?=0.935

Conjugation efficiency (Figure 3.1B) A Gaussian GLM was fitted with an identity

link function; explaining log-transformed transconjugant proportion (conjugation
efficiency) with the Experiment, pKJK5::Cas target, and their interaction as

explanatory variables. Datapoints with infinite, NA, or values of O were removed;
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to compare between categories, Tukey’s post-hoc honest significance
differences were carried out, the relevant results of which are listed in the figure
legend. F=14.92; d.f.=5 & 33; p<1.41x107; adjusted R?=0.6469

Correlation of the two (Figure 3.1C) For each pKJK5::Cas variant, a correlation

was carried out between proportion of recipients with the target plasmid and
proportion of recipients with pKJK5::Cas by fitting a linear model using log-
transformed data. Datapoints with infinite, NA, or values of O were removed.
Targeting: F=22.11; d.f.=1&16; p=0.0002399; R?=0.5801.

Non-targeting: F=0.2709; d.f.=1&7; p=0.6188; R?=0.03725.

CRISPR targeting efficiency (Figure 3.2A) A Gaussian GLM was fitted with an

identity link function; explaining log-transformed proportion of transconjugants
with the target plasmid (proxy for CRISPR targeting efficiency) with Experiment,
pKJK5::Cas target, and their interaction as explanatory variables. Datapoints with
infinite, NA, or values of 0 were removed; to compare between categories,
Tukey’s post-hoc honest significance differences were carried out, the relevant
results of which are listed in the figure legend. F=146.5; d.f.=5 & 32; p<2.2x10-6;
adjusted R?=0.9516

Correlation with target plasmid retention (Figure 3.2B) For each pKJK5::Cas

variant, a correlation was carried out between proportion of recipients with the
target plasmid and proportion of transconjugants with the target plasmid by fitting
a linear model using log-transformed data. Datapoints with infinite, NA, or values

of O were removed.
Targeting: F=114.3; d.f.=1&16; p=1.076x108; R>=0.8772.
Non-targeting: F=0.6959; d.f.=1&6; p=0.4361; R?=0.1039.

Recipient prevalence (Figure 3.3) A Gaussian GLM was fitted with an identity link

function; explaining log-transformed overall proportion of recipients with
Experiment, pKJK5::Cas target, and their interaction as explanatory variables.
Datapoints with infinite, NA, or values of O were removed; to compare between
categories, Tukey’s post-hoc honest significance differences were carried out,
the relevant results of which are listed in the figure legend. F=149.8; d.f.=5 & 39;
p<2.2x10716; adjusted R?=0.9442

Recipient growth (Figure 3.4) GLMs (Gaussian, identity link function) were fitted

to these data. The 3 models described each growth parameter (culture capacity,
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lag time, growth rate (not shown)) as a function of Experiment, pKJK5::Cas target,
pHERDS3O0T presence and their two- and three-way interactions. Model statistics
are summarised below. Statistical differences between individual treatments

were assessed by a Tukey’s post-hoc test; see Figure legend for details.
Culture capacity: F=8.288; d.f.=15 & 80; p=5.568x10"'!; adjusted R?=0.5351
Lag time: F=14.2; d.f.=15 & 80; p=2.2x101%; adjusted R?=0.6757

Growth Rate (not shown): F=1.006; d.f.=15 & 80; p=0.4576; adjusted
R?=0.0009708

Recipient prevalence correlations (Figure 3.5) For each panel, a correlation was

carried out between recipient prevalence and proportion of recipients with both
plasmids by fitting a linear model using log-transformed data. Datapoints with

infinite, NA, or values of O were removed.

Liquid mating: F=153.2; d.f.=1 & 22; p=2.185x10!; R?=0.8744

Filter mating: F=405.8; d.f.=1 & 26; p<2.2x10'%; R2=0.9398

Filter mating (low efficiency): F=32.11; d.f.=1 & 22; p=7.565x10%; R?=0.7394

Donor growth correlations (Figure 3.S2) For each panel, a correlation was carried

out between recipient prevalence and each growth metric by fitting a linear model

using log-transformed means.

Non-targeting; lag time: F=0.6347; d.f.=1 & 1;p=0.5717; R>=0.3883

Targeting; lag time: F=1; d.f.=1 & 1; p=0.5; R?=0.5

Non-targeting; culture capacity: F=1.327; d.f.=1 & 1; p=0.4551; R?=0.5702
Targeting; culture capacity: F=312.3; d.f.=1 & 1; p=0.03598; R?=0.9968
Non-targeting; growth rate: F=5.084; d.f.=1 & 1; p=0.2657; R?=0.8356
Targeting; growth rate: F=0.5919; d.f.=1 & 1; p=0.5825; R?=0.3718

Results

In this chapter, | explored pKJK5::Cas’s ability to conjugatively remove targeted
AMR plasmids from recipient bacterial strains. | hypothesised that the efficiency
of target plasmid removal would depend on conjugation efficiency and CRISPR

targeting efficiency. Both variables are defined as singular outcomes and break

down the process of conjugative AMR plasmid removal into two distinct steps;
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delivery of pKJK5::Cas to target bacteria (conjugation efficiency) and subsequent
removal of the target plasmid (CRISPR targeting efficiency). Conjugation
efficiency could easily be measured by determining the proportion of recipients
which formed transconjugants. To find a proxy for CRISPR targeting efficiency, |
measured the proportion of transconjugants which still contained a target plasmid
at the end of each experiment. If this proportion is low, there is little escape from

CRISPR-Cas9 targeting, and therefore CRISPR targeting efficiency is high.

To test how these variables determine target plasmid removal, | carried out a
series of three mating experiments where a donor E. coli strain delivers
pKJK5::Cas to E. coli recipients carrying target plasmid pHERD30T or pHERD99
under different conditions (experimental design overview in Figure 3.S1). In the
first experiment, donors and recipients were co-incubated in liquid medium
(“Liquid Mating”). The second experiment utilised filter mating for higher predicted
conjugation efficiency ((Bradley, 1983); “Filter Mating”). These experiments were
both carried out using pKJK5::Cas[aacC1-72], which carried a guide that targets
plasmid pHERD30T with high efficiency (Chapter 2). Its corresponding non-
targeting control is pKJK5::Cas[nt] and targets a random nucleotide sequence not
present in the study system (Figure 3.S1A-B). For the third experiment, filter
mating was carried out using pKJK5::Cas[aphA99]. Initially, pKJK5::Cas[aphA99]
was designed to target kanamycin resistance plasmids, but here it was used as
a low-efficiency means of targeting pHERD99 in its multiple cloning site
(comparable to targeting of pHERD3O0T within and outside aacC1 in Chapter 2).
The corresponding non-targeting control plasmid, pKJK5::Cas[nt2], is targeted
towards a different random nucleotide sequence not present in the study system
(Figure 3.S1C). With this set-up, the impact of conjugation efficiency could be
assessed when comparing experiments 1 and 2, where CRISPR targeting
efficiency remained constant. The impact of CRISPR targeting efficiency could
be assessed when comparing experiments 2 and 3, where conjugation efficiency

remained constant.

Target plasmid removal was dependent on conjugation efficiency

First, | aimed to determine to which extent target plasmids were removed from
recipients. Selective plating revealed that the proportion of recipients carrying the
target plasmid varied after each experiment (Figure 3.1A). In both filter mating

experiments, target plasmid prevalence was reduced significantly by ~1-3 orders
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Figure 3.1: Target plasmid removal is dependent on conjugation efficiency. A-B:
Means (diamonds) and standard deviation (lines) of various colony proportions after
three different mating experiments (circles; n=6-12) using pKJK5::Cas[aacCl-
72)/[aphA99] (targeting) or pKJK5:: Cas[nt]/[nt2] (non-targeting) in donors and
pHERD30T/pHERD99 in recipients. The dotted line indicates a relative proportion of
1. A: Targeting versions of pKJK5::Cas reduce the proportion of recipients
retaining the target plasmid. B: Conjugation efficiency of pKJK5::Cas varies
throughout experiments. Black significance identifiers indicate significant
differences from corresponding non-targeting treatments; grey brackets indicate
additional relevant comparisons. *p<0.05, **p<0.01, **p<0.001, n.s.- non-significant.
as revealed by Tukey’s HSD after fitting GLMs. C: Plasmid removal efficiency is
dependent on conjugation efficiency. Correlation of data in A and B for
experiments  with  similar CRISPR-Cas9 targeting  efficiency  (using
pKJIK5::Cas[aacC1-72]). For targeting guides, higher conjugation rates are
associated with lower target plasmid proportions (p<0.001). This association is non-
significant for non-targeting guides (p=0.62). Statistical details in methods.

of magnitude compared to the non-targeting controls (p<0.001; see Methods for
details of statistical models). In contrast, plasmid removal was modest during
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liquid mating and did not reach statistical significance (~25% of recipients
retained the target plasmid, compared with ~59% for the non-targeting control;
p=0.2).

