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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, I 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, I reviewed the role which plasmids play in the AMR crisis by 

horizontal transfer of resistance genes. I summarised various approaches of 

counteracting this, with a focus on CRISPR-mediated AMR plasmid removal. In 

the second chapter, I engineered a broad host-range plasmid pKJK5 to encode 

CRISPR-Cas9 (pKJK5::Cas). I showed that this plasmid can be used to block 

target AMR plasmid uptake in Escherichia and Pseudomonas isolates. In the third 

chapter, I 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. I found that presence of toxin-antitoxin systems and 

target plasmid incompatibility can interfere with the use of pKJK5::Cas. In the fifth 

chapter, I assayed pKJK5::Cas transfer and maintenance in a synthetic bacterial 

community. Surprisingly, pKJK5::Cas maintenance and fitness 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, 

I offer concluding remarks on my data where I speculated under which conditions 

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

Introduction 2 

Routine healthcare is heavily dependent on antibiotics (Aminov, 2010). 3 

Alarmingly, many bacterial pathogens that cause infections are becoming 4 

increasingly resistant to antibiotics due to the acquisition of resistance through 5 

mutation and mobile resistance genes coding for antimicrobial resistance (AMR). 6 

In 2019, over one million deaths were directly attributable to bacterial AMR 7 

(Murray et al., 2022), and the problem is getting worse: it is predicted that  AMR 8 

will surpass cancer to be the leading cause of death worldwide by 2050 (O’Neill, 9 

2016). The issue is now so urgent that it has been argued that a paradigm shift 10 

is needed which changes the value society attaches to antibiotics in order to 11 

incentivise development of new antibiotic pharmaceuticals (Årdal et al., 2017).  12 

AMR encompasses resistance of all microbes against their drugs, but as this 13 

thesis focuses only on AMR in bacteria, I use the term AMR throughout this thesis 14 

as a shorthand for bacterial antibiotic resistance.  15 

Antibiotics and Antimicrobial Resistance 16 

With the discovery of Penicillin in 1928, antibiotics initiated a new era in 17 

healthcare. The following decades saw rapid development of a multitude of 18 

classes of antibiotics, with aminoglycosides, cephalosporins, tetracyclines, and 19 

macrolides all being discovered in the 1940s. More recent additions to this list are 20 

glycopeptides and (fluoro-)quinolones, discovered in the 1950s and 1970s 21 

respectively. In recent decades, the rate of discovery of new antibiotics has 22 

however come to a near-standstill. Resistance to hallmark drugs of all antibiotic 23 

classes was first identified within, at most, 11 years after their discovery (Medical 24 

Research Council, 2014). Drug-resistant infections are now the norm in most 25 

countries across the world: for instance, the vast majority of bloodstream and 26 

urinary tract infections worldwide are resistant to Ampicillin, with resistance 27 

against other antibiotics varying. While such resistance may, in part, be intrinsic 28 

to certain pathogens, examples of multidrug-resistant pathogens are also 29 

common (World Health Organisation, 2021). Antibiotic resistance is hence a 30 

global problem that transcends all bacterial pathogens, and can be found in 31 

pathogenic as well as non-pathogenic bacteria where many of the resistance 32 

genes first evolved (e.g. β-lactamases; (Humeniuk et al., 2002)). 33 
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Mechanistically, antibiotic resistance can be grouped into three main 1 

mechanisms of action (reviewed in (Cag et al., 2016; Iskandar et al., 2022)): efflux 2 

pumps reduce drug accumulation and induce their expulsion, target modification 3 

prevents drugs acting upon their target enzymes, and drug inactivation modifies 4 

the antibiotic into an inactive form. All these different resistance mechanisms are 5 

encoded by AMR genes. 6 

Acquisition of Antimicrobial Resistance 7 

Broadly seen, bacteria can become resistant to antibiotics by two distinct 8 

processes. Firstly, bacteria can become resistant by mutations to existing genes. 9 

This emergence of resistance is higher in mutator strains (Cag et al., 2016), 10 

readily occurs in the laboratory (Toprak et al., 2012), and for instance has been 11 

shown to be the cause of resistance in clinical isolates of Pseudomonas 12 

aeruginosa (Yee et al., 1996). Secondly, bacteria can acquire AMR genes 13 

through horizontal gene transfer (HGT). HGT is the process of exchange of 14 

genetic material between bacteria of the same or different species, and is 15 

considered a major factor in the spread of AMR genes (Partridge et al., 2018). 16 

Acquisition of AMR genes by HGT is the most frequent cause of resistant clinical 17 

infections (Yelin and Kishony, 2018). 18 

Horizontal Gene Transfer and Mobile Genetic Elements 19 

HGT is a common process in bacterial evolution that is thought to be essential 20 

for survival of bacterial populations by countering gene loss through mutation 21 

(Koonin, 2016). Although HGT can occur between distantly related bacteria, this 22 

process is still restricted by phylogenetics due to preferential transfer to and gene 23 

uptake from closely related bacteria. For instance, acquired AMR genes cluster 24 

phylogenetically across E. coli genomes, and inter-phylum transfer does occur 25 

but is very rare (Petitjean et al., 2021).  26 

Most commonly, HGT can occur by natural transformation (Griffith, 1928), by 27 

transduction (Zinder and Lederberg, 1952), or by conjugation (Lederberg and 28 

Tatum, 1956) (Figure 1.1). Of these mechanisms, HGT by conjugation is thought 29 

to be by far the most prevalent and most effective means of rapidly dispersing 30 

genes through bacterial communities, such as in the gut or soil (Ogilvie et al., 31 

2012). In 2018, a study estimated gene transfer rates arising from conjugation, 32 

transduction, and natural transformation as well as vesicle-mediated gene 33 

transfer. Using data from past studies and other properties intrinsic to each mode 34 
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of HGT, such as the ability to mobilise genes across species, the author’s models 1 

predicted that genes transferred by conjugation alone or by all three mechanisms 2 

together can reach fixation in bacterial communities in under a month, while this 3 

process takes 7-8 years without conjugative transfer (Nazarian et al., 2018). 4 

However, recent work argues that the relative importance of transduction may 5 

have been underestimated with the discovery that small plasmids may also be 6 

transduced (Humphrey et al., 2021).  7 

Transformation is a general method of uptake of environmental DNA fragments 8 

and their incorporation into the genome. This process is highly relevant to the 9 

evolution of a small subset of bacterial species, such as Acinetobacter baylyi or 10 

Staphylococcus aureus (Ray et al., 2009; Ambur et al., 2016). HGT through 11 

conjugation and transduction is mediated by particular mobile genetic elements 12 

(MGEs; see Box 1.1), specifically plasmids and bacteriophage (phage) 13 

respectively. Plasmids are usually circular pieces of DNA, and during conjugation 14 

a pilus forms to connect two bacterial cells, after which the plasmid is linearised, 15 

copied, and transferred into the recipient cell, generating a transconjugant 16 

(Garcillán-Barcia et al., 2009). Phage are viruses that infect and replicate inside 17 

bacterial hosts. During transduction, bacterial DNA is packaged into phage 18 

particles and mobilised into other cells (Clokie et al., 2011). In specialised 19 

transduction, DNA sequences flanking an integrated prophage are packaged into 20 

virions once the phage excises (Kwoh and Kemper, 1978). Generalised  21 

Conjugation  ransduction  ransformation

A  C

Figure 1.1 Prominent mechanisms of Horizontal Gene Transfer. 
A Conjugation. A donor cell (yellow) contains a plasmid (blue), which encodes 

genes necessary to form a conjugative pilus, connecting it to a recipient cell 

(grey).  he plasmid is copied and transferred into the recipient cell, generating 

a transconjugant. B Transduction.  he 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.  he 

recipient cell (grey) takes up DNA from the environment, e.g. released by a 

dead bacterium (yellow). 
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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 fitness 

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 (Rodríguez-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 1 

packaged into the phage capsid. During lateral transduction, large segments of 2 

the chromosome are erroneously transferred between bacteria – and recent data 3 

indicates that this large-scale transfer of genetic material may result in the 4 

chromosome being more mobile than “classical” MGEs in species such as 5 

Staphylococcus and Salmonella (Hall, 2021; Humphrey et al., 2021).  6 

Plasmids are majorly implicated in the spread of AMR (Carattoli, 2013), and 7 

despite phage sometimes transducing AMR genes and some claims of high 8 

relative importance of phage transduction (e.g. (Debroas and Siguret, 2019; Jian 9 

et al., 2021) it is generally accepted that AMR gene transfer by transduction is 10 

rare compared to conjugation (Volkova et al., 2014), although these processes 11 

remain poorly quantified in the natural environment. 12 

In addition to the three main mechanisms of HGT, less well-described means of 13 

DNA uptake can be mediated by microvesicles, nanotubes, or phage-like gene 14 

transfer agents (Arnold et al., 2021). Of these, especially DNA transfer by 15 

microvesicles – which is not specific towards particular DNA sequences (Tran 16 

and Boedicker, 2017) – has been implicated in AMR gene transfer, for instance 17 

in Acinetobacter (Rumbo et al., 2011).  18 

Antimicrobial Resistance in the Environment 19 

HGT between different bacterial species leads to a situation where AMR genes 20 

from harmless environmental bacteria can find their way into pathogens which 21 

then proceed to cause infections in humans (Andersson and Hughes, 2014). 22 

Bacteria resistant to clinically relevant antibiotics can be found in many 23 

environments, for instance in rivers (Amos et al., 2015), coastal waters (Leonard 24 

et al., 2018), and in soils (Knapp et al., 2010). In general, the open environment 25 

is strongly linked to the emergence of antibiotic resistant strains of bacteria (e.g. 26 

reviewed in (Wellington et al., 2013)) and is now recognized as a key reservoir of 27 

AMR in addition to the more traditional reservoirs of resistant bacteria in humans 28 

or animals (POST, 2019). 29 

To further compound this issue, antibiotics are also used beyond healthcare in 30 

livestock farms (often to a greater extent than in humans; (O’Neill, 2016)), in crop 31 

agriculture (McKenna, 2019), in aquaculture (Lulijwa et al., 2020), and until 32 

recently in apiaries (Bulson et al., 2021). Run-off from these environments and  33 

from wastewater after human consumption of antibiotics release low 34 
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concentrations of antibiotics in the environment, which can select for transfer of 1 

resistance genes by providing slight fitness benefits (Andersson and Hughes, 2 

2014). Additionally, heavy metal-contaminated environments can co-select for 3 

antibiotic resistance (reviewed in (Seiler and Berendonk, 2012)), either because 4 

resistance mechanisms against these two contaminants are similar (e.g. efflux 5 

pumps), or because the genes are linked (e.g. both residing on the same 6 

plasmids). Together, this led to AMR being identified as an emerging issue of 7 

environmental concern by the United Nations in 2017 (United Nations, 2017). 8 

Current Strategies and Concepts to Mitigate Resistance 9 

Tackling AMR requires a multilateral approach, whereby responsible use of 10 

existing antibiotics, development of new antibiotics, and development of 11 

alternative treatments are all crucial.  12 

Responsible use of antibiotics 13 

Antibiotic stewardship aims to enable us to keep using existing antibiotics by 14 

reducing the rate of AMR evolution. While some antibiotic use in agriculture is 15 

necessary to prevent animal illness, many countries are now banning clear mis- 16 

and overuse of antibiotics in these settings, such as for a prophylaxis, 17 

metaphylaxis or growth promotion. For instance, aquaculture antibiotic use is now 18 

strictly regulated in most high-income countries across the world (Lulijwa et al., 19 