As predicted, transconjugant proportions, which indicate conjugation efficiency,
were highest during filter mating (Figure 3.1B), with ~100% of recipients receiving
targeting pKJK5::Cas compared to only ~60% during liquid mating (p<0.05 when
comparing liquid and filter experiments). Unexpectedly, the transconjugant
proportion of the non-targeting controls was highly variable and reached as low
as 1%; this is discussed later.

To determine the significance of conjugation efficiency to plasmid removal, |
correlated these two metrics in Figure 3.1C for experiments using the same
SgRNA target sequence (liquid, filter). When pKJK5::Cas carried the targeting
SgRNA guide, a higher conjugation efficiency was significantly associated with a
lower proportion of recipients carrying target plasmid pHERD3O0T (p<0.001). This
relationship was not upheld for the non-targeting controls (p=0.62). While
investigating this relationship for the filter mating experiment in isolation led to a
qualitatively opposite relationship, these subtle within-experiment differences in
conjugation efficiency are unreliable for these data, as comparing colony counts
on plates selecting for recipients and plates selecting for transconjugants led to
numeric conjugation efficiencies exceeding 100% in nearly all filter mating
samples, which is not biologically possible. Instead, it is therefore more robust to
carry out between-experiment comparisons with a larger range in conjugation
efficiency. This experimental shortcoming is further examined in the General

Discussion.

Together, these data show that the target plasmid pHERD30T/pHERD99 could
be removed by conjugatively applying pKJK5::Cas, and that removal efficiency

was dependent on conjugation efficiency.

Target plasmid removal was dependent on CRISPR targeting
efficiency
Next, | hypothesised that CRISPR targeting efficiency also influenced target
plasmid removal. As a proxy of CRISPR targeting efficiency, | calculated the
proportion of transconjugants which retained the target plasmid throughout the
experiment (Figure 3.2A). Where pKJK5::Cas[aacC1l-72] was used, this
proportion remained very low during both experimental setups (~2-4x104), which
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Figure 3.2: Target plasmid removal is dependent on CRISPR targeting
efficiency.

A Transconjugants with target plasmids as a proxy for CRISPR targeting
efficiency: Means (diamonds) and standard deviation (lines) of the proportions
of transconjugants retaining the target plasmid after three different mating
experiments (circles; n=6-12) wusing pKJK5::Cas[aacC1-72]/[aphA99]
(targeting) or pKJKS::Cas[nt]/[[nt2] (non-targeting) in donors and
pHERD30T/pHERD99 in recipients. The dotted line indicates 100%. A higher
proportion indicates lower CRISPR targeting efficiency. *p<0.05, **p<0.01,
***p<0.001, n.s.- non-significantly different from corresponding non-targeting
treatments, as revealed by Tukey’s HSD after fitting a GLM. B Correlation with
target plasmid removal. Proportion of transconjugants which carry the target
plasmid (targeting efficiency) correlated with proportion of all recipients,
including transconjugants, with target plasmids (removal efficiency; Figure 3.1A)
for filter matings using pKJK5::Cas[aacC1-72] or pKJK5::Cas[aphA99]. Higher
targeting efficiency (low proportion of pHERD30T+ transconjugants) is
associated with lower target plasmid carriage (p<0.001). This association is
non-significant for non-targeting guides (p=0.44). See Methods for details of all
statistical models.

indicates that only in ~1 in 5000 cases CRISPR targeting of the plasmid failed.
On the other hand, where pKJK5::Cas[aphA99] was used, the pHERD99+
proportion of transconjugants was significantly higher (~3.3x102; p<0.05) which
reflects a lower efficiency of CRISPR targeting (targeting failed in ~1 in 30 cases).
This difference in CRISPR targeting efficiency is likely due to the varying location
of CRISPR-Cas9 target on each target plasmid (within antibiotic resistance gene
vs within multiple cloning site), presumably leading to alternating frequencies of
plasmid escape from CRISPR-Cas9 targeting by point mutation (Chapter 2).

Correlating this metric with the proportion of recipients carrying target plasmids
for experiments with the same conjugation efficiency (filter, filter (low efficiency))
confirmed that there was a significant association between these variables for
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targeting treatments (Figure 3.2B; p<0.001) and showed that more efficient
CRISPR targeting correlated with lower proportions of recipients with target

plasmids.

Non-targeting controls varied in conjugation efficiency and recipient
density

The non-targeting control pKJK5::Cas[nt] had a significantly lower proportion of
transconjugants than its corresponding targeting pKJK5::Cas[aacC1-72] during
filter mating (>1 order of magnitude; p<0.001). The same was not true when using
pKJK5::Cas[nt2] or for pKJIK5::Cas[nt] during a liquid mating experimental setup
(Figure 3.1B). As conjugation rates can depend on relative donor and recipient
frequencies, | investigated the prevalence of donors and recipients after each
experiment. Interestingly, the recipient prevalence varied for each experiment
and treatment (Figure 3.3). Most drastically, recipient proportion of the non-
targeting control dropped to a miniscule 6x10® during filter mating, and was
partially restored to ~3% when pKJK5::Cas[nt2] was used instead.

Overall, this shows that unexpected dynamics governed transfer of non-targeting
pKJK5::Cas. This coincided with unexpected overall recipient prevalence in the

same experiments.

Figure 3.3: Recipient prevalence after
mating experiments.

Recipient prevalence

3 B 4 TE T R Means (diamonds) and standard
%19_01 to | 4 ¥ deviation (lines) of the proportion of
g : ? recipients out of overall bacteria for each
S g , ° treatment. The dotted line indicates 50%
5 1e-03 ' (starting  proportion). All  relevant
& Experiment categories are significantly different from
{; A ¢ Liquid each other (**/***) **p<0.01, ***p<0.001
yod ¢ ¢ Eiil'tt;f(low T as revealed by Tukey’s HSD after fitting
$ e 3 a GLM. F=149.8; d.f.=5&39; p<2.2x10""*;

targeting non-targeting adjusted R2=0.9442.
pKJKS::Cas target

Maintenance of both plasmids is costly and led to low recipient
prevalence

A possible explanation for the observed differences in recipient prevalence is a
variation of donor or recipient growth rates. | therefore assessed culture capacity,
lag time, and growth rate of each donor strain, but no meaningful correlation with

recipient prevalence was detected (Figure 3.S2). Therefore, | expanded the
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growth analysis to recipients with all possible plasmid contents arising throughout
the experiments. Recipients carrying any combination of plasmids had a
generally lower culture capacity and higher lag time than plasmid-free recipients
(p<0.05 for most recipients isolated from the “Filter” experiment, and some
recipients isolated from other experiments; see Figure 3.4 for full breakdown).
Furthermore, the lag time of recipients containing pKJK5::Cas in addition to the
target plasmid was higher than the lag time of recipients containing pKJK5::Cas
only — intriguingly, this was especially the case for recipients isolated from
experiments carried out on filters (p<0.05 for both filter mating experiments; see
Figure 3.4 for full breakdown). Growth rates had a high standard error across all

samples and did not vary significantly (not shown).

Throughout these experiments, non-targeting controls had higher proportions of
recipients which carry both plasmids than their targeting counterparts (Figure

3.2A), which led to more incidence of costly plasmid co-maintenance in non-

targeting non-targeting no pKJK5::Cas
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Figure 3.4: Plasmid maintenance is costly. Growth metrics of all recipients,
including transconjugants, with various plasmid content isolated after or before
all three experiments (red, green, blue) in comparison with recipients with no
resident plasmids (not from experiments; grey). Circles show individual data
points, diamonds + bars show means + standard error. For comparison across
all data, black horizontal bar and grey boxes show mean + standard error of
the corresponding growth metric of recipients without plasmids. Asterisks
highlight treatments which are significantly different from recipients without
plasmids. Grey brackets highlight treatments which are significantly different
when the target plasmid is present or absent respectively. ***p<0.001,
**p<0.01, *p<0.05, as assessed by Tukey’s post-hoc test after fitting GLMs;
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targeting controls. | hypothesised that this might be an explanation for the

unexpected recipient prevalence and transconjugant proportions.

Therefore, | visualised the relationship between these variables. This showed that
recipient prevalence was significantly associated with proportion of recipients
carrying both plasmids in each experiment (p<0.001; Figure 3.5). Interestingly,
this relationship was dependent on experimental background and during liquid
mating, high proportions of recipients with both plasmids were associated with
high recipient prevalence, while the opposite was true for both filter mating

experiments.

In summary, co-maintenance of pKJK5::Cas and its target plasmid led to a growth
detriment in the recipient strain, and these dynamics became clear when matings
were carried out on filters. Plasmid co-maintenance primarily occurred using the
non-targeting control, which could be the reason why some non-targeting controls

had extremely low recipient prevalence.

Liquid Filter Filter (low eff.)

(@)

1e+00

(@]

(@]
(@]

pKJK5::Cas target a)@

=&= targeting

1e-02

=&= non-targeting

1e-04
yZ057+2.1x y=-1.6-0.71 x
2-0.87 =0.74
1e-02  1e-01 1605 1e.03 1e.01 1602 1e-01  1e+00

Proportion of recipients with both plasmids

Recipient prevalence

Figure 3.5: Recipient prevalence is associated with proportion of
recipients containing both plasmids, but this relationship is dependent on
experimental background. Correlation of transconjugant+pHERD30T
proportion and recipient prevalence for all three conjugation experiments. All
correlations are significant; p<0.001. See Methods for model details.

Discussion

In this chapter, | assayed the efficiency of target plasmid removal from a bacterial
strain through conjugation of pKJK5::Cas from a donor strain. | found that target
plasmid removal was dependent on both the conjugation efficiency and on the

efficiency of Cas9 targeting. As | chose the endpoint measures of conjugation
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efficiency and CRISPR targeting efficiency rather than tracking donor and
recipient growth and plasmid dynamics throughout the experiment, it is unclear
which underpinning dynamics contribute the most to the measured outcome. For
instance, an increased conjugation efficiency during filter mating may be due to
an increase in mating pair formation, or an increase in vertical growth of early
transconjugants. Nevertheless, the key metrics of conjugation efficiency and
CRISPR targeting efficiency allowed me to break the process of AMR plasmid
removal down into two stages: initially, how well does pKJK5::Cas transfer, and
secondly, how well does it remove target plasmids once in target cells?

Overall, it seems that conjugation efficiency is the more important factor: the
combination of low-efficiency CRISPR targeting and high-efficiency conjugation
(filter mating (low efficiency)) led to ~10 times as much target plasmid removal as
high-efficiency CRISPR targeting and low-efficiency conjugation (liquid mating;
Figure 3.1A). Therefore, optimising conjugation and delivery of pKJK5::Cas will
be key to clearing plasmids from natural populations. This adds to a bulk of past
research which already identified conjugation efficiency as a crucial factor (e.qg.
(Hamilton et al., 2019; Wongpayak et al., 2021)), and which proposed low
conjugation efficiency as a key reason for failure when applying CRISPR delivery
tools in animal models (Rodrigues et al., 2019) or to complex communities
(Ruotsalainen et al., 2019). Interestingly, my data indicate that even relatively
modest optimisations of conjugation efficiency will lead to considerable
improvement of target plasmid removal, as an increase of recipients forming
transconjugants from ~60% to 100% led to a large drop in recipients retaining the

target plasmid from ~25% to 0.1%.

Previous work which removed mcr-1 plasmids from E. coli showed that removal
of plasmids is more effective when replicon-associated or toxin/antitoxin system
genes are targeted rather than antibiotic resistance genes (Wang et al., 2019).
While this indicates that efficiency of targeting pHERD30T could further be
improved by targeting replicon-associated sequences, my data indicate that
targeting antibiotic resistance genes provides a clear advantage over targeting
non-essential plasmid sequences. Escape mutations that allow pHERD3O0T to
evade CRISPR are expected to occur more readily in non-essential regions of
the plasmid (e.g. target sequence on pHERD99), compared to its antibiotic

resistance gene which is essential under selective pressure, and is targeted by
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pKJK5::Cas[aacC1-72]. This is analogous to bacteriophage mutations to escape
from natural CRISPR targeting, the frequency of which is dependent on
essentiality of the bacteriophage gene targeted by CRISPR (Watson et al., 2019).
Additionally, targeting antibiotic resistance genes has the advantage that multiple
plasmids with different AMR genes could be removed using the same CRISPR
delivery tool, for instance by targeting conserved sequences in divergent -

lactamase genes (Kim et al., 2015; Ruotsalainen et al., 2019).

Recipient prevalence drastically decreased for non-targeting controls during filter
mating due to costs of plasmid co-maintenance (Figure 3.3-3.4). Intriguingly, this
was not the case for liquid mating. This suggests that these costs may arise as a
result of cell density, cell-to-cell contact, or from being attached to a substrate —
all of which are low or absent during liquid mating. For instance, high local cell
densities during filter-mating might lead to low local nutrient concentrations,
which increases the importance of competition for nutrients between donors and
recipients and allows donors to rapidly outcompete recipients struggling to grow.
On the other hand, a better-mixed environment during liquid mating ensures
higher relative nutrient availability and decreases the importance of moderate
differences in bacterial growth. Beyond this, phenomena such as lethal zygosis
(where high relative donor frequencies lead to recipient cell death; (Skurray and
Reeves, 1973)) may lead to runaway decreases after an initial drop in recipient
prevalence under conditions with high conjugation rates (i.e. filter mating), further

inflating the importance of moderate growth detriments.

Conjugation efficiency might be linked to recipient prevalence through the growth
detriment of co-maintaining plasmids: Rather than being reflective of lower overall
conjugation rates, low final transconjugant proportions are probably a result of
pKJK5::Cas loss after initial transconjugant generation. However, transconjugant
proportions also varied between non-targeting pKJK5::Cas variants (Figure
3.1B), which target different random nucleotide sequences (neither of which are
present in the model system). Therefore, this difference in conjugation efficiency
suggests unexpected effects due to Cas9 off-target binding. For instance, Cas9
plays a role in gene regulation using a smaller-than-usual CRISPR RNA which
has an imperfect match to a chromosomal target (Ratner et al., 2019). Possible
off-target hits of each non-targeting sgRNA with PAM in this model system are

summarised in Table 3.1.
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Table 3.1: Off-target hits for non-targeting guides: possible off-target hits of each

guide + PAM identified by a BLAST homology search. “Genome” indicates
genetic compartment targeted. Additional off-target hits on all genomes with <10
matching base pairs are not shown. “Matching bases” lists the number of base
pairs matched between guide + PAM and target. *E. coli K12 matches are also
present in corresponding areas of the E. coli DH5a genome.

Accession Matching Target

Genetic context
number bases area

Genome

[nt] guide off-target hits (including PAM)

YjiM (putative 2-hydroxyacyl-CoA
12 685180- dehydratase — enzyme used in
685191 i
fermentation)
SiXA (phosphohistidine
_ 11 3202156- phosphatase — involved in
E. coli 3202146 nitrogen-related
NZ_CP010444.1
K12* phosphotransferase system)
18 different targets, mostly
metabolic genes. Two with
10 Various unknown function, two involved in
transcription (pcnB, ydcl), and
tetB tetracycline efflux.
31570- _
pKJIKS AM261282.1 9 31562 tetA tetracycline efflux pump.
PHERD30T EU603326.1 / / No hits identified
[nt2] guide off-target hits (including PAM)
13 222232 asd (aspartate synthesis)
12 gg;g;g ampD (peptidoglycan recycling)
3809958- .
12 3809969 fbaA (fructose metabolism)
11 313972- thiC (phosphomethylpyrimidine
E. coli 313982 synthase)
K12* NECPOTOsEEL 11 ;ggggg yciV (5'-3’ exoribonuclease)
15 different targets, mostly
metabolic genes. One gene with
unknown function, two efflux
10 Various pumps (mdtD, yebQ), gspA
component of Type 2 secretion
system, and rarA which is
involved in replication.
29178- intl1 (Integrase; inactive on
pKJIK5 AM261282.1 10 29196 pKJK5 and disrupted by CRISPR
cassette)
pHERD30T EU603326.1 / / No hits identified
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Overall, this comparison shows that both non-targeting guides may bind to
separate genetic regions, which could hint towards such non-specific binding
playing a role in conjugation rates. These predictions would have to be tested
experimentally. To assess why conjugation efficiency of the non-targeting control
is low, strains with varying plasmid contents should be directly competed against
each other, and a CRISPR-Cas9-free pKJK5 control would indicate whether off-

target Cas9 effects play a role.

Conclusion

In this chapter, | assessed removal of a target plasmid from E. coli by application
of a donor E. coli strain containing pKJK5::Cas. Plasmid removal was effective
but dependent on several factors. Specifically, | found that CRISPR targeting
efficiency and especially conjugation efficiency were key determinants of target
plasmid removal efficiency. Intriguingly, non-targeting pKJK5::Cas controls
showed lower conjugation efficiency than their targeting counterparts, and non-
targeting treatments had a lower overall recipient prevalence. This could be due
to fitness costs of maintaining pKJK5::Cas together with the target plasmid, and

perhaps due to unexpected off-target effects of Cas9.