2020). Beyond this, new initiatives aim to curb even the more traditional use of 20 

antibiotics, for example by teaching farmers to identify sheep illnesses early 21 

enough to make them treatable without antibiotics (Jones et al., 2020). 22 

Regarding healthcare, broad-spectrum antibiotics are often prescribed as a ‘one-23 

size-fits-all’ treatment, and as such are sometimes unnecessarily used or are 24 

used when a more appropriate narrow spectrum antibiotic would be preferable. 25 

A public information campaign attempted to bring this issue closer to the general 26 

public by imploring them to not unnecessarily demand antibiotics, always finish a 27 

course of antibiotics, and to use antibiotics for pets responsibly (Public Health 28 

England, 2014). This was effective in re-enforcing previous positive behaviours, 29 

but had a limited effect in engaging unresponsive members of the public (Kesten 30 

et al., 2017).  31 
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Novel antibiotics 1 

Alongside these preventative strategies, discovery of novel antibiotics is crucial 2 

to allow treatment of pathogens resistant to even our last-resort antibiotics.  3 

In general, antibiotic development is not a profitable investment for the 4 

pharmaceutical industry due to novel antibiotics being reserved for last-resort 5 

treatments, antibiotics’ short-lived treatment and functional time-span, and 6 

regulations often changing (Renwick et al., 2016; Iskandar et al., 2022). One 7 

problem with discovery of novel antibiotics is rediscovery. Identifying potential 8 

bactericidal activity in environmental isolates is straightforward, but identification 9 

of the proteins and genes responsible for this activity can be laborious. 10 

Substantial amount of research money may be wasted if the compound in 11 

question turns out to be previously known, or very closely related to a previously 12 

known antibiotic. To counteract this, one approach is to search through the 13 

microbiome of traditionally under-analysed environments, e.g. of deep-sea 14 

sponges, which are more likely to contain novel microbes, genes, and gene 15 

products (Williams et al., 2020). Functional metagenomics (dos Santos et al., 16 

2017) and enhanced screens of functional metagenomics libraries (Stocker et al., 17 

2020) additionally allow a screen of antibiotic activity without the need for 18 

identification of the microbe producing these novel compounds. Taking this one 19 

step further, in in situ cultivation approaches enable to grow and analyse a larger 20 

breadth of microbes (Berdy et al., 2017) and led to discovery of teixobactin, 21 

produced by a previously unculturable soil microbe (Ling et al., 2015). While this 22 

antibiotic shows promising activity and low resistance development in vitro and in 23 

vivo, challenges such as drug delivery, activity against Gram negative pathogens, 24 

and larger scale production remain (reviewed in (Gunjal et al., 2020)). 25 

On balance, the development of new antibiotics is inefficient and expensive (Årdal 26 

et al., 2017), so there is a need to look further than stewardship of existing and 27 

discovery of new antibiotics to tackle this mounting problem of AMR.  28 

Alternative means of tackling antimicrobial resistance 29 

A broad variety of alternative approaches to reduce AMR aim to find new means 30 

of killing bacteria, or to reduce the need for antibiotics by decreasing the 31 

prevalence of infection, or to resensitise bacteria to antibiotics, or a combination 32 

of these (reviewed in (Kumar et al., 2021)). 33 
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Most prominently, phage therapy involves the use of bacteriophage to target and 1 

kill pathogenic bacterial species. Phage are highly effective at killing bacteria, and 2 

have been used to treat bacterial infections in some eastern European countries 3 

throughout the latter half of the 20th century (Międzybrodzki et al., 2018). Now this 4 

approach is being revisited around the world (Roach and Debarbieux, 2017). For 5 

example, their efficacy was tested to treat infected wounds of burn patients in a 6 

recently completed clinical trial (Jault et al., 2019).  7 

One of the advantages of phage therapy is the relative ease by which phage can 8 

be isolated: bacteriophage are the world’s most abundant biological entity and 9 

ubiquitous in nature. Furthermore, phage epidemics spread rapidly through large 10 

populations as lysis can occur within minutes after first contact and results in 11 

hundreds of progeny phage (Clokie et al., 2011). Phage treatment can sometimes 12 

select for collateral antibiotic sensitivity, making this approach attractive for use 13 

alongside traditional antibiotic treatments (Chan et al., 2016), but in other cases 14 

phage may also select for antibiotic resistance (Tariq et al., 2019). Finally, phage 15 

are notoriously specific to their bacterial hosts, allowing targeting of a single 16 

pathogenic strain while leaving other bacteria unharmed. However, when treating 17 

a more undefined infection, narrow phage host-range becomes a drawback – 18 

phage host-range engineering, directed evolution, and application of mixtures of 19 

different phages (phage cocktails) can alleviate target specificity to some extent 20 

(Pires et al., 2016). Furthermore, bacteria have evolved several defense 21 

mechanisms against phage lysis, for example abortive infection, receptor 22 

mutation, restriction-modification, and CRISPR-Cas (reviewed in (Westra et al., 23 

2012; Tal and Sorek, 2022)). To circumvent some of these issues, the application 24 

of phage lysins may help to directly lyse pathogenic bacteria (Vázquez et al., 25 

2018).  26 

Antimicrobial peptides (AMPs) can also be used to kill bacteria. Unlike antibiotics, 27 

these small molecules are peptide-based and naturally produced by prokaryotes 28 

and eukaryotes (including humans) as part of the innate immune response, 29 

showing broad activity against microbes. Many AMPs simply function to enhance 30 

other parts of the innate immune system, while others have active bactericidal 31 

properties (Jenssen et al., 2006). More recent work has shown that resistance to 32 

AMPs is less likely to occur than resistance to antibiotics due to their fundamental 33 

multi-target nature, and even more encouragingly that antibiotic resistant bacteria 34 
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generally show sensitivity to AMPs. Unlike for antibiotic resistance genes, HGT 1 

doesn’t play an important role in AMP resistance (Lázár et al., 2018). This makes 2 

AMPs a promising area for clinical investigation (Mahlapuu et al., 2016). 3 

Other bactericidal approaches include the use of predatory Bdellovibrio bacteria 4 

to clear pathogenic bacterial infections (Negus et al., 2017) or the use of non-5 

coding RNAs which can, for instance, control gene expression or induce mRNA 6 

degradation (reviewed in (Parmeciano Di Noto et al., 2019)). Nanomaterials can 7 

be used to deliver novel drugs with antimicrobial properties, and sometimes 8 

possess bactericidal properties themselves (reviewed in (Baptista et al., 2018)).  9 

Manipulation of the microbiome can both reduce infection prevalence and, in 10 

some cases, directly kill problematic bacteria. For instance, faecal microbiome 11 

transplants aim to augment the gut flora of a patient with dysbiosis with a healthy 12 

gut microbiome. This has long been in use for livestock and experimentally in 13 

ancient and modern human medicine, but the clinical efficacy remains unclear 14 

(Kumar et al., 2021). As a less extreme approach, the use of probiotics sees the 15 

application of one or several strains of bacteria to revert dysbiosis of a 16 

microbiome. However, recent trials suggest that there is considerable variation in 17 

how susceptible a patient is to microbiome manipulation, with some individuals 18 

naturally being resistant to probiotic colonisation (Zmora et al., 2018). 19 

With the aims of reducing infection, quorum sensing (QS) inhibitors disrupt 20 

bacterial communication which is key to biofilm formation and bacterial virulence. 21 

Disrupting this process with QS inhibitors (reviewed in (Saeki et al., 2020)) could 22 

help prevent persistent bacterial infections – but applying these to clinical settings 23 

may not be straightforward (Kumar et al., 2021). Additionally, several different 24 

areas of research aim to boost our immune system, for instance by application of 25 

monoclonal antibodies – some of which also have direct bactericidal properties 26 

(reviewed in (Streicher, 2021).  27 

Beyond this, plasmid curing approaches aim to remove plasmids and resensitise 28 

bacterial hosts to allow  successful antibiotic treatment (reviewed in (Buckner et 29 

al., 2018; Vrancianu et al., 2020)). The earliest efforts involved the use of plasmid-30 

curing compounds (e.g bile, (García-Quintanilla et al., 2006), Ethidium Bromide 31 

(Bouanchaud et al., 1969), sodium dodecyl sulfate (SDS; (Tomoeda et al., 1968)), 32 

apramycin (DeNap et al., 2004)). These generally only affect specific bacteria-33 

plasmid combinations, need high local dosage, and show toxicity in vivo. 34 
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Alternatively, phage can produce plasmid-loss-inducing compounds, or create a 1 

selective pressure against uptake of certain plasmids (e.g. PRD1 (Jalasvuori et 2 

al., 2011), M13KE (Lin et al., 2011), SBW252ɸ (Harrison et al., 2015)).  3 

Most prominently, plasmid incompatibility – defined by their replicative machinery 4 

– can be exploited for plasmid curing. Different plasmids of the same 5 

incompatibility group can temporarily coexist, but not be co-maintained in the 6 

same bacterial cell. This was first exploited with the discovery that high-copy 7 

vectors can replace resident plasmids of the same incompatibility (Inc) group 8 

(Bringel et al., 1989). In this way, problematic AMR plasmids might be replaced 9 

by harmless incompatible plasmids. This approach shows less toxicity than other 10 

compound-based curing, but it can fail when target plasmids encode toxin-11 

antitoxin systems which cause post-segregational killing upon plasmid loss. To 12 

circumvent this, a series of “pCURE” plasmids was engineered to encode various 13 

origins of replication, origins of transfer, as well as antitoxin genes to rescue cells 14 

cured of persistent plasmids (Hale et al., 2010). Further tweaking of this approach 15 

resulted in small, high-copy number pCURE derivatives which can cure resident 16 

AMR plasmids from the mouse gut, and can subsequently be selected against 17 

(Lazdins et al., 2020). Other similar displacement plasmids could be constructed 18 

by deleting unwanted antibiotic resistance and toxin genes from natural AMR 19 

target plasmids (Kamruzzaman et al., 2017). 20 

Finally, as a relatively new approach which has found increasing attention in 21 

recent years, CRISPR-Cas9 and related nucleases may be used either as an 22 

antimicrobial or to remove AMR genes (reviewed in (Pursey et al., 2018)). 23 

CRISPR-based antimicrobials are the focus of this thesis and reviewed in detail 24 

below. 25 

CRISPR-based antimicrobials 26 

In nature, CRISPR-Cas is a microbial immune system which bacteria and 27 

archaea use in the battle against their viruses, bacteriophage. There are several 28 

types of CRISPR-Cas systems, which use related enzyme complexes for the 29 

same overall process (reviewed in (Makarova et al., 2020)) . An immune memory 30 

is formed by integration of short sequences from phage genomes into a “spacer” 31 

region on the bacterium’s chromosome, separated by repeat sequences – this is 32 

where the acronym CRISPR (Clustered Regularly Interspaced Short Palindromic 33 

Repeats) comes from. Later, when infected by a phage of the same genotype, 34 
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the bacterium uses these spacers, transcribed as crRNA (CRISPR RNA), to 1 

specifically guide its effector Cas (CRISPR-associated) proteins to the 2 

complementary target sequence on the phage genome. Cas nucleases then 3 

cleave the phage DNA, conferring immunity upon the host to this phage (reviewed 4 

e.g. in (Faure et al., 2019); Figure 1.2A).  5 

The high sequence specificity and versatility of CRISPR-Cas, especially of the 6 

relatively simple Streptococcus pyogenes’ Type II CRISPR-Cas9 system, has led 7 

to a revolution in genome editing. What makes the use of CRISPR-Cas9 8 

attractive is that rather than using a complex made up of multiple Cas proteins  9 

this CRISPR system boasts a single nuclease, Cas9. In 2012, Jinek et al. fused 10 

tracRNA and crRNA, the short RNAs necessary for target recognition, into a 11 

single guide RNA (sgRNA). This transformed CRISPR-Cas9 into a simple, two 12 

component system, ready to a target sequence of choice depending on the 13 

sequence of the short sgRNA supplied together with the protein ((Jinek et al., 14 