Together, these experiments provide a robust basis for application of pKJK5::Cas
to remove resident plasmids from target bacteria. Several barriers remain before
applying pKJK5::Cas in healthcare or environmental settings: Firstly, the target
plasmid used is a synthetic cloning vector. How does pKJK5::Cas fare against
more natural target plasmids? Secondly, transfer and maintenance of
pKJK5::Cas are expected to be altered in mixed bacterial communities and
environmental isolates compared to a standard laboratory E. coli strain. How
effective is pKJK5::Cas spread through a community made up of natural isolates?
These questions are addressed in Chapters 4 and 5 respectively.
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Figure 3.S1: Experimental setups of different means of delivering pKJK5::Cas
from E. coli DH5a (A+C) or E. coli K12 (B) donors to E. coli K12::mCherry
recipients. In A, the plasmid is delivered by liquid mating. In B and C, the plasmid
is delivered by filter-mating with predicted higher conjugation efficiency. In A and
B, pKJK5::Cas[aacC1-72]'s gene cassette is inserted into dfrA (brown). This
plasmid targets pHERD30T’s gentamicin resistance gene aacC17 (purple). In C,
pKJK5::Cas[aphA99]'s gene cassette is inserted into int/1 (yellow). This plasmid
targets a corresponding sequence cloned into pHERD99’s multiple cloning site
(red) at predicted lower targeting efficiency. Both plasmids have corresponding
non-targeting controls with different random sgRNA target sequences
(pPKJK5::Cas[nt] and pKJK5::Cas[nt2] respectively).
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Figure 3.S2: There is no clear association between recipient prevalence and
donor growth metrics. Growth metrics of donor strains from all experiments
were assessed (n=4, see methods for details). Meanzstandard deviation of
modelled culture capacity, lag time, and growth rate of donors used for each
experiment, plotted against meantstandard deviation of recipient prevalence
(Figure 3.3). None of the correlations, except culture capacity of targeting
pKJK5::Cas (p=0.036) are statistically significant.
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Chapter 4. pKIK5::Cas-mediated AMR plasmid
removal is dependent on target plasmid properties

Abstract

Plasmids encoding antimicrobial resistance (AMR) genes are a major
contributing factor to drug-resistant infections. Such plasmids can be transferred
between bacterial species, but technologies based on CRISPR-Cas9 provide a

means to stop this transfer.

Past studies have generated effective CRISPR delivery tools which can clear
targeted resident plasmids from bacterial species; | developed broad host-range
plasmid pKJK5::Cas to achieve this. Generally, removal of synthetic target
plasmids is easily achieved. However, it is unclear if CRISPR-Cas9 conjugative
delivery can effectively target natural plasmids, which are typically larger than
synthetic cloning vectors and often encode multiple AMR genes, stability

systems, and other payload genes.

In this chapter, | contrasted removal of a synthetic target plasmid with that of
clinical multi-drug resistance plasmid RP4. | identified target plasmid properties
which can protect from CRISPR mediated removal, specifically their
incompatibility group and toxin-antitoxin system presence. Both factors
considerably reduced plasmid removal efficiency by pKJK5::Cas in isolation, and
in combination entirely stopped effectivity of this approach. Despite removal not
being effective, pKJK5::Cas was used to prevent uptake of RP4 in a natural

isolate.

This study identified target plasmid properties which limit the efficacy of this
CRISPR delivery tool, and this knowledge may be utilised by employing
alternative pKJK5::Cas delivery strategies or by tailoring its use to applications

which avoid its shortcomings.

Introduction

AMR of bacterial pathogens is becoming highly problematic to modern
healthcare, and AMR-associated infections are predicted to be the leading cause
of death within the next few decades (O’Neill, 2016). Thanks to horizontal transfer
of antibiotic resistance genes and low concentrations of antibiotics present which
are sufficient to select for resistance (e.g. sub-inhibitory concentrations (Murray
et al., 2021)), environments such as livestock farms or waste water see frequent
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exchange of resistance genes between different bacterial species (United
Nations, 2017). In this way, these so-called reservoirs of AMR are hotspots for
transfer of resistance genes, primarily driven by plasmids (Partridge et al., 2018).
There is clear evidence that pathogenicity and resistance of bacteria arises
through horizontal gene transfer in the environment (e.g. of Pseudomonas

aeruginosa, (Laborda et al., 2021)).

CRISPR-Cas9 may provide a novel avenue to block transfer of resistance
plasmids in microbial communities. For example, a SgRNA (single guide RNA) -
directed nuclease Cas9 (or a closely related enzyme) can be delivered to
bacterial cells and communities to specifically remove AMR-carrying plasmids,

thereby leading to resensitisation of bacteria to antibiotics (Pursey et al., 2018).

In the previous chapters, | developed pKJK5::Cas, a broad host-range plasmid
encoding cas9 and an AMR gene-targeting sgRNA, showed how it can protect
host cells from uptake of AMR plasmids (Chapter 2), and that it can conjugatively
remove target plasmids from a recipient strain by application of an unrelated
donor. The efficiency of target plasmid removal is dependent on pKJK5::Cas
targeting efficiency and conjugation efficiency (Chapter 3).

Beyond this, target plasmid properties and which cargo genes they carry are
hypothesised to have an impact on their removal by CRISPR delivery tools
(Lauritsen et al., 2017; Yuen et al., 2017). Therefore, in this chapter, | aim to
assess which target plasmid properties can prohibit removal by pKJK5::Cas.
Specifically, | compare removal of synthetic cloning vector pHERD99 (Chapter 3)
with removal of conjugative, multi-drug-resistance plasmid RP4. RP4, originally
isolated from multiple burns patients in a clinical setting, is a broad host-range
IncP-1a plasmid and, as it belongs to the same incompatibility group, cannot be
maintained together with pKJK5 (Pansegrau et al., 1994). Despite this, both
plasmids can transiently co-exist in the same cells (Bahl et al., 2007b), which
allows pKJK5::Cas to theoretically target this plasmid. Additionally, RP4 encodes
several stability and post-segregational killing systems, one of which is the par
operon. parABC form a multimer resolution system and ensure stable inheritance
of RP4 by preventing catenation of daughter plasmids. parDE are a post-
segregational killing component, with parE being a toxin that stops bacterial
replication and parD the antitoxin (Adamczyk and Jagura-Burdzy, 2003). This
means that RP4 loss can be expected to lead to cell death. | hypothesised that
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both RP4’s incompatibility and presence of its par toxin-antitoxin (TA) system

might contribute to impaired CRISPR mediated removal of this plasmid.

Therefore, | initially contrast removal of pHERD99 with RP4 and find that RP4
cannot be removed. To analyse the cause of this effect, | construct a series of
synthetic target plasmids with and without par TA genes, and of different or the
same incompatibility group as pKJK5::Cas. Finally, | speculate under which
conditions pKJK5::Cas may be successfully used against RP4 and trial this

application in a soil bacterial isolate.

Methods

Strains, plasmids, and growth conditions

All bacterial strains, plasmids, and primers used throughout the thesis are listed
in Thesis Supplement Table S1-3. Unless otherwise specified, all strains were
cultured in LB at 37°C whilst shaking at 180 rpm. Where necessary for plasmid
selection, antibiotics were added at the following concentrations: Ap — 100 pg/mL
Ampicillin; Gm — 50 pg/mL Gentamicin; Km — 50 pg/mL Kanamycin; Tc — 12
pug/mL Tetracycline; Cp — 25 pg/mL Chloramphenicol. Where Escherichia coli
MFDpir was used, cultures were supplemented with 0.3 mM DAP (diamino
pimelic acid) to ensure growth of this auxotrophic strain. By omitting DAP the
strain could be selected against.

Unless otherwise stated, all molecular cloning steps were carried out using high-
fidelity restriction enzymes (NEB) in E. coli DH5a using commercially competent
cells (NEB) and manufacturer’s protocols. PCR reactions were carried out using

PCRbio Taq master-mix according to manufacturer’s instructions.

pACYC Cas construction: To test Cas9 + sgRNA[aphA99] targeting capability,
the CRISPR cassette (Cas9+sgRNA) with specificity [aphA99] and the non-

targeting [nt2] was cut from pMA-RQ_Cas (Chapter 2-3) and inserted in vector
pPACY Cduet using EcoRI and Hindlll restriction sites.

DH5a::CpR construction: Recipient strain E. coli DH5a::CpR was constructed by

pBAM_Cp delivery. The Chloramphenicol-resistance-encoding Tn5 transposon
was delivered to DH5a using MFDpir as described previously (Dimitriu et al.,
2021) and chloramphenicol resistance in E. coli DH5a::CpR was phenotypically

confirmed by selective plating.
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Target plasmid construction: Natural target plasmid RP4 encodes resistance

against tetracycline, ampicillin, and kanamycin, and possess several addiction
systems including the parABCDE TA operon (Pansegrau et al., 1994). |
constructed a series of synthetic target plasmids of different incompatibility
groups and with or without inclusion of par TA genes. Their gene contents are

summarised in Figure 4.S1 and their construction process is outlined below.

pOGG99 par was constructed by deleting genes from pOPS0378 (Table S2;
(Mendoza-Suarez et al., 2020)) to generate a minimal vector. As such,
pOGG99 par is a reverse-engineered vector constructed from BEVA parts
(bacterial expression vector archive; (Geddes et al., 2019)). First, mCherry was
removed from pOPS0378 by digestion with EcoRlI, extraction, and re-ligation of
the 6043 bp band. Next, site-directed mutagenesis of aphA was carried out using
primers pOGGO_mut_fw and pOGGO_mut_rv and Thermo Scientific’s site-
directed mutagenesis kit according to manufacturer’s instructions. In this way, the
nucleotide at position 96 within aphA was silently mutated from C to G to bring
the gene sequence in line with that found on our laboratory’s version of RP4 and
to allow targeting by pKJK5::Cas[aphA99]. Successful mutation was confirmed
by Sanger sequencing of the finished plasmid using primer pOGGO_sequence.
The final plasmid pOGG99 par includes the following components with
corresponding BEVA module names: aphA Kanamycin resistance gene originally
sourced from RP4 (pOGGO008), oriV, oriT and trfA originally sourced from RP4
(pOGGO010), parABCDE stability module originally sourced from RP4
(pOGGO012). Compared with RP4, this par module is 99.96% identical with a
single nucleotide mis-match in the non-coding area between parA and parB.

pOGG99 was constructed by excising parABCDE from pOGG99 par:
pOGG99 par was digested with Blpl and Bglll, the 3664 bp fragment was
extracted and religated with linker oligos (pOGGO099 parRemoval_top & _btm;
annealed and phosphorylated as described previously; Chapter 2). This yielded
pOGG99, a version of pOGG99 par where parABCDE are replaced with a
multiple cloning site module based on BEVA component pOGGO004.

pHERD99 was constructed as described in Chapter 3.

pHERD99 par was constructed by amplifying parABCDE using pOGG99_par as
a template and primers par_fw/rv. The PCR was carried out using high-fidelity

Phusion polymerase (Thermo Scientific) according to manufacturer's
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instructions, and the amplicon was inserted into pHERD99’s Kpnl site. The final
plasmid was digested with BspHI to verify correct insertion and to test
directionality of parABCDE: the operon was inserted in an orientation where parA

and parB have the same directionality as pHERD30T’s aacC1.

Verification of RP4 targeting

To verify the ability of Cas9+sgRNA[aphA99] to target RP4, E. coli K12 containing
RP4 was made electrocompetent as described previously (Chapter 2), ensuring
selection for RP4 using Km throughout. Competent cells were transformed with
500ng plasmid DNA each of pACYC_Cas[aphA99] or pACYC_Cas[nt2] and
plated on LB containing Cp, Km, Amp, and Tc to select for both plasmids, and
colony counts after an overnight incubation at 37°C were used to calculate

transformation efficiency.

Removal of various target plasmids with different par status and
incompatibility

Single colonies of each donor (E. coli DH5a+pKJK5::Cas[aphA99]/[nt2]) were
suspended in 25mL LB+Tc and grown overnight. Single colonies of each recipient
(E. coli DH5a::CpR containing RP4, pHERD99, pHERD99 par, pOGG99, or
pOGG99 par) were suspended in 15mL LB and grown overnight, supplemented
with Km for RP4 and pOGG-based plasmids, or supplemented with Gm for
pHERD-based plasmids. These TO cultures were washed twice in 0.9% (w/v)
NaCl and adjusted to OD600=0.5. Next, cultures were filter-mated in a 1:1 ratio
in 5 replicates as described previously (Chapter 3). Filters were placed onto 10%
LB plates (diluted in 0.9% NaCl) and incubated at 37°C for 48 hours. To recover
cells, filters were placed into 3mL 0.9% NaCl and vortexed for 15 seconds.
Recovered cells were plated onto different selective media which allowed growth
of recipients with varying plasmid content: LB for all donors and recipients, LB+Cp
to select for all recipients, LB+Cp+Tc to select for transconjugants, LB+Cp+Km
to select for recipients with RP4/pOGG-based target plasmids, LB+Cp+Gm to
select for recipients with pHERD-based target plasmids, and onto
LB+Cp+Tc+Km/Gm to select for recipients with both plasmids respectively.
Additional controls included donor-only and recipient-only matings for each strain

and yielded colonies as expected.
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Blocking RP4 entry in Stenotrophomonas

To construct recipient strains, pKJK5::Cas[aphA99]/[nt2] was delivered to
Stenotrophomonas sp. using E. coli DH5a as a donor and filter-mating protocols
as described previously, with incubation steps carried out at 28°C (Chapter 3).
Stenotrophomonas +pKJK5::Cas transconjugants were selected for using Ap
(selects for Stenotrophomonas) and Tc (selects for pKJK5::Cas), and visually

confirmed by GFP fluorescence using a NightSea fluorescence lamp.

A single donor colony (E. coli MFDpir+RP4) was suspended in 15mL
LB+Km+DAP and grown overnight. Single colonies of each recipient (WT
Stenotrophomonas spp.; Stenotrophomonas + pKJK5::Cas[aphA99]; Steno-
trophomonas + pKJK5::Cas[nt2]) were suspended in 5mL LB and grown
overnight at 28°C, supplemented with Tc for pKJK5::Cas plasmids. These TO
cultures were washed twice in M9 buffer (for 1L: 60g NazHPO4; 30g KH2PO4; 5¢g
NaCl; 10g NH4Cl) and resuspended to OD600=0.5. Filter matings were carried
out in a 1:1 ratio with three biological replicates as described previously (Chapter
3), with the exception that a single-channel filterpump (Millipore) was used and
sterilised in 70% ethanol between each sample. Filters were placed onto 10%
King’s Medium B (KB) + DAP plates and incubated at 28°C for 48 hours. Cells
were recovered by placing each filter into 3mL LB and vortexing for 15 seconds.
Finally, cells were plated onto KB (selection against donors due to absence of
DAP) and KB+Tc+Km (selection for RP4) and incubated at 28°C for 48 hours,

after which colonies were counted and conjugation efficiency calculated.

Statistical Analyses

Data processing, data visualisation, and statistical analyses were carried out
using R software version 4.1.0 and RStudio version 1.4.1717 with the following
packages: tidyverse version 1.3.1, arm version 1.11-2, MuMIn version 1.43.17,
ggpubr version 0.4.0, lemon version 0.4.5, MASS version 7.3-54. For all statistical
models, other model structures and types were tested and the best models

selected. Assumptions were tested and found to be upheld.

Target plasmid removal (Figures 4.1 and 4.2) A gaussian GLM was fitted with

identity link function, describing the log of target plasmid proportion as a function
of pKJK5::Cas target, target plasmid, and their interaction. F=37.42; d.f.=9&40;
adjusted R?=0.8699; p<2.2x1016.
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A Tukey’s HSD test revealed significant differences between targeting and non-
targeting control of the same target plasmid treatment: pHERD99 p<1x107;
pHERD99 par p=0.000187; pOGG99 p=0.0518; pOGG99 par p=0.949; RP4
p=0.977.

Transconjugant proportion (Figure 4.3A) A gaussian GLM was fitted with identity

link function, describing the log of transconjugant proportion as a function of
pKJK5::Cas target, recipient plasmid, and their interaction. Counts of 0 were
removed to allow fitting of the model. F=56.73; d.f.=6 & 17; adjusted R?=0.9356;
p=2.615x101°,

A Tukey’s HSD test revealed significant differences between targeting and non-
targeting control of the same target plasmid treatment: pHERD99 p=0.177;
pPpHERD99 par p=0.999; pOGG99 p=0.000; pOGG99 par NA (only one datapoint

remains after removal of counts of 0).

Transconjugant proportion correlation (Figure 4.3B) Linear models were fitted

describing log of target plasmid proportion as a function of the log of
transconjugant rate for each pKJK5::Cas target. Transconjugant proportion
values of 0 were manually set to %2 of the detection limit.