2012); Figure 1.2B). Minor restrictions regarding target sequence remain, where 15 

only a 20-nucleotide sequence followed by the sequence “NGG” can be targeted. 16 

chromosome
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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).  his 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.  he 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 1 

the Cas9 protein to ensure bacteria don’t cleave spacers in the CRISPR locus on  2 

their own genome. Some applications surpass even this issue by engineering 3 

Cas9 to change its PAM requirements (Leenay and Beisel, 2017). 4 

Since then, CRISPR-Cas9 and related CRISPR systems have found numerous 5 

biotechnology applications in most areas of biology. These are very diverse and 6 

include eukaryotic gene editing and gene therapy (reviewed in (Williams and 7 

Warman, 2017), microbial genetic and population engineering (Choi and Lee, 8 

2016; Rubin et al., 2020), gene expression modulation (Vigouroux et al., 2018), 9 

cellular event recording (Tang and Liu, 2018), and even population-level 10 

engineering of insect populations using gene drives (Hammond et al., 2016). In 11 

2008, Marraffini and Sontheimer suggested for the first time that CRISPR could 12 

be used as an alternative to antibiotics in the face of rising resistance (Marraffini 13 

and Sontheimer, 2008). In 2010, other ground-breaking work showed how natural 14 

CRISPR systems retargeted towards lysogenised phage, therefore targeting the 15 

host cell’s own genome, led to cell death (Edgar and Qimron, 2010). When used 16 

in bacteria, double-strand DNA breaks can cause cell death if the bacterial 17 

chromosome is targeted, or plasmid removal if such an accessory genetic 18 

element is the nuclease’s target.  19 

Therefore, CRISPR can be applied as an alternative to antibiotics with two 20 

different approaches: bacteria can be directly killed, or they can be resensitised 21 

to antibiotics by removal of AMR plasmids. Approaches which aim to directly kill 22 

bacteria are pathogen-targeted, as they are specific to the target pathogens. In 23 

contrast, approaches which resensitise bacteria to antibiotics can be seen as 24 

gene-targeted, as they are specific to the nucleotide sequence of the target gene. 25 

This perspective might allow appropriate choice of delivery vehicle for CRISPR-26 

Cas genes, where a pathogen-specific delivery vehicle such as phage may be 27 

more suited to pathogen-targeted bactericidal approaches (Sünderhauf et al., 28 

2018).  29 

Bactericidal CRISPR treatments 30 

Most earlier studies regarding CRISPR-based antimicrobials focussed on direct 31 

killing of target strains. In 2014, several groups independently carried out proof-32 

of-concept experiments in which CRISPR genes were delivered to target bacteria 33 

to selectively kill a specific, pathogenic strain while keeping other closely related 34 
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strains alive. Gomaa et al. (2014) delivered the genes necessary for CRISPR-1 

killing by transformation, a technique which is unlikely to work outside a laboratory 2 

setting. The other studies, in which pathogenic Escherichia coli (Citorik et al., 3 

2014) or Staphylococcus aureus (Bikard et al., 2014) strains were specifically 4 

killed utilised engineered bacterial viruses, termed phagemids, as CRISPR 5 

delivery tools. The use of phagemids has the advantage of being more suitable 6 

to in vivo applications than direct transformation, as indicated by the use of 7 

Galleria mellonella or mouse skin animal models in these studies. 8 

As such, many later studies essentially combined phage therapy with CRISPR by 9 

generating engineered bacteriophage. For instance, Park et al. engineered S. 10 

aureus phage to carry CRISPR-Cas9 and broadened their host range by 11 

modifying their tail fibres (Park et al., 2017). In a combined plasmid-delivery and 12 

phage-capsid-delivery study, Kiga et al. deployed Cas13a to E. coli and S. 13 

aureus, targeted towards antibiotic resistance genes. Cas13a has pleiotropic 14 

RNAase activity when a target sequence is present, therefore target strain growth 15 

inhibition occured regardless of the genomic position of the target gene (Kiga et 16 

al., 2020). In the same year, Selle et al. engineered a Clostridioides difficile phage 17 

to carry spacers matching the bacterial host genome.  he host’s own CRISPR 18 

system could utilise these spacers, and this made target strain killing more 19 

effective, both in vitro and in a mouse model (Selle et al., 2020). Similarly, use of 20 

engineered Cas9-expressing M13 phage allowed depletion of specific E. coli 21 

strains from the mouse gut (Lam et al., 2021). 22 

Beyond phage, researchers have experimented with other MGEs as delivery 23 

vehicles. For example, Ram et al. engineered a Staphylococcal pathogenicity 24 

island to encode CRISPR-Cas9. This treatment cleared S. aureus infections and 25 

improved disease outcome in mice (Ram et al., 2018). In a study with the aim to 26 

kill Salmonella enterica, conjugative Cas9 plasmids were developed and 27 

delivered to the target from an E. coli donor. Cas9 and the conjugation machinery 28 

being expressed from the same rather than from separate plasmids was shown 29 

to increase killing efficiency (Hamilton et al., 2019). In a different study, 30 

conjugative delivery of CRISPR-Cas9 on a plasmid that had undergone 31 

accelerated evolution to be a more effective spreader allowed manipulation of 32 

target strain frequencies in the mouse gut (Neil, Kevin et al., 2021).  33 
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A single study investigated a delivery method not linked to MGEs: A Cas9-sgRNA 1 

nanocomplex could directly be delivered to methicillin-resistant S. aureus despite 2 

their thick cell wall to induce cell killing (Kang et al., 2017). 3 

Resensitisation of Target Strains 4 

Rather than targeting bacterial chromosomes, several studies have used 5 

CRISPR to target and remove accessory AMR genes, therefore resensitising 6 

bacteria to the relevant antibiotics. Gene delivery methods also varied throughout 7 

these studies. One of the earliest studies used direct transformation of bacterial 8 

cells to deliver the necessary CRISPR genes to target β-lactamase plasmids (Kim 9 

et al., 2015). With the same delivery method, Sun et al. resensitised a clinical E. 10 

coli isolate to colistin by removing its mcr-1-plasmid, and addition of an 11 

antimicrobial peptide enhanced Cas9 activity in this system (Sun et al., 2017). 12 

Using another transformation-based approach, Tagliaferri et al. transformed E. 13 

coli with a Cas9-plasmid and found that this technique could remove high copy-14 

number plasmids. When resensitising clinical isolates, this method was more 15 

effective in E. coli than Klebsiella (Tagliaferri et al., 2020). In an alternative 16 

approach to more effectively clear high-copy number plasmids, Valderrama et al. 17 

developed a gene-drive-like methodology where target E. coli were transformed 18 

with a Cas9 plasmid and a second plasmid, which encoded lambda-red 19 

recombination systems and sgRNA flanked by arms homologous to the target 20 

sequence. This enabled the target gene to be knocked out by insertion of the 21 

targeting sgRNA and was considerably more effective at resensitising E. coli than 22 

standard Cas9 targeting (Valderrama et al., 2019). As a slightly different 23 

approach which did not target MGEs, catalytically inactive dCas9, which is now 24 

widely used as a gene expression inhibition tool (Vigouroux et al., 2018), was 25 

delivered to S. aureus to abrogate chromosomal mecA AMR gene expression. 26 

While qPCR showed a significant reduction in gene expression, this wasn’t 27 

sufficient to resensitise the bacteria to methicillin (Wang and Nicholaou, 2017). 28 

Phage-based Cas9 delivery has also been experimented with for plasmid 29 

clearance: Yosef et al. used a system with two different engineered phagemids 30 

to first remove antibiotic resistance genes from bacteria, whilst at the same time 31 

giving resensitised bacteria a selective advantage by immunising them against 32 

the second engineered phage, applied afterwards (Yosef et al., 2015).  33 
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The most promising CRISPR-directed plasmid clearance applications deliver 1 

Cas9 by conjugation on a conjugative or mobilizable plasmid. This theoretically 2 

allows delivery of Cas9 genes to, and plasmid clearance from, bacterial strain 3 

and species not typically tractable in the laboratory. However, most past studies 4 

developed these CRISPR delivery tools as proof-of-concept and applied them to 5 

E. coli only. For instance, Dong et al. removed accessory mcr-1 genes from E. 6 

coli by constructing a conjugative CRISPR plasmid with a relatively narrow host-7 

range (Dong et al., 2019). An alternative approach of curing mcr-1 plasmids from 8 

E. coli clinical isolates applied a mobilisable Cas9 plasmid in an engineered E. 9 

coli donor which encoded its own conjugative machinery (Wang et al., 2019). A 10 

different mobilisable Cas9 approach used broad host-range conjugative plasmid 11 

RP4 to help deliver the CRISPR plasmid between different E. coli strains. Target 12 

plasmids could be removed using this approach, but after 72 hours of growth RP4 13 

spread further without mobilising the CRISPR plasmid (Ruotsalainen et al., 14 

2019).  15 

A common theme throughout the different studies using conjugative or 16 

mobilizable plasmids for Cas9 delivery is that low conjugation rates can limit the 17 

efficacy of target plasmid removal. The same was true in an experimental system 18 

established by Wongpayak et al., where a mobilizable Cas9 plasmid was 19 

ineffective in clearing E. coli target plasmids when applying an E. coli donor 20 

engineered to encode conjugative machinery. This was improved when the Cas9 21 

plasmid was instead mobilised by means of a second conjugative plasmid. 22 

However, this also caused target plasmid mobilisation, counteracting its removal. 23 

Addition of a third incompatible displacement plasmid to stop re-infection by the 24 

target plasmid addressed this and led to effective resensitisation (Wongpayak et 25 

al., 2021). 26 

Targeting of AMR plasmids can sometimes have knock-on effects. In 27 

Enterococcus faecalis, an inactive CRISPR-system could be reactivated to 28 

protect the host from incoming plasmids. However, transconjugants could still be 29 

generated and plasmids could temporarily co-exist with the active CRISPR 30 

system. If both were forced to be maintained over longer periods this resulted in 31 

a fitness cost to the host strain, and thus allowed manipulation of E. faecalis strain 32 

proportions in mixed populations (Hullahalli et al., 2017). Further work developed 33 

a conjugative Cas9 plasmid which removed erythromycin-encoding E. faecalis 34 
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plasmids in vitro and in a mouse model in vivo, albeit with poor efficiency due to 1 

low conjugation efficiency. Interestingly, targeting plasmids also led to recipient 2 

depletion due to slow growth of this strain, and surviving recipients were slightly 3 

protected against uptake of AMR plasmids (Rodrigues et al., 2019). 4 

Issues with current research 5 

While these previous studies form a solid basis for future work and provide a 6 

valuable proof-of-concept for the use of CRISPR against AMR, there are still 7 

several challenges associated with developing this technology. These can be 8 

summarised as challenges of gene delivery, evolution of resistance, community 9 

complexity, and legislation (reviewed in (Pursey et al., 2018)). 10 

CRISPR delivery 11 

Perhaps experimentally most pressing, the challenge of gene delivery highlights 12 

the need for development of delivery methods which can be applied in vivo or in 13 

situ and are an effective means of reaching target bacteria. It is essential to tailor 14 

this to the final application: If CRISPR is being used to target and kill specific 15 

pathogenic strains, phage-based delivery might be best. If instead a resistance 16 

gene should be removed from an entire microbial community, conjugative 17 

plasmid-based delivery may be more appropriate (Sünderhauf et al., 2018). While 18 

previous studies have already trialled both delivery methods (see previous 19 

section), further work needs to be carried out to make these more feasible. 20 

Disadvantages of phage include the work needed to engineer them to encode 21 

CRISPR-Cas as well as having to find an appropriate phage cocktail. This 22 

negates the utility of CRISPR-Cas and the ease with which its target sequence 23 

can be programmed.  24 

Conjugative delivery needs to be made more broad-host range without 25 

dependence on a specially engineered donor strain, which would likely be 26 

outcompeted quickly in the microbial communities it is introduced to. 27 

Development of a truly broad host-range delivery plasmid is needed. Such 28 

plasmids are often large and difficult to engineer, which is why most past studies 29 

relied on a natural conjugative plasmid and engineered a smaller mobilizable 30 

CRISPR plasmid. However, data show that systems like these are not an 31 

effective means of reaching an entire target population (Hamilton et al., 2019; 32 