Targeting: F=15.5; d.f.=1&18; multiple R?=0.4627; p=0.000965.
Non-targeting: F=0.1297; d.f.=1&18; multiple R?>=0.007155; p=0.7229.

Sample density (Figure 4.4A) A gaussian GLM was fitted with identity link

function, describing the log of sample density (CFU/mL) as a function of
pKJK5::Cas target, recipient plasmid, and their interaction. F=95.8; d.f.=9&40;
adjusted R?=0.9457; p<2.2x1016,

A Tukey’s HSD test revealed significant differences between targeting and non-
targeting control of the same target plasmid treatment: pHERD99 p=0.0840;
pHERD99 par p=0.00434; pOGGY99 p=0.992; pOGG99 par p=0.570; RP4
p=0.997.

Recipient proportion (Figure 4.4B) A gaussian GLM was fitted with identity link

function, describing the log of recipient proportion as a function of pKJK5::Cas
target, recipient plasmid, and their interaction. F=16.96; d.f.=9&40; adjusted
R?=0.7456; p=4.58x101%,
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A Tukey’s HSD test revealed significant differences between targeting and non-
targeting control of the same target plasmid treatment. pHERD99 p=0.000410;
PHERD99 par p=0.000485; pOGG99 p=0.999; pOGG99 par p=0.693; RP4
p=0.999.

Additional relevant treatment comparisons include: Targeting treatments:
pHERD99 par-pHERD99 p=0.227; pOGG99_ par-pOGG99 p=0.0000051. Non-
targeting treatments: pHERD99 par-pHERD99 p=0.246; pOGG99 par-pOGG99
p=0.00550.

RP4 delivery to Stenotrophomonas (Figure 4.5) A linear model was fitted

describing the log of conjugation frequency as a function of recipient plasmid
content. F=82.49; d.f.=2&6; multiple R?=0.9649; p=4.321x10°.

A Tukey’s HSD test revealed significant differences between individual treatment
categories: aphA99-nt2 p=0.837; WT-nt2 p=0.0000908; WT-aphA99
p=0.0000674.

RP4 targeting (Figure 4.S2) A two-tailed t test was carried out to test for a

significant difference between the treatment categories. t = -5.787, df = 3, p-value
=0.01026.

Results

Conjugative removal of RP4 is not possible using pKJK5::Cas

First, | aimed to compare the ability of pKJK5::Cas to conjugatively remove the
naturally occurring and multi-drug resistant conjugative plasmid RP4 with
removal of the cloning vector pHERD99 (Chapter 3). Both these plasmids are
targeted by pKJK5::Cas[aphA99]; pHERD99 has a target cloned into its multiple
cloning site and RP4 encodes kanamycin resistance gene aphA (Figure 4.S1-2).
After conjugative delivery of pKJK5::Cas to E. coli recipients, pKJK5::Cas
[aphA99] reduced pHERD99 target plasmid proportion by ~2 orders of magnitude
compared to the non-targeting control (Figure 4.1A). In stark contrast, all
recipients retained RP4 after both treatments (Figure 4.1B). This demonstrates
that conjugative removal of RP4 cannot be achieved with pKJK5::Cas using

established experimental set-ups.

Due to the multi-drug resistant nature of RP4, it was not possible to further
investigate the failure of RP4 removal by e.g. determining pKJK5::Cas
conjugation efficiency through selective plating. Therefore, | investigated two
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properties of target plasmid RP4 in isolation to determine to what extent they can
explain my results. These are the presence of TA systems and plasmid

incompatibility.

Toxin-antitoxin ron
Al pHERD99 oxin-antitoxin opero
i parABCDE and repli-
£l ¢
= : . I
:31.00-2—----;;;--§--- 1,00 reeee g cative incompatibility
[&] - .
e r ns prevent target plasmid
= I
§o10¢ 0.10 removal
;__g & To investigate the impact
0.01F o 0.01 of a toxin-antitoxin system
aphA99  nt2 aphA99  nt2

pKJK5::Cas target found on RP4 on target

Figure 4.1: Conjugative removal of pHERD99 plasmid removal, | cloned

and RP4. Conjugative delivery of pKJK5:: | parABCDE onto pHERD99
Cas[aphA99]/[nt2] to recipients containing (PHERD99_par:; Figure
pHERD99 (A) or RP4 (B). Diamonds and lines - _
show means + standard deviation; circles show 4.51C). To investigate the
individual datapoints of proportions of recipients | impact of plasmid income-
carrying the target plasmid after the experiment; patibility, | used pOGG99.
n=5. Dotted line indicates 100%.
***n<0.001, ns — not significant as assessed by This  minimal  (3.7kB)
Tukey’s HSD after fitting a GLM (full model fitted | mobilizable IncP-1 plasmid
to data in Figure 4.2).

consists of RP4’s origin of

replication, origin of transfer, trfA, and aphA Kanamycin resistance genes (Figure
4.S1B). Finally, to investigate the impact of both TA system presence and plasmid
incompatibility, | used pOGG99 par, which in addition to the above encodes
parABCDE (Figure 4.S1A). To allow comparisons with pHERD99 (Figure 4.S1D)
and RP4 (Figure 4.S1E), their data are presented alongside each other:

After conjugative delivery of pKJK5::Cas to E. coli recipients carrying each target
plasmid, plasmid maintenance remained at ~100% for all treatments when using
the non-targeting control (Figure 4.2). In contrast, when delivering
pKJK5::Cas[aphA99], target plasmid maintenance depended on plasmid identity:
pHERD99 removal was efficient (~1.8% of recipients retain pHERD99;
significantly lower than non-targeting control, p<ix107), but this efficiency
decreased by >1 order of magnitude on addition of par genes (~27% of recipients
retained pHERD99 par; significantly lower than non-targeting control,

p=1.87x10). Removal of IncP-1-backbone plasmids was even more inefficient:
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50% of recipients retained pOGG99 (not significantly lower than non-targeting
control; p=0.052; see Methods for model details). For pOGG99 par, plasmid

maintenance was restored to ~100%.

These data show that the presence of a par TA system is an important factor
preventing target plasmid removal by pKJK5::Cas[aphA99]. In addition, the data
indicate that plasmid incompatibility is likely another factor that can interfere with

removal.

targeting non-targeting
@)

5
i T
: @)
=]
(7]
G2
(7]
|||||||I T
P

0.10 A
pBR32p
backbone

IncP1

backbone backbone backbone

Proportion of recipients

I
I
I
I
F
I
|
I
I
I
I
I
I
I
I
1

|

|

[

|

|

O

pBR322 | IncP1

|

|

|

|

I

Target Plasmid

Figure 4.2: Proportion of recipients carrying different target plasmids.
pKJK5::Cas[aphA99]/[nt2] was delivered to E. coli carrying one of five target
plasmids. Means (diamonds) + standard deviation (lines) and individual
replicates (circles) of proportions of recipients carrying each target plasmid;
n=5. Dotted line indicates 100%, panels are split by targeting
pKJK5::Cas[aphA99] and non-targeting control pKJK5::Cas[nt2]. Stars
indicate significant differences from corresponding non-targeting controls as
assessed by Tukey’s HSD after fitting a GLM; ***p<0.001, *p=0.052, n.s. not

significant; F=37.42; d.f.=9&40; adjusted R°=0.8699; p<2.2x10™"".

CRISPR targeting can overcome incompatibility exclusion and leads
to target plasmid removal

| hypothesised that differences in target plasmid removal were due to differences
in uptake and maintenance of pKJK5::Cas. To test this, | assessed the proportion
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of recipients with pKJK5::Cas after each experiment as an indication of
conjugation efficiency. This was done for samples with all target plasmids

excluding RP4 due to its multi-drug-resistant nature.

Interestingly, this revealed that when pOGG99 was the target plasmid, Cas9
targeting was essential for pKJK5::Cas to become established (Figure 4.3A):
when delivering the non-targeting control, a very small proportion of recipients
(0.00026%) formed transconjugants. This number was >4 orders of magnitude
higher when pKJK5::Cas[aphA99] was delivered (7.1%; significantly higher,
p<1x107; see Methods for model details). These dynamics were not seen for
compatible target plasmids pHERD99 and pHERD99 par, where conjugation

efficiency was not dependent on pKJK5::Cas target.

Furthermore, I confirmed that plasmid removal effects were CRISPR-dependent
by plotting transconjugant proportions against target plasmid proportion (Figure
4.3B). This revealed that these two variables were significantly correlated for the
targeting pKJK5::Cas[aphA99] treatments where high conjugation rates were
associated with low target plasmid proportions (p<0.001). No such correlation
existed for non-targeting control treatments as target plasmid proportions
remained constant (p=0.72; see Methods for model details). These associations
remained when grouping target plasmids either by incompatibility group or by par

presence (not shown).

Together, these data show that when the target plasmid matched pKJK5::Cas’
Inc group, incompatibility exclusion could be overcome by CRISPR targeting —
but only in the absence of par genes. Throughout all treatments, high
pKJIK5::Cas[aphA99] conjugation efficiency was associated with low target
plasmid maintenance. In the most extreme case, full pOGG99 par retention

correlated with undetectable pKJK5::Cas uptake.

par target plasmids reduce recipient prevalence
| hypothesised that the apparent persistence of target plasmids encoding par was

due to fitness costs associated with recipients losing these plasmids.

To test this, | first analysed the overall cell density of all experiments. This
revealed that overall cell densities of treatments using pHERD-based target
plasmids was ~2 orders of magnitude lower than those bearing any other target

plasmid (Figure 4.4A). Interestingly, density of pHERD99 par samples was
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Figure 4.3: Transconjugant proportion determines extent of target
plasmid removal.

A: Transconjugant proportion. Means (diamonds) * standard deviation
(lines) and individual datapoints (circles) of proportion of recipients which carry
pKJKS5::Cas, as assessed by selective plating after filter-mating (Figure 4.2).
n=5. Horizontal lines indicate the limit of detection for each sample, which
varies with overall recipient prevalence and sample density. Transconjugant
proportions of 0 and standard deviation which reaches <0 were set to 2 of the
limit of detection to allow visualisation on a log scale, ***p<0.001; ns-not
significant; na-not analysed (insufficient data points). Significance identifiers
indicate statistical differences to corresponding non-targeting treatments;
identified by Tukey’s HSD after fitting a GLM; F=56.73; d.f.=6 & 17; adjusted

R2=0.9356; p=2.615x10'10. B: Transconjugant proportion is significantly
associated with target plasmid proportion throughout all target plasmids
when delivering targeting pKJK5::Cas (p<0.001). The association is not
significant for the non-targeting controls (p=0.72). Transconjugant proportions
of 0 were set to 72 of the limit of detection. See methods for linear model details.

significantly lower (~20%) when targeting pKJK5::Cas[aphA99] was used as
compared to the non-targeting control (p=0.0043; see Methods for model details),
potentially due to bacterial cell death caused by the addiction system after target
plasmid removal in DH5a::CpR + pHERD99 par + pKJKS5::Cas[aphA99]
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transconjugants. No difference in cell density was observed between targeting
and non-targeting treatments for any IncP-1 plasmid, probably due to the lower

efficiency of pKJK5::Cas uptake in these samples (Figure 4.3).

Next, to further investigate population dynamics when par-plasmids were
targeted, | determined the recipient proportion of all samples (Figure 4.4B). For
both pHERD99 and pHERD99 par, recipient proportion was dependent on
CRISPR target, and reduced by ~1 order of magnitude in the non-targeting
treatment as compared to the targeting treatment (p= 0.00041 & 0.00049
respectively; see Methods for model details). This effect was previously described
and is likely due to increased incidence of costly co-maintenance of non-targeting
pKJK5::Cas and pHERD99 (Chapter 3). Interestingly, this effect was not
observed for plasmids pOGG99 and pOGG99 par. These treatments had higher
overall cell densities (Figure 4.4A), which could indicate overall lower costs of
maintenance of these plasmids. However, recipient prevalence for the
pOGG99 par treatment was >1 order of magnitude lower than for pOGG99
(p<0.001) which indicates a cost imposed by parABCDE expression when

recipients transiently formed transconjugants.
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Figure 4.4: Cell density and recipient proportion reveal costs of targeting
par. Means (diamonds) * standard deviation (lines) and individual datapoints
(circles) of overall cell density in CFU/ml (A) and proportion of recipients
within each sample (B) as assessed by selective plating after filter mating.
Note that initial recipient proportion was 0.5 (dotted line). n=5. ***p<0.001;
**p<0.01; *p<0.05; ns-not significant; significance identifiers indicate statistical
differences to corresponding non-targeting treatments, grey lines include
significant differences between other relevant treatment categories; identified
by Tukey’s HSD after fitting GLMs. See Methods for model details.

In summary, these data show par-plasmids that are targeted confer a cost upon

their hosts, as evident through their population dynamics. pHERD99 par cell
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density drops when targeting pKJK5::Cas is used, and pOGG99 par recipient

proportion is significantly lower than for its non-par-encoding counterpart.
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Figure 4.5: pKJK5::Cas prevents
RP4 entry. Delivery of RP4 by E. coli
contaminated slurry. To test the ability of | to  Stenotrophomonas sp.  with

pKJKS5::cas to prevent AMR plasmid | V@rying plasmid content, n=3. nt2-
pKJK5::Cas[nt2]. aphA99- pKJK5::
Cas[aphA99]. Diamonds and lines
delivered RP4 to soil isolate | show means % standard deviation,
circles show individual datapoints of
conjugation efficiency (proportion of
pKJIK5::Cas[aphA99], pKJKS5::Cas[nt2], recipients which took up RP4).
or neither plasmid. ***p<0.001, assessed by Tukey’s
HSD after fitting a linear model. See
When not carrying pKJKS5, Steno- | methods for model details.

genes after being exposed to

uptake, | therefore conjugatively

Stenotrophomonas spp. carrying either

trophomonas took up RP4 at >3 orders of magnitude higher frequencies than
when it carried pKJK5::Cas, independent of its sgRNA specificity (Figure 4.5;
p=6.7-9.1x10°; see Methods for model details). This indicates that RP4 uptake
was blocked and not dependent on CRISPR, but likely mediated by

incompatibility exclusion of pKJK5.

Discussion

In this chapter, | assayed the impact of target plasmid properties on their removal
using pKJK5::Cas and found that TA (par) gene presence and plasmid

incompatibility both decrease removal efficiency and work additively (Figure 4.2).

In order to ascertain how TA system presence impacts target plasmid removal, |
compared removal of plasmids with and without the par operon. parABCDE
encodes two separate components; the stable inheritance system parABC and

the TA system parDE (Adamczyk and Jagura-Burdzy, 2003). The protective
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effect of par-encoding plasmids is likely due to a combination of each component,
but lower recipient prevalence and overall lower cell densities when par-encoding
plasmids are used (Figure 4.4) suggests that this effect is primarily due to

selective pressure imposed by cell death, mediated by the TA component.

parDE is a well-studied TA system, and the NCBI nucleotide database records
presence of these genes in genomes of Enterobacteriaceae such as Escherichia,
Salmonella, Klebsiella, and Shigella as well as at least 15 other species belonging
to Proteobacteria (Clark et al., 2016). The prevalence of these specific genes on
plasmids beyond RP4 is unclear, while closely related TA loci on plasmids are
more widespread (e.g. (Kamruzzaman and Iredell, 2019)). Overall, TA systems
are highly prevalent throughout chromosomes and mobile genetic elements and
highly diverse (Jurénas et al., 2022). Particularly Type Il TA systems, to which
parDE belongs, are well-distributed: Searching publicly available sequences
revealed that Type Il TA systems are represented in about two thirds of bacterial
genomes and carried by about one third of plasmids, both of which often carry
multiple type 1l TA systems (Xie et al., 2018). Generally, TA systems are highly
relevant to plasmids carried by pathogenic bacteria: together with multimer
resolution systems and partition systems, TA systems are ubiquitous amongst
virulence plasmids in Enterobacteriaceae (which often encode multiple TA
systems) and predicted to be essential to virtually all large plasmids (Sengupta
and Austin, 2011). Therefore, understanding the impact of TA systems on target
plasmid removal is crucial in the roll-out of CRISPR-based plasmid removal tools.
In comparison with other TA systems, parABCDE was found to be particularly
adept at killing plasmid-free cells and causing stable plasmid maintenance
(Jensen et al., 1995), so perhaps other TA systems would mediate less
persistence during CRISPR-mediated plasmid removal. To avoid these protective
effects imposed by TA systems, pKJK5::Cas could be improved by addition of
antitoxin genes (e.g. parD). This strategy was successfully employed in the
development of pCURE, which removed resident plasmids via incompatibility

exclusion and by blocking target plasmid TA systems (Lazdins et al., 2020).