Ruotsalainen et al., 2019).  33 
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Target Community Complexity 1 

The challenge of gene delivery ties in nicely with community complexity, which 2 

increases when moving from controlled lab experiments to in vivo and in situ 3 

applications. Upon removal of a bacterial target species, other more virulent 4 

community bacteria may fill this ecological niche: microbiomes with altered 5 

species composition (for instance after antibiotic application) are prone to 6 

invasion by bacterial pathogens (Theriot et al., 2014). The same could be 7 

possible for plasmid removal, upon which recolonization by other plasmids with 8 

alternate resistance genes or virulence determinants could follow. More 9 

generally, community composition can be tightly linked to community functioning, 10 

with perturbations having unwanted consequences (Sierocinski et al., 2018). For 11 

these reasons, careful consideration and risk assessment tailored to target 12 

communities is necessary when applying CRISPR delivery tools to natural 13 

communities. 14 

Evolution of Resistance 15 

From the studies outlined above, we know that resistance against CRISPR-Cas 16 

(target avoidance) can and will evolve. The main mechanisms of resistance are 17 

loss of CRISPR-Cas activity and point mutations in the target sequence (Bikard 18 

et al., 2014; Citorik et al., 2014). The former can perhaps be addressed by 19 

expressing multiple or engineered Cas variants; and the latter might be 20 

circumvented by multiplexing, which involves expression of multiple sgRNAs 21 

targeting different regions of the same gene. Furthermore, depending on the gene 22 

delivery method, natural bacterial defences (including CRISPR-Cas itself as well 23 

as other defenses such as Restriction-Modification) might interfere with CRISPR-24 

Cas delivery, too.  25 

Legislative and Public Opinion Issues 26 

Finally, apart from optimising the technology itself, there are significant legislative 27 

and public acceptance barriers to novel environmental gene-editing technologies 28 

such as this (reviewed in (Kofler et al., 2018)). A similar technology further in 29 

development are CRISPR-Cas gene drives, used for manipulation and genetic 30 

engineering of insect populations. Several scientific working groups have 31 

published guidelines and frameworks around safe, ethical deployment of this 32 

CRISPR-Cas technology in the laboratory and in the field (Akbari et al., 2015; 33 

National Academies of Sciences, Engineering, and Medicine, 2016; James et al., 34 
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2018). However, while these are thorough resources, such self-governance by 1 

researchers is not sufficient, as large-scale consequences of rolling out genetic 2 

engineering technologies like these are often not considered (De Graeff et al., 3 

2019).  4 

As both are environmental gene editing technologies, the main concepts, 5 

frameworks, and ethical and regulatory shortcomings are transferrable from 6 

CRISPR-Cas gene drives to CRISPR-Cas antimicrobials. In summary, most 7 

current approval frameworks do not consider ethical and societal perspectives 8 

and legislation is sorely lacking. Overall, local stakeholder support is crucial to 9 

work towards legislative approval. (Kofler et al., 2018) 10 

Thesis Objectives 11 

This thesis aims to understand the efficacy of CRISPR-Cas delivery and AMR 12 

target removal in a microbial community context.  13 

In Chapter 2, I engineer Cas9-encoding broad host-range plasmid pKJK5::Cas 14 

and use this to protect Escherichia and Pseudomonas laboratory strains and 15 

environmental isolates from AMR plasmid uptake. In Chapter 3, I use pKJK5::Cas 16 

to cure resident AMR plasmids from a target E. coli strain by conjugative delivery 17 

of the CRISPR plasmid. I assess the impact of CRISPR targeting efficiency and 18 

of CRISPR plasmid conjugation efficiency on target plasmid removal. In Chapter 19 

4, I turn towards the impact of target-plasmid-specific properties on their removal 20 

by pKJK5::Cas. Specifically, I assess the impact of toxin/antitoxin system 21 

presence and of target plasmid incompatibility. In Chapter 5, I assess pKJK5::Cas 22 

transfer and maintenance in a synthetic soil microbial community.  23 

Finally, in the General Discussion, I apply the data generated throughout these 24 

chapters by analysing how effective target plasmid removal may be from the 25 

synthetic soil microbial community, and finish by reviewing in which environments 26 

and under which conditions pKJK5::Cas application would be most effective, and 27 

how this CRISPR delivery tool may be improved in future. 28 

  29 
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Chapter 2: pKJK5::Cas as a broad host-range barrier 1 

to plasmid uptake 2 

Abstract 3 

Antimicrobial resistance (AMR) is a key challenge facing healthcare. AMR genes 4 

are often horizontally transferred between bacteria via plasmids; therefore, 5 

blocking AMR plasmid uptake could reduce the prevalence of resistance genes. 6 

Previous work has used CRISPR-Cas9 to target and cleave AMR plasmids for 7 

this purpose, but Cas9 delivery has typically been achieved using narrow host-8 

range genetic elements, requiring re-engineering for application in a different host 9 

background.  10 

In this chapter, I engineered the broad host-range plasmid pKJK5 to encode Cas9 11 

(pKJK5::Cas) and a sgRNA programmed to remove cloning plasmid pHERD30T, 12 

encoding gentamicin resistance. After testing which sgRNA target sequence led 13 

to the most effective target plasmid removal, I demonstrated pKJK5::Cas target 14 

removal by measuring transformation efficiency of a targeted plasmid in 15 

Escherichia coli. Finally, I utilised the broad host-range feature of pKJK5::Cas 16 

and showed that AMR plasmid uptake can be blocked in human, pig-gut, and 17 

environmental coliform isolates as well as two Pseudomonas species.  18 

This study shows that pKJK5::Cas can block AMR uptake in a range of species, 19 

crucially without the need for re-engineering. This is a promising approach of 20 

curbing resistance gene transfer to problematic species of bacteria. 21 

Introduction 22 

The adaptive immune system CRISPR-Cas provides bacterial cells with 23 

protection against not only their natural predators, bacteriophage, but also 24 

against other genetic elements including plasmids (Kamruzzaman and Iredell, 25 

2020) which often carry antimicrobial resistance (AMR) genes, and can therefore 26 

act as a barrier to horizontal gene transfer (HGT). In fact, when analysing 27 

thousands of genomes of pathogenic Enterococcus, Staphylococcus, 28 

Acinetobacter, and Pseudomonas, it was found that presence of a CRISPR-Cas 29 

system is associated with AMR genes (Pursey et al., 2021). This was shown 30 

experimentally in Enterococcus faecalis, where a CRISPR-Cas system could be 31 

reactivated to protect its host from incoming plasmids (Hullahalli et al., 2017).  32 
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CRISPR-Cas systems, particularly CRISPR-Cas9, have found a large range of 1 

applications in biotechnology. It was first postulated over a decade ago that 2 

CRISPR may provide a barrier against plasmid uptake (Marraffini and 3 

Sontheimer, 2008). Previous approaches have used non-replicating phage 4 

plasmids (phagemids) (Bikard et al., 2014; Citorik et al., 2014), expression 5 

vectors (Gomaa et al., 2014), or synthetic conjugative or mobilisable plasmids 6 

(Dong et al., 2019; Wongpayak et al., 2021) to deliver minimal CRISPR-Cas9 7 

systems. These may be effective at blocking transfer of resistance genes into 8 

specific strains, but would need to be re-engineered and re-tested for application 9 

in a new target species due to their narrow host range. Therefore, we sought to 10 

design a broad host-range CRISPR-Cas9 expression system which can block 11 

AMR gene uptake in multiple species.  12 

Such a CRISPR delivery tool may find application in healthcare or in the 13 

environment: In healthcare, applying this treatment before exposure to antibiotic 14 

resistant bacteria could prevent the resident microbiome from becoming 15 

colonised by AMR plasmids. In the environment, this treatment would prevent 16 

colonisation of soil or waste-water treatment plant microbiomes from colonisation 17 

by AMR plasmids when exposed to contaminated slurry. In both scenarios, such 18 

a CRISPR delivery tool would prevent local microbiomes from becoming 19 

reservoirs of mobile AMR genes. 20 

As a backbone for this CRISPR delivery tool we chose IncP-1ε plasmid pKJK5, 21 

which has been shown to have a particularly broad host-range and can effectively 22 

spread through soil, rat microbiome, pig gut, and waste-water treatment plant 23 

communities using Escherichia coli, Pseudomonas putida, or Kluyvera spp. as 24 

donors (Bahl et al., 2007a, 2007b; Klümper et al., 2015; Li et al., 2020). pKJK5 25 

was found to be taken up by multiple species of at least 10 phyla of mostly Gram 26 

negative, but also Gram positive bacteria. These phyla included Acidobacteria, 27 

Actinobacteria, Bacteroidetes,Firmicutes, Fusobacter, Gemmatimonadetes, 28 

Planctomycetes, Pseudomonodota, Spirochatetes, and Verrucomicrobia 29 

(Klümper et al., 2015). Classically, plasmids were considered broad host-range if 30 

they could replicate in Enterobacteria and Pseudomonas species, but pKJK5 31 

further meets the modern requirments of broad host-range plasmids to have the 32 

ability to transfer between bacteria of different phylogenetic groups (Jain and 33 

Srivastava, 2013). Generally, Inc-P1ε plasmids are commonly found in 34 
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environments such as soils, rhizospheres (Jechalke et al., 2013b), and organic 1 

digestates in biogas plants (Wolters et al., 2014).  2 

The gentamicin resistance-encoding cloning vector pHERD30T was chosen as a 3 

target plasmid for these first experiments, as it can be maintained by Escherichia 4 

and Pseudomonas spp., is compatible with pKJK5, and encodes no payload 5 

genes which may interfere with CRISPR targeting.  6 

In this chapter, I aimed to (1) engineer pKJK5 to encode a CRISPR-Cas9 7 

cassette programmed to target AMR, and (2) test the ability of this recombinant 8 

plasmid pKJK5::Cas to act as a barrier to AMR plasmid acquisition in different 9 

bacterial species. 10 

Methods 11 

Strains, growth conditions, and molecular cloning 12 

All bacterial strains used throughout the thesis are listed in Thesis Supplement 13 

Table S1. Unless otherwise specified, all strains were cultured in LB at 37°C 14 

whilst shaking at 180 rpm. Where necessary for plasmid selection, antibiotics 15 

were added to achieve the following final concentrations: Ap – 100 µg/mL 16 

Ampicillin; Carb – 250 µg/mL Carbenicillin; Cp – 25 µg/mL Chloramphenicol; Gm 17 

– 50 µg/mL Gentamicin; Km – 50 µg/mL Kanamycin; Sm – 50 µg/mL 18 

Streptomycin; Tc – 12 µg/mL Tetracycline; Tmp – 10 µg/mL Trimethoprim. Where 19 

necessary, the following additives were added to growth media after preparation 20 

of stock solutions and filter-sterilisation: Ara – 0.5% (w/v) Arabinose; Gluc – 0.5% 21 

(w/v) Glucose. 22 

Pig gut isolate bhiF2 was isolated from a microbial pig gut community: Briefly, 23 

faecal pig samples, collected from four Cornish black pigs, were suspended in 24 

10% Glycerol and 0.9% (w/v) NaCl, and subsequently blended and strained. The 25 

resulting pig gut slurry was plated onto BHI (brain heart infusion) agar plates 26 

without selection, and bhiF2 was one of several visually distinct bacterial isolates 27 

picked from these plates. Genus identity was confirmed as Escherichia/Shigella 28 

by 16S colony PCR (amplified using primers Forward 27F/Reverse 1492R; Table 29 

S3), Sanger sequencing, and BLAST homology search. 30 

Where E. coli MFDpir was used, cultures were supplemented with 300mM DAP 31 

(diaminopimelic acid) to ensure growth of this auxotrophic strain. By omitting DAP 32 

the strain could be selected against. 33 
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Unless otherwise stated, all molecular cloning steps were carried out with high-1 

fidelity restriction enzymes (NEB) and according to manufacturer protocols, using 2 

commercially chemically competent E. coli DH5α cells (NEB). 3 

in silico cassette construction and specificity swap 4 

A CRISPR-Cas9 gene cassette was constructed and restriction sites were 5 

identified using Benchling (Benchling, 2015); an overview of the workflow is 6 

shown in Figure 2.1. Sources of nucleotide (nt) sequences for each module are 7 

summarised in Table 2.1. 8 

Table 2.1: Sequence sources of CRISPR-Cas9 cassette coding and non-coding 9 

elements. 10 

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 
site 

pBAM1 (Martínez-García et al., 2011). The final version is 
heavily edited to exclude restriction sites used elsewhere. 

Cas9 promoter / 
terminator 

As found on pBAM1 (Martínez-García et al., 2011): bla Ampicillin 
resistance upstream region (70 nts) as promoter with two final 
nts changed to CC (to create NcoI restriction site for promoter 
exchange), downstream region (54 nts) as terminator.  

GFP promoter Pa1/04/03 as found on Genbank acc. no. DQ493878. 
Constitutive, LacI-repressible promoter with strong ribosome 
binding site. 

GFP terminator neo Kanamycin resistance downstream region (29 nts)  as found 
on pBAM1 (Martínez-García 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. 

 11 

Genes were codon optimised using OPTIMIZER (Puigbò et al., 2007) with pKJK5 12 

codon usage database tables (Nakamura et al., 2000). To enable a modular 13 

cassette build, common restriction sites were removed from coding sequences. 14 

In these instances, the codons were changed to the second most common on 15 

pKJK5. When creating or altering multiple cloning sites, random nts were added 16 

to increase spacing and allow double digestions with multiple restriction enzymes 17 

at the same time. Terminator presence (and absence from unwanted regions) 18 

was checked using Arnold (Gautheret and Lambert, 2001). The initial single guide 19 

RNA (sgRNA) carried the specificity to [aacC1-164] and targets Gentamicin 20 

resistance gene aacC1 on pHERD30T (Table 2.2).  21 
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The sgRNA gene was placed under control of synthetic, strong constitutive 1 

promoter J23119 (which contains a SpeI restriction site; as on pgRNA (Qi et al., 2 

2013)) and was edited to encode a SacI restriction site in its upper stem region, 3 

the function of which is generally resilient to mutations (Briner et al., 2014). These 4 

two restriction sites allow simple exchange of the specificity-defining N20 stretch 5 

on the sgRNA (Figure 2.1C). 6 

The CRISPR-Cas9 gene cassette was commercially synthesised 7 

(ThermoScientific). A fully annotated sequence of pMA-RQ_Cas, an expression 8 

vector which carries the final version of this CRISPR cassette, is available in the 9 

Thesis supplement. 10 

To exchange sgRNA target specificity of pMA-RQ_Cas, I designed DNA 11 

oligonucleotides containing a 20-nt specificity region with SpeI and SacI 12 

compatible overhangs (N20_xx_top/btm; Table S3). These were annealed by 13 

mixing 10µL of each 100µM oligo with 80µL of annealing buffer (100 mM 14 

potassium acetate, 30 mM HEPES; pH=7.5) and heating to 95°C followed by slow 15 

overnight cooling to room temperature. Subsequently, the annealed oligos were 16 

phosphorylated using T4 polynucleotide kinase (NEB) according to 17 

manufacturer’s instructions.  he annealed and phosphorylated oligos were 18 

inserted between pMA-RQ_Cas’s SpeI and SacI restriction sites following 19 

standard molecular cloning protocols, resulting in pMA-RQ_Cas[new specificity] 20 

(Figure 2.1C). 21 

Evaluation of Cas9 guide RNA efficiency 22 

Possible Cas9 guide targets (spacers) for targeting Gentamicin plasmid 23 

pHERD30T were identified using CRISPOR (Haeussler et al., 2016). Several 24 

random guides with high and low off-target scores were chosen and are 25 

presented in Table 2.2. Off-target hits were identified against Pseudomonas 26 

aeruginosa PA01 and E. coli K12 genomes.  27 

To test efficacy of these guides, I constructed a series of pHERD20T_sgRNA 28 

expression vectors. First, I constructed a template pCDF1b_sgRNA vector by 29 

amplifying a sgRNA-coding region using Taq polymerase (PCRbiosystems) and 30 

pgRNA (bacteria) as a template with primers sgRNA_amp_fwd and 31 

sgRNA_amp_rev (Table S2-3).  his amplicon was inserted into pCDF1b’s NcoI 32 

restriction site following standard molecular cloning protocols. To exchange 33 

sgRNA specificity, a stretch containing the new N20 specificity was amplified 34 
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using pCDF1b_sgRNA as a template and primers sgRNA_amp_rev and 1 

sgRNAxp_[specificity]_fwd with corresponding N20 specificity stretches (all 2 

guides listed in Table 2.2 except ‘nt’).  he amplicon was re-inserted into 3 

pCDF1b_sgRNA using SpeI and HindIII restriction sites to generate 4 

pCDF1b_sgRNA[new specificity]. To allow expression in streptomycin-resistant 5 

P. aeruginosa PA01::cas9, these sgRNAs were cut out of vector pCDF1b_sgRNA 6 

and inserted into pHERD20T using NcoI and HindIII restriction sites.    7 

Table 2.2: sgRNA guide sequences and details: “off-target” indicates number of 8 

off-target hits in genome identified for n number of mismatches in guide 9 

sequence. A visualisation of pHERD30T-targeting guides can be found in Figure 10 

2.2A. 11 
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To prepare electrocompetent PA01::cas9, 1mL aliquots of an overnight culture 13 

were washed twice with 300mM sucrose solution and resuspended in 100µL 300 14 

mM sucrose. PA01::cas9 was electroporated in 2mm gap cuvettes at 2.5 kV with 15 

500ng plasmid DNA of each pHERD20T_sgRNA variant, and electroporated cells 16 

were recovered by adding 1mL LB and incubation at 37°C, 250rpm for 1 hour. 17 

The sgRNA plasmid was selected for and maintained using Carb.  18 

For the guide test experiment, PA01::cas9 carrying each pHERD20T_sgRNA 19 

variant were incubated overnight in presence of Carb (for sgRNA maintenance) 20 

Guide 
name 

Target  
(gene / 
plasmid) 

Guide sequence (5’ → 3’) Off-target (P. 
aeruginosa 
PA01) 

Off-
target 
(E. coli 
K12) 

dfrA dfrA (pKJK5) ACGACCGCATACTTTCGGTT None 
identified 

None 
identified 

aacC1 
60/fw 

aacC1 
(pHERD30T) 

CGCCCTAAAACAAAGTTAGG None 
identified 

None 
identified 

aacC1 
72/fw 

aacC1 
(pHERD30T) 

AAGTTAGGTGGCTCAAGTAT None 
identified 

None 
identified 

aacC1 
164/rev 

aacC1 
(pHERD30T) 

CGGCTGATGTTGGGAGTAGG 1 hit (4 mis-
matches) 

None 
identified 

aacC1 
185/fw 

aacC1 
(pHERD30T) 

CACCTACTCCCAACATCAGC None 
identified 

None 
identified 

aacC1 
341/rev 

aacC1 
(pHERD30T) 

GCCCTGCCTCCGGTGCTCGC 1 hit (3 mis-
matches); 18 
hits (4 mis-
matches) 

None 
identified 

MCS18 multiple 
cloning site 
(pHERD30T) 

GGTCGACTCTAGAGGATCCC None 
identified 

None 
identified 

nt n/a GGTAAGACCATTAGAAGTAG None 
identified 

None 
identified 
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and Ara (for Cas9 expression) and transformed with 500 ng pHERD30T plasmid 1 

DNA as described above, using either 3 or 4 replicates. Each transformant was 2 

plated onto LB + Gm + Ara as well as LB + Gm + 0.2% Glucose. No differences 3 

were detected between these treatments, so averages between the plates were 4 

used to calculate the transformation efficiency for each replicate. A no-plasmid 5 

control transformation of PA01_Cas9 yielded no colonies. 6 

pKJK5::Cas recombineering 7 

The CRISPR-Cas9 cassette was introduced to pKJK5 (original size 8 

approximately 54 kb) using homologous recombineering. Initial attempts using 9 

pKD46 (Datsenko and Wanner, 2000) proved unsuccessful. Successful 10 

recombineering was carried out with an altered version of pDOC and pACBSCE 11 

plasmids as described in (Lee et al., 2009). To construct pDOC_Cas as a 12 

template vector containing the CRISPR cassette, the kanamycin resistance gene 13 

was removed from pDOC-K using AvrII and NheI restriction sites. The following 14 

steps were carried out in parallel with pMA-RQ_Cas[aacC1-72] and pMA-15 

RQ_Cas[nt]. The CRISPR cassette was inserted from pMA-RQ_Cas using 16 

restriction sites EcoRI and HindIII to create pDOC_Cas.  17 

The recombineering workflow is summarised in Figure 2.3A. E. coli DH5α + 18 

pKJK5 was transformed with pACBSCE and pDOC_Cas following standard 19 

procedures for electrotranformation in E. coli. After electrotransformation, cells 20 

were cultured in the presence of Tc + Tmp (pKJK5) + Ap (pDOC_Cas), + Cp 21 

(pACBSCE) to maintain plasmids, and in the presence of Gluc to prevent leaky 22 

λ-red expression. 23 

10µL of an overnight culture of this recombineering-ready strain were grown in 24 

1mL LB + Tc + Tmp + Cp + Ap + Gluc at 37ºC, 250 rpm for 2 hours in triplicate. 25 

The cultures were spun and resuspended in 1 mL LB + Tc + Ara and incubated 26 

at 37ºC until turbid (4-5 hours) to allow recombination. Finally, the cultures were 27 

plated onto LB + Tc + 5% sucrose in several dilutions and incubated at 28ºC for 28 

48 hours (to allow counterselection of bacteria with intact pDOC_Cas plasmids). 29 

To isolate recombinants, bacterial lawns were investigated for GFP expression 30 

under a fluorescence microscope. Green colonies were restreaked onto LB + 31 

tetracycline several times until all colonies appeared GFP+, indicating successful 32 

recombination events. Next, GFP+ colonies were checked for correct CRISPR 33 

cassette insertion by colony PCR using primer combinations dfrA_fw / Cas9_bw 34 
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and GFPend_fw / dfrA_bw (Figure 2.3B). A ~300 / 500 bp DNA band from each 1 

PCR reaction respectively indicated successful recombination. Additionally, 2 

primers dfrA_fw / dfrA_rv were used to check for presence of WT pKJK5: a ~500 3 

bp band indicated presence of the WT dfrA gene (with cassette insertion, the 4 

band would be >6kb long and did not amplify under standard PCR conditions). 5 

Three colonies which were positive for the first two PCR reactions and negative 6 

for the third were chosen and investigated for Cas9 activity and conjugative 7 

ability.  8 

pKJK5::Cas conjugation and Cas9 targeting 9 

Three independent E. coli DH5α + pKJK5::Cas[aacC1] / [nt] recombinants each 10 

(see above) were chosen as replicate donors to verify pKJK5::Cas conjugative 11 

ability. 50µL of overnight cultures of donors were mixed with 50µL of overnight 12 

culture of recipients (E. coi DH10β or E. coli K12::mCherry) in 5 mL LB without 13 

antibiotic selection and incubated overnight at 37˚C, 45 rpm. After overnight 14 

incubation, the cultures were stored at 4˚C for one day before selective plating. 15 

All matings were plated onto L , those with DH10β as recipients were additionally 16 

plated onto LB + Sm and LB + Sm + Tc (to select for recipients and 17 

transconjugants respectively); those with K12::mCherry as recipients onto LB + 18 

Km and LB + Km + Tc. Additional ‘no-recipient’ and ‘no-donor’ controls yielded 19 

colonies as expected. CFU on different selective plates were assessed and 20 

proportion of transconjugants per recipients calculated independently for each 21 

replicate. Additionally, GFP expression was randomly checked by fluorescence 22 

microscopy for colonies on selective plates and found to be as expected (all 23 

transconjugants assessed were GFP+, most recipients were GFP-). 24 

For Cas9 activity verification, E. coli DH5α + pKJK5::Cas[aacC1]/[nt] were 25 

electrotransformed using standard protocols, using 500ng of plasmid DNA 26 

(pHERD30T / pHERD20T) in 6 replicates. Briefly, an overnight culture of E. coli 27 

carrying each plasmid was diluted 1:100 in 25 mL LB supplemented with 28 

appropriate antibiotics and grown at 37°C, 250rpm to a culture density of 29 

OD600=0.6. Cells were immediately chilled and washed twice with ice-cold 10% 30 

(w/v) Glycerol. Cells were concentrated approximately 25-fold and immediately 31 

electroporated in 100 µL aliquots using 1mm gap cuvettes and 1.8kV, and 32 

recovered in 1 mL LB at 37°C, 250rpm for 1 hour. 33 
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50µL of transformed cells were plated onto either single (LB + Gm / Amp) or 1 

double selective plates (LB + Tc + Gm/Amp), but pKJK5::Cas was maintained in 2 

the presence and absence of Tc, so no differences between plates were found. 3 

Therefore, counts on both plates were averaged for each replicate. Colony counts 4 

allowed to calculate transformation efficiency of each strain (cfu/mL/µg DNA). 5 

Where no colonies could be recovered, transformation efficiency was set to ½ of 6 

the limit of detection (transformation efficiency if a single colony were recovered). 7 

pKJK5::Cas as a tool to block plasmid uptake in multiple species 8 

Using E. coli DH5α or E. coli MFDpir as a donor, pKJK5::Cas[aacC1-72] / [nt] 9 

transconjugants of bhiF2, C743E1, TV1-2, 6TB-1, P. aeruginosa PA14, and of 10 

Pseudomonas fluorescens SBW25 were generated and pKJK5::Cas[nt]/[aacC1] 11 

was maintained with Tc. Next, each strain was made electrocompetent and 12 

transformed with 600 ng pHERD30T plasmid DNA following protocols described 13 

above for E. coli (bhiF2, C743E1, TV1-2, 6TB-1) or PA01 (PA14). To prepare 14 

electrocompetent P. fluorescens cells, the protocol for PA01 was followed with 15 

the exception that SBW25 was grown at 28°C, cultures were grown until log 16 

phase (estimated OD600: 0.5-0.6) and then the protocol was started. Cultures 17 

were electroporated at 1.8kV in 2mm gap cuvettes, and recovered in 1mL SOB 18 

at 28°C, 250 rpm for 1 hour. 19 

800µL of all strains were plated onto LB + Gm, and transformation efficiency 20 

calculated as described above. For P. fluorescens SBW25 transformations, only 21 

50µL of transformed cells were plated resulting in a higher limit of detection. 22 

Statistical analyses 23 

Data processing, data visualisation, and statistical analyses were carried out 24 

using R software version 4.1.0 and RStudio version 1.4.1717 with the following 25 

packages: tidyverse version 1.3.1, janitor version 2.1.0. 26 

For statistical analyses of data presented in Figures 2.2, 2.4, and 2.5 linear or 27 

generalised linear models were fitted, see below for model details. For all models, 28 

other model types were tested and the best fitting model was chosen. Model 29 

assumptions were tested and found to be upheld. For data in Figures 2.2, 2.4B, 30 

and 2.5, a  ukey’s post-hoc test was carried out to assess statistical difference 31 

between treatment categories. 32 
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Guide Test (Figure 2.2) Linear model describing log(transformation efficiency) as 1 

a function of guide identity. F=169.4; d.f.=6&17; p=3.2x10-14; adjusted R2=0.978. 2 

pKJK5::Cas mating (Figure 2.4A) Gaussian generalised linear model (GLM) with 3 

identity link function describing log(conjugation efficiency) as a function of 4 

recipient strain and pKJK5::Cas variant. F=57.2; d.f.=2&9; p=7.643x10-6; 5 

adjusted R2=0.9109. 6 

E. coli transformation efficiency (Figure 2.4B) Gamma GLM with log link function 7 

describing log(transformation efficiency) as a function of transformed plasmid, 8 

pKJK5::Cas variant, and their interaction. F=3.757x105; d.f.=3&20; p<2.2x10-16; 9 

adjusted R2=1. 10 

Transformation efficiency of other host strains (Figure 2.5) Inverse Gaussian 11 

GLM with log link function describing log(transformation efficiency) as a function 12 

of the interaction of host strain and pKJK5::Cas variant. F=374.6; d.f.=11&48; 13 

p<2.2x10-16; adjusted R2=0.9858. 14 

Results 15 

I aimed to engineer the broad host-range plasmid pKJK5 to carry a CRISPR-16 

Cas9 cassette which would block uptake of pHERD30T, a plasmid encoding 17 

Gentamicin resistance gene aacC1. 18 

in silico CRISPR-Cas9 cassette construction 19 

The initial step in engineering a pKJK5-based CRISPR-Cas9 expression system 20 

was to design a CRISPR entry cassette in silico which could later be 21 

recombineered in pKJK5. The gene cassette was designed to include the 22 

nuclease Cas9, a sgRNA for targeting specificity, and a GFP (green fluorescent 23 

protein) gene to track plasmid transfer (Figure 2.1A). Strategic restriction sites 24 

were incorporated in the gene cassette design to ensure full modularity (Figure 25 

2.1B), and the sgRNA gene was edited to allow simple exchange of the 26 

specificity-defining N20 stretch (Figure 2.1C). As a final main module, GFP was 27 

added under control of lacI-repressible promoter Pa1/04/03 (Lanzer and Bujard, 28 

1988) to allow optional repression of GFP expression. Next, the entire CRISPR 29 

entry cassette was flanked by homology arms to allow homologous 30 

recombination with dfrA on pKJK5, the trimethoprim resistance gene which the 31 

cassette would be inserted into.  32 
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The final CRISPR cassette is 5722 nts in length, and its protein-coding 1 

sequences have an average GC content of 59.45%, which matches that of pKJK5 2 

backbone genes (ranging from 55-70% GC (Bahl et al., 2007a)). This means that 3 

the codon-optimised genes can be predicted to be compatible with the pKJK5 4 

backbone.  he cassette was synthesised by  hermo Fisher’s Gene Art service 5 

and delivered as vector pMA-RQ_Cas, placing the CRISPR cassette onto a pUC-6 

based vector. A fully annotated sequence of vector pMA-RQ_Cas can be found 7 

in the supplementary material.  8 
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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 SacI restriction site.  he region to be exchanged for N20 specificity 

exchange is indicated with blue crossover lines. 
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sgRNA target determines CRISPR targeting efficiency 1 

First, I determined which sgRNA sequence efficiently targets Gentamicin 2 

resistance-encoding vector pHERD30T, which was chosen as an AMR target 3 

plasmid for initial experiments. Crucially, pHERD30T is a shuttle vector and can 4 

be maintained by Eschericha as well as Pseudomonas species to allow testing 5 

of pKJK5::Cas’ broad host range. The efficiency of several sgRNAs was tested 6 

by electroporating Cas9-expressing P. aeruginosa PA01::cas9 carrying various 7 

sgRNA plasmids with pHERD30T. I tested five sgRNAs targeting gentamicin 8 

resistance gene aacC1, and one which targets pHERD30T in an intergenic region 9 

[MCS18]. As a control, I used a sgRNA targeting dfrA, a gene sequence absent 10 

from pHERD30T (Figure 2.2A).  11 

Presence of all guides significantly impaired pHERD30T transformation efficiency 12 

compared to the control guide, and decreased transformation efficiency by at 13 

least 1 order of magnitude (p<0.05; Figure 2.2B). Three guides (185/fw, 60/fw, 14 

and 72/fw) showed very stringent transformation blocking, reducing 15 

transformation efficiency by nearly 3 orders of magnitude compared to the dfrA 16 

Figure 2.2: CRISPR targeting 

efficiency varies dependent on 

sgRNA sequence. 
A Location of target sequences 

on pHERD30T. Block arrows 

indicate gene sequence features 

and are to scale. (MCS: multiple 

cloning site) B Transformation 

efficiency of PA01::cas9 carry-

ing different sgRNAs with 

pHERD30T. Means ± standard 

deviation (blue points and lines) 

and individual data points (white 

points), n=3-4. dfrA target 

sequence is not present on 

pHERD30T. Differences between 

all treatments are significant 

(p<0.05-p<0.001) unless indi-

cated; n.s. not significant. Tu-

key’s HSD after fitting a linear 

model; details in methods. 
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control. Out of the remaining guides, 341/rev and 164/rev showed comparatively 1 

low transformation inhibition (1-1.5 orders of magnitude). Interestingly, the guide 2 

targeting a non-essential region of the plasmid backbone (MCS 18/rev) showed 3 

a greater inhibition of transformation than the two aforementioned guides (~ ½ of 4 

the transformation efficiency of 164/rev; p<0.05, see methods for model details). 5 

As the guide aacC1 72/fw was most effective at blocking transformation by 6 

pHERD30T (albeit non-significantly in comparison with 60/fw and 185/fw), its 7 

specificity was used in all further experiments.  8 

pKJK5::Cas can conjugate and target plasmids in E. coli 9 

Next, I constructed pKJK5::Cas by carrying out homologous recombineering of 10 

the CRISPR-Cas9 cassette with pKJK5 using established methods and E. coli 11 

DH5α (adapted from (Lee et al., 2009); see methods; Figure 2.3). I generated two 12 

pKJK5::Cas variants with different sgRNA specificities: pKJK5::Cas[aacC1-72] 13 

targets gentamicin resistance gene aacC1 on pHERD30T and is the most 14 

efficient guide to do so, as identified in Figure 2.1. As a non-targeting (nt) control, 15 

pKJK5::Cas[nt]’s sgRNA carries a random nucleotide sequence with no full 16 

matches in the BLAST database (two matches exist, but these lack a protospacer 17 

adjacent motif (PAM) adjacent to the target sequence, which is essential to 18 

CRISPR-Cas9 targeting). After verifying successful insertion of the CRISPR-19 

Cas9 cassette into pKJK5 using GFP expression and PCR (see methods), I 20 

investigated the conjugation and Cas9-mediated targeting properties of 21 

pKJK5::Cas.  22 

First, to understand whether sgRNA variant matters to pKJK5::Cas conjugation, 23 

I set up a series of co-inoculations of donors and different recipients. Three 24 

independently generated recombinants of E. coli DH5α + pKJK5::Cas[aacC1-25 

72]/[nt] were used as donors, and either E. coli DH10β or E. coli K12::mCherry 26 

were used as recipients. While nearly 50% of recipient E. coli K12::mCherry 27 

formed transconjugants of both pKJK5::Cas variants, this proportion was ~2 28 

orders of magnitude lower for E. coli DH10β (Figure 2.4A). pKJK5::Cas variant 29 

did not significantly influence conjugation efficiency (p=0.40), whereas recipient 30 

strain identity was a significant predictor for these data (p<0.01; see methods for 31 

model details). These results show that in the absence of a Cas9 target, the 32 
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sgRNA specificity does not interfere with pKJK5::Cas conjugation, but also 1 

indicate that conjugation efficiency depends on recipient strain identity.  2 

As each independent pKJK5::Cas[aacC1-72] and pKJK5::Cas[nt] recombinant 3 

displayed comparable conjugation abilities (Figure 2.4A), one recombinant of 4 
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Figure 2.3 pKJK5::Cas recombineering.  
A Gene doctoring recombineering method. Plasmids pKJK5, pDOC_Cas, 

and pAC SCE are transferred into E  co i DH5α. Upon Arabinose induction, 

meganuclease I-SceI is expressed by pAC SCE (1). It linearises the CRISPR 

cassette on pDOC_Cas and cleaves pAC SCE to destroy the vector (I-SceI 

recognition sites shown in red). Simultaneously, λ-red machinery is expressed 

by pAC SCE (2). It recombines pKJK5 and the CRISPR cassette using 

homologous regions (beige). Additionally, sacB expression on pDOC_Cas at 

30ºC (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 c and d are free of W  

pKJK5. a-f: individual pKJK5::Cas[aacC1] recombinants. W : non-recombined 

pKJK5. ctr: unsuccessful recombination using pKD46. A very faint band is 

visible for primer set 2. 
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each was chosen randomly as the clone to work with for future experiments. To 1 

test Cas9 targeting activity, I measured the transformation efficiency of a targeted 2 

plasmid (pHERD30T) or an untargeted control plasmid (pHERD20T) in E. coli 3 

carrying pKJK5::Cas[aacC1-72]/[nt]. Instead of pHERD30 ’s aacC1 Gentamicin 4 

resistance gene, pHERD20T encodes ampicillin resistance gene bla. Therefore, 5 

pHERD20T is not targeted by either guide and accordingly transformation 6 

efficiency was high regardless of sgRNA specificity (~106  cfu/mL/µg DNA; Figure 7 

2.4B). Instead, for the targeted plasmid no successful transformants of DH5α + 8 

pKJK5::Cas[aacC1] could be recovered, while the same plasmid showed 9 

transformation efficiencies of ~104 cfu/mL/µg DNA in DH5α + pKJK5::Cas[nt]. 10 

This means that transformation efficiency of a target plasmid was reduced to at 11 

 

aacC1

A Conjugation efficiency of pKJK5::Cas

pKJK5::Cas

target

pKJK5::Cas blocks uptake of 

target plasmid

Figure 2.4 pKJK5::Cas verification.  
A Conjugation efficiency of pKJK5::Cas[aacC1]/[nt] using E  co i DH5α as a 

donor and either E  co i DH10β or E  co i 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
2
=0.9109. B Transformation efficiency of transformation of E  co i 

DH5α + pKJK5::Cas[aacC1]/[nt] with pHERD20  (untargeted plasmid) or 

pHERD30  (targeted plasmid). [aacC1] transformation with pHERD30  did 

not yield any transformants, datapoints are displayed as ½ 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=3.757x10
5
; 

d.f.=3&20; p<2.2x10
-16
; adjusted R

2
=1.    
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least the limit of detection (4 cfu/mL/µg DNA) and was nearly four orders of 1 

magnitude lower than the non-targeting control. 2 

pKJK5::Cas is a barrier to plasmid acquisition in various species 3 

Finally, after constructing and verifying pKJK5::Cas[aacC1] and its non-targeting 4 

control pKJK5::Cas[nt], I aimed to test their ability to act as a barrier to plasmid 5 

acquisition in a broader range of bacterial species. Therefore, I transformed 6 

pKJK5::Cas transconjugants of several environmental, animal, and human-7 

associated coliform isolates as well as two species of Pseudomonas (P. 8 

aeruginosa PA14 and P. fluorescens SBW25; Table 2.3) with pHERD30T. The 9 

coliform isolates included pig-gut Escherichia/Shigella spp. isolate bhiF2 (this 10 

study), human isolate C743E1, and environmental isolates TV1-2 and 6TB-1 11 

(Leonard et al., 2018). These isolates were chosen for their ability to carry target 12 

plasmid pHERD30T. 13 

Table 2.3: Isolates used for pKJK5::Cas transformation assay. 14 

Name Source Species Other information 

bhiF2 Pig faeces 
samples 

Escherichia / 
Shigella 

Strain characterised by Sanger 
sequencing of 16S PCR only (this 
study) 

C743E1 Human 
rectal swab 

Escherichia coli ST131; O16:H5. Strain 
characterised by PCR testing and 
Illumina sequencing (Leonard et 
al., 2018; Leonard, in prep) 

TV1-2 Sewage 
water 

Escherichia coli ST196; O8:H7. Strain 
characterised by PCR testing and 
Illumina sequencing (Leonard et 
al., 2018; Leonard, in prep) 

6TB-1 Bathing 
water 

Escherichia coli ST527; O139:H9. Strain 
characterised by PCR testing and 
Illumina sequencing (Leonard et 
al., 2018; Leonard, in prep) 

PA14 Laboratory 
strain  

Pseudomonas 
aeruginosa 

Originally isolated from burns 
patient in the 1970s (Schroth et 
al., 2018) 

SBW25 Laboratory 
strain  

Pseudomonas 
fluorescens 

Originally isolated from sugar 
beet in the 1990s (De Leij et al., 
1995) 

 15 

Transformation of these isolates carrying pKJK5::Cas[nt] was successful, but 16 

efficiency remained slightly below of that of E. coli DH5α from the previous 17 

experiment (~666-4320 cfu/mL/µg DNA; Figure 2.5). In contrast, transformation 18 

efficiency of all isolates when carrying pKJK5::Cas[aacC1-72] was close to or 19 
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below their limits of detection and remained at least 2-3 orders of magnitude 1 

below transformation efficiency when carrying pKJK5::Cas[nt] (p<0.001; see 2 

methods for details).  3 

Together, these data show that pKJK5::Cas is an effective barrier to uptake of a 4 

plasmid containing a targeted AMR gene by transformation. Most likely, blocked 5 

uptake is achieved by Cas9-mediated cleavage of the target plasmid after it has 6 

entered the cell, which prevents plasmid replication. Blocking plasmid uptake was 7 

effective in a range of species of laboratory strains as well as environmental, 8 

animal-, and human-associated isolates without the need for re-engineering of 9 

pKJK5::Cas.  10 
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Figure 2.5 pKJK5::Cas prevents transformation in various host 

backgrounds. 
 ransformation efficiency of various isolates carrying pKJK5::Cas[aacC1] or 

pKJK5::Cas[nt] with target plasmid pHERD30 . 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 ½ of the limit 

of detection. bhiF2, C743E1,   1-2, 6  -1: coliform environmental and 

human isolates. PA14: Pseu omonas aeruginosa PA14. S W25: 

Pseu omonas   uorescens S W25. aacC1 and nt transformation efficiency 

are significantly different for all strains; p<0.001 as assessed by  ukey’s HSD 

after fitting an inverse Gaussian GLM; details in methods. 
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Discussion 1 

In this work, I engineered pKJK5::Cas as a broad host-range platform to prevent 2 

plasmid uptake by transformation and validated this process in a series of 3 

Escherichia and Pseudomonas strains. Species belonging to these genera can 4 

be found together in, for instance, wastewater treatment plants (Li et al., 2018) or 5 

human microbiomes (Martinson and Walk, 2020; Wheatley et al., 2022). 6 

Therefore, this work provides a foundation for pKJK5::Cas to protect multiple 7 

species of the same microbiome from AMR plasmid invasion.  8 

Other studies also investigated the use of CRISPR-Cas9 to prevent uptake of 9 

targeted plasmids, and delivered these genes to E. coli or Staphylococcus aureus 10 

using engineered phage (Yosef et al., 2015201), phagemids (Bikard et al., 2014), 11 

or narrow-host range plasmids (Dong et al., 2019). In these approaches the host 12 

range of the Cas9 delivery vehicle typically only extends to a single species or 13 

strains. In contrast, this work shows that plasmid targeting is possible in a range 14 

of bacterial species and natural isolates, crucially without the need for re-15 

engineering (Figure 2.5). Nevertheless, suitability of this approach may vary 16 

between species: Interestingly, P. fluorescens cultures grew very poorly when 17 

carrying pKJK5::Cas (data not shown). Despite this apparent fitness cost of a 18 

lower growth rate, a significant proportion of the cultures maintained pKJK5::Cas 19 

as evidenced by the reduction in transformants of the SBW25 + 20 

pKJK5::Cas[aacC1-72] culture (Figure 2.5). Nevertheless, this points towards 21 

fitness and maintenance dynamics of pKJK5::Cas being dependent on their 22 

bacterial host, and could lead to failure of target plasmid removal in species which 23 

struggle to maintain pKJK5::Cas. This plasmid maintenance is further 24 

investigated for different soil isolates in Chapter 5. 25 

Further to possible fitness costs arising from pKJK5::Cas maintenance, 26 

protection from plasmid uptake may also be impacted by the presence of off-27 

target hits in some species’ genomes:  o test sgRNA and Cas9 targeting 28 

efficiency, I generated a series of different sgRNAs targeting different areas of 29 

aacC1 (Figure 2.2A) which were randomly chosen out of a total of 59 different 30 

possible guides targeting this sequence, with a range of off-target hits predicted 31 

by CRISPOR ((Haeussler et al., 2016); Table 2.2). Off-target hits seem to be an 32 

important determinant of target plasmid removal efficiency: Compared with other 33 

sgRNAs targeting aacC1, both guides with predicted off-target activity in P. 34 
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aeruginosa PA01 (164/rev & 341/rev) resulted in ~1-2 orders of magnitude higher 1 

transformation efficiency with the target plasmid (p<0.05; Figure 2.2). While both 2 

these sgRNAs also target aacC1 on the reverse rather than forward strand, 3 

strand directionality has been shown to have no effect on CRISPR targeting 4 

efficiency (Guo et al., 2018). This indicates that utility of pKJK5::Cas may be 5 

species-specific, where plasmid removal from species containing similar 6 

sequences to the target in their chromosome could be less effective.  7 

Beyond this, other host-specific factors may also impact plasmid targeting by 8 

pKJK5::Cas: For instance, Enterococcus faecalis’s native CRISPR system was 9 

reactivated to target resident plasmids, but maintenance of plasmids remained 10 

possible despite a fitness cost to their host (Hullahalli et al., 2018). Additionally, 11 

some bacteria’s immune mechanisms may prohibit plasmid entry (Westra et al., 12 

2012) and resident prophage or plasmids could encode anti-CRISPRs which 13 

might attenuate the actions of such a treatment (Pawluk et al., 2018).  14 

It is promising that pKJK5::Cas can block uptake of plasmids carrying AMR genes 15 

in a range of different bacterial species, despite efficacy probably varying 16 

between species. Multiple studies investigate plasmid targeting with similar 17 

engineered plasmids, phage, or phagemids, but also go beyond prevention of 18 

plasmid uptake by analysing how well such a CRISPR treatment can cure 19 

resident AMR plasmids (Bikard et al., 2014; Yosef et al., 2015; Dong et al., 2019). 20 

Both entry exclusion and curing of resident plasmids are likely needed for a 21 

CRISPR treatment to be effective to reduce AMR gene prevalence in natural 22 

populations. Therefore, in the next chapter, I investigate the ability of pKJK5::Cas 23 

to conjugatively remove AMR plasmids from target bacteria. 24 

Conclusion 25 

In this chapter, I aimed to develop a CRISPR-Cas9 plasmid which can protect a 26 

range of bacterial isolates from AMR plasmid uptake.  27 

I generated broad host-range conjugative plasmid pKJK5::Cas, which was able 28 

to block AMR plasmid uptake in a range of Pseudomonas species and 29 

Escherichia isolates without the need for re-engineering. These experiments 30 

showed that CRISPR-Cas9 mediated plasmid removal was possible in multiple 31 

species using the same expression plasmid, and is thus a promising approach 32 

for protecting mixed bacterial communities from AMR plasmid uptake.  33 
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Effectivity of this approach may vary between species dependent on sequence 1 

similarity between genome sequences and the target gene, and on host-2 

dependent fitness costs of pKJK5::Cas. Further experiments are needed to 3 

consider how pKJK5::Cas may be feasibly applied to remove resident plasmids.  4 
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Chapter 3: pKJK5::Cas-dependent properties 1 

determine efficiency of target plasmid removal 2 

Abstract 3 

Antimicrobial Resistance (AMR) is on the rise, a problem exacerbated by AMR 4 

genes spreading between different bacterial species via plasmids. To curb the 5 

spread of resistance, CRISPR-Cas9 has found application in removal of AMR 6 

plasmids. In the previous chapter, I designed the recombinant conjugative 7 

plasmid pKJK5::Cas and used this as a barrier to AMR plasmid uptake in a range 8 

of different bacterial species. Here, I utilised its conjugative ability to remove 9 

resident AMR plasmids from a target strain. 10 

I discovered that two variables, conjugation efficiency and CRISPR targeting 11 

efficiency, affected target plasmid removal and that an optimal conjugation 12 

efficiency was most important for effective target plasmid clearance. Additionally, 13 

experiments revealed that maintenance of pKJK5::Cas together with a target 14 

plasmid was costly, even in the absence of CRISPR targeting.  15 

This work provides a solid basis for the use of pKJK5::Cas as a conjugative tool 16 

to remove AMR plasmids from bacterial communities. Further work is needed to 17 

assess how target plasmid properties affect their removal by pKJK5::Cas, and to 18 

assess how pKJK5::Cas spreads through bacterial communities. These ques-19 

tions are addressed in the following chapters. 20 

Introduction 21 

CRISPR-Cas delivery tools are a novel means of resensitising bacteria to 22 

antibiotics by removal of antimicrobial resistance (AMR) plasmids (reviewed in 23 

(Vrancianu et al., 2020)). Due to the relative ease by which conjugation could 24 

reach bacteria embedded in natural communities, those CRISPR delivery tools 25 

which deliver genes necessary for target plasmid removal on conjugative or 26 

mobilizable plasmids are particularly promising, but a low efficiency of 27 

conjugation often led to only modest target plasmid removal (Ruotsalainen et al., 28 

2019; Valderrama et al., 2019; Wang et al., 2019; Wongpayak et al., 2021).  29 

One study directly compared a trans-acting conjugative plasmid system 30 

(conjugation and CRISPR genes encoded on separate plasmids) with a cis-acting 31 

system (conjugation and CRISPR genes encoded on the same plasmid) and 32 
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found that target plasmid removal is more effective in the latter case, primarily 1 

due to increased conjugation (Hamilton et al., 2019).  2 

In the previous chapter, I inserted cas9, sgRNA, and gfp onto IncP-1ε plasmid 3 

pKJK5. This broad host-range conjugative plasmid can conjugate to bacteria 4 

across the prokaryotic tree of life (Klümper et al., 2015). The engineered plasmid 5 

pKJK5::Cas can block transformation of its host strain with targeted gentamicin 6 

plasmid pHERD30T, and is effective in Escherichia coli, Pseudomonas 7 

aeruginosa, Pseudomonas fluorescens, and in a range of coliform environmental 8 

isolates (Chapter 2).  9 

In this chapter, I test how effective target plasmid removal is from a recipient E. 10 

coli strain when pKJK5::Cas is conjugatively delivered. I test the impact of two 11 

key variables – conjugation efficiency and CRISPR targeting efficiency – on target 12 

plasmid removal. For this study, I define conjugation efficiency as the fraction of 13 

transconjugants within the recipient population at the end of each experiment. 14 

This descriptor therefore explains the ultimate outcome of plasmid transfer, taking 15 

into account conjugation, plasmid loss, and vertical transconjugant expansion. 16 

However, conjugation efficiency does not provide temporal information and 17 

therefore is not equivalent to conjugation rate, for instance classically described 18 

as the conjugational transfer rate parameter γ (Stewart and Levin, 1977). 19 

Similarly, I define CRISPR targeting efficiency as the singular outcome of 20 

stringency in CRISPR-Cas9 plasmid removal or target escape once pKJK5::Cas 21 

has entered the target cell. Therefore, this variable takes into account sgRNA 22 

targeting stringency, cleavage efficiency, and plasmid escape by mutation or 23 

DNA repair.  24 

Lastly, I analyse transfer dynamics of non-targeting pKJK5::Cas controls and 25 

uncover costs to the co-existence of pKJK5::Cas and the target plasmid in the 26 

absence of CRISPR-Cas targeting. 27 

Methods 28 

Strains, plasmids, and growth conditions 29 

All bacterial strains and plasmids used throughout the thesis are listed in Thesis 30 

Supplement Table S1-2. Unless otherwise specified, all strains were grown in LB 31 

at 37°C and 180 rpm. For selective plating and where necessary in liquid culture, 32 
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antibiotics were added at the following concentrations: Gm – 50 µg/mL Genta-1 

micin; Km – 50 µg/mL Kanamycin; Tc – 12 µg/mL Tetracycline.  2 

Where E. coli MFDpir was used, cultures were supplemented with 300mM DAP 3 

to ensure growth of this auxotrophic strain. By omitting DAP, the strain could be 4 

selected against. 5 

Unless otherwise stated, all molecular cloning steps were carried out using high-6 

fidelity restriction enzymes (NEB) using commercially competent E. coli DH5α 7 

cells (NEB) and manufacturer protocols. PCR reactions were carried out using 8 

PCRbio Taq master-mix according to manufacturer’s instructions. 9 

pKJK5::Cas construction 10 

To construct pKJK5::Cas[aphA99] and [nt2], initially the new specificities 11 

(aphA99: AAATGGGCGCGTGATAAGGT; nt2: GTTTTCTGCCTGTCGATCCA) 12 

were inserted into pMA-RQ_Cas as described in Chapter 2. Next, the homology 13 

arms flanking the CRISPR cassette were exchanged to match intI1 on pKJK5. 14 

The upper and lower homology tracts were amplified using primers 15 

uphom_intI1_fw/uphom_intI1_rv or lohom_intI1_fw/lohom_intI1_rv respectively 16 

(Table S3) and pKJK5 as a template, and the PCR products were inserted into 17 

pMARQ_Cas using HindIII/XhoI or BamHI/EcoRI restriction sites respectively. 18 

Subsequently, using HindIII and EcoRI restriction sites, CRISPR cassettes were 19 

cut out of pMARQ_Cas[aphA99]/[nt2] and inserted into pDOC, which was used 20 

as a template for homologous recombineering (Chapter 2) with intI1 on pKJK5. 21 

Recombined pKJK5::Cas[aphA99] and [nt2] and correct insertion of the CRISPR 22 

cassette into intI1 were verified using PCR as described in Chapter 2. Primer 23 

intI1_fw was used in a primer pair with either intI1_rv or GFPend_fw, and intI1_rv 24 

was also used in a pair with Cas9_bw. 25 

MFDpir +pKJK5::Cas transconjugants were generated by co-incubating E. coli 26 

DH5α +pKJK5::Cas with MFDpir and selecting for transconjugants in the 27 

presence of Tc and 250µg/mL Erythromycin. K12+pKJK5::Cas strains were 28 

prepared by co-incubation of MFDpir + pKJK5::Cas and K12 followed by plating 29 

on LB+Tc in the absence of DAP to select against the donor strain. 30 

pHERD99 construction 31 

To construct pHERD99, oligos aphA99PAM_HK_top and aphA99PAM_HK_btm 32 

were annealed as described previously (Chapter 2) and inserted into 33 
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pHERD30 ’s multiple cloning site using HindIII and KpnI.  his yielded pHERD99, 1 

a plasmid 12bp shorter than pHERD30Tand targetable by pKJK5::Cas[aphA99] 2 

due to insertion of the aphA99 target sequence. 3 

Mating experiments 4 

Liquid mating 5 

For liquid mating, single colonies of donors (E. coli DH5α + pKJK5::Cas[aacC1-6 

72]/[nt]) and recipients (E. coli K12::mCherry + pHERD30T) were suspended and 7 

grown overnight in 5 mL each LB + Tc or LB + Gm respectively. Cultures were 8 

washed twice with 0.9% (w/v) NaCl, 50 µL of donors and recipients were co-9 

incubated in fresh 5 mL LB microcosms in 6 replicates, and incubated overnight 10 

at 37°C, 50rpm. The next day, all cultures were frozen in 20% (w/v) Glycerol at -11 

80°C and plated onto various selective media: LB without selection allowed 12 

donors and recipients to grow, LB+Km selected for all recipients, LB+Km+Tc 13 

selected for recipients which had taken up pKJK5::Cas (transconjugants), 14 

LB+Km+Gm selected for recipients with target plasmid pHERD30T, and 15 

LB+Km+Gm+Tc selected for recipients containing both plasmids. Additional 16 

controls (not shown) included donor-only and recipient-only controls, and yielded 17 

colonies as expected. Enumerating colonies on selective plates allowed to 18 

calculate proportions of recipients carrying various plasmids. 19 

Filter mating 20 

For the filter mating experiments, 6-12 colonies each of donors (E. coli K12 + 21 

pKJK5::Cas[aacC1-72] / [nt] for the first experiment; E. coli DH5α + 22 

pKJK5::Cas[aphA99] / [nt2] for the second experiment) and recipients (E. coli K12 23 

+ pHERD30T / pHERD99) were suspended in 15mL