Beyond stability systems and plasmid incompatibility, other target plasmid
properties might also play a role in persistence after pKJK5::Cas delivery in this

study system.
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Firstly, Cas9 could target pOGG99 and pHERD99 with differing efficiency:
pOGG99’s target sequence is within its antibiotic resistance gene, while
pHERD99’s target sequence is in an intergenic region inserted into its multiple
cloning site, meaning CRISPR targeting and therefore plasmid removal efficiency
is predicted to be lower for pHERD99 (Chapter 2; Chapter 3). In Chapter 3, a
higher proportion of plasmid co-incidence indicated a lower CRISPR targeting
efficiency. In this chapter no transconjugants with pOGG99 could be recovered,
in contrast to pHERD99 (Figure 4.S3). While this might support a higher CRISPR
targeting efficiency for pOGG99, this comparison is not straightforward due to
pOGG99 incompatibility. Unfortunately, the limit of detection for non-targeting
pKJIK5::Cas and pOGG99 was too high (=100%) to see if this effect was present
in the absence of CRISPR targeting. Therefore, to conclusively determine
targeting efficiency of this plasmid, these experiments would have to be repeated

with a higher conjugation efficiency to lower the limit of detection.

Secondly, all plasmids used in this chapter are mobilizable by IncP-1 plasmids
such as pKJK5::Cas. This leaves the model system open to re-infection of naive
recipient cells by plasmids which have a mutated target site to escape CRISPR
targeting. This phenomenon was observed when applying a similar CRISPR
delivery tool, where it led to only moderate plasmid removal (~50%; (Wongpayak
et al., 2021)). Therefore, this analysis should be further expanded to target
plasmids not mobilizable by pKJK5::Cas; perhaps the impact of TA system
presence is less severe in such cases as hosts cannot be re-infected with target

plasmids and encounter TA-mediated toxicity a second time.

Put together, par presence and presumably incompatibility exclusion of
pOGG99 par were sufficient to entirely stop removal of this target plasmid,
similar to the persistence observed for RP4 (Figure 4.2). With an overall more
efficient model system, it is likely that further differences in removal efficiency
would be revealed between these plasmids: RP4 is nearly 10x the size of
pOGG99 par (Figure 4.S1) and, amongst other cargo genes, encodes at least
three stability loci (par, kil/kor, and Tnl), multiple AMR genes and transposons
(Pansegrau et al., 1994), an entry exclusion system (Haase et al., 1996), and a
putative anti-CRISPR (Acr) operon (7 low-confidence putative Acr genes
identified using AcrFinder (Yi et al., 2020)). Recipient prevalence during removal

of pOGG99 par was very low (Figure 4.4B), likely due to the cost of target
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plasmid removal. In contrast, recipient prevalence for RP4 treatments was
maintained at control levels, which could be a result of virtually non-existent
formation of pKJK5::Cas transconjugants. Together, this indicates that RP4 is a

highly persistent target plasmid, even in comparison with pOGG99_par.

More broadly, the persistence of incompatible target plasmids indicates that
spread of pKJK5::Cas in communities with prevalent IncP-1 plasmids would lead
to less AMR plasmid removal than spread in communities lacking these plasmids.
This could inform effective application of this CRISPR delivery tool. For instance,
a waste-water treatment plant study found an increased IncP-1 plasmid
prevalence after treatment (Pallares-Vega et al., 2019), suggesting that
pKJK5::Cas may be more effective as a pre-treatment step to reduce AMR

plasmid prevalence rather than when it is applied afterwards.

Alternatively, timing of application may allow pKJK5::Cas to be used effectively
by preventing AMR plasmid uptake rather than removal of resident plasmids. The
final experiment simulates such a situation: a field may be exposed to E. coli
carrying AMR plasmids from contaminated slurry, and AMR plasmids may in turn
become established in soil microbiomes (including species such as
Stenotrophomonas spp.) to act as a future reservoir of resistance. pKJK5::Cas
can prevent this by stopping transfer into this strain (Figure 4.5). Despite this
effect not being CRISPR-dependent, the use of pKJK5::Cas rather than purely
incompatibility-based plasmid removal systems (e.g. (Lazdins et al., 2020)) has
some advantages: prevention of RP4 uptake may become CRISPR-dependent
when there is weak selection for RP4, e.g. when low concentrations of antibiotics
are present — a situation often observed in environments such as rivers, coastal
waters, or soils (Knapp et al., 2010; Amos et al., 2015; Leonard et al., 2018). In
such a case, pKJK5::Cas[aphA99] may prevent RP4 entry, while pKJK5::Cas[nt2]
would become displaced by RP4 due to its selective pressure. These predictions
need to be tested experimentally to determine in which situations CRISPR
targeting provides an advantage in protection from highly persistent plasmids.

The limitations of pKJK5::Cas uncovered in this work may help inform the most
appropriate applications of this CRISPR treatment — to protect a microbiome from
exposure to AMR plasmids, for instance in waste-water treatment plants or in the

human gut microbiome. This is further reviewed in the General Discussion.

90



0 N o o A~ w DN P

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25
26
27

28
29
30
31
32

Generally, the presumptive failure of pKJK5::Cas to become established in RP4+
hosts (Figure 4.1B) and vice-versa (Figure 4.5) indicates that there may be a
priority effect, where the first plasmid to invade a host has an advantage over a
subsequently infecting plasmid of the same incompatibility group. Interestingly,
my data indicate that the presence of a competitive immune system on an
invading plasmid (i.e. CRISPR-Cas9) may not be sufficient to overcome this
priority effect, but more experiments are needed to ascertain the dynamics

underpinning this competition between RP4 and pKJK5::Cas.

In the previous chapters and in this chapter, | determined which delivery-vehicle-
specific properties and which target-plasmid-specific properties contribute to
effective  AMR plasmid removal by pKJK5::Cas. For applications in the
environment or in healthcare, pKJK5::Cas would have to spread through
communities of mixed bacterial species. Therefore, in the next chapter, |
investigate transfer and maintenance of pKJK5::Cas in a soil bacterial

community.

Conclusion

In this chapter, | aimed to ascertain which target plasmid properties impact their
removal by pKJK5::Cas. | showed that removal of multi-drug-resistance plasmid
RP4 cannot be achieved with established protocols and break these dynamics
down further using a series of synthetic target plasmids: pKJK5::Cas could
remove plasmids carrying a single TA system (par), albeit at greatly reduced
efficiency. Plasmids of the same incompatibility group as pKJK5::Cas could
perhaps be removed with very low efficiency. In combination, an incompatible
par-encoding target plasmid could not be removed in this model system. Despite
this, pKJK5::Cas could be used to protect a soil isolate from RP4 uptake, although
this effect was not CRISPR-dependent and therefore likely mediated by

incompatibility exclusion.

Overall, this study allows us to understand target plasmid properties which might
prevent their removal by pKJK5::Cas or related CRISPR tools and adds to the
established basis of knowledge on CRISPR delivery vehicle properties
influencing target plasmid removal. This will allow tailoring of applications to

situations in which target plasmid removal can be predicted to be very effective,
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interactive plasmid maps can be found in Thesis
Supplement. Common sequence features of
pOGG99 par (A), pOGG99 (B), pHERD99 par
(C), pHERD99 (D), and RP4 (E) are highlighted
in the same colours. Ori_pBR322: pUC-based
origin of replication. OriT: origin of transfer. oriV:
origin of replication (IncP1). trfA: replication
initiator protein. Ori_prO1600 / rep gene:
replication features used in Pseudomonas only.
aacC1 / aphA/ bla / tetA: AMR genes. RP4 en-
codes additional sequence features (not shown)
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Figure 4.52. RP4 prevents
transformation with pACYC_Cas
[aphA99]. DH5a carrying RP4 was
transformed with pACYC Cas
[aphA99]/[nt2], template plasmids
carrying the gene cassette that was
inserted into pKJKS5 for the targeting and
non-targeting  control  respect-tively.

1000'?_— Means * standard deviation
(diamonds/lines) together with individual
100 £~ datapoints (circles) of transformation
E efficiency, as-sessed by selective plating
N for both plasmids. Grey box indicates the
aphA99 nt2 limit of detection, lower datapoints were
pACYC_Cas variant manually set to 2 of the limit. N=3,
p=0.01026 as assessed by two-tailed T
test. (t=-5.787, d.f.=3).
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Figure 4.S3: Proportion of transconjugants still carrying
the target plasmids might indicate CRISPR targeting
efficiency. Means (diamonds) + standard deviation (lines)
and individual datapoints (circles) of the proportions of
transconjugants which also carry the target plasmid.
Horizontal lines indicate the limit of detection for each
sample. In Chapter 3, this could be used as a proxy for
CRISPR targeting efficiency. However, due to pOGG99
incompatibility this may be more complicated for these data
(see text).
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Chapter 5: pKJK5::Cas transfer and maintenance in
a community context

Abstract

Plasmids are key disseminators of antimicrobial resistance (AMR) genes and
virulence factors, and it is therefore critical to predict and manipulate their spread
in microbial communities. The development of CRISPR delivery tools such as
pKJK5::Cas may enable removal of AMR plasmids from natural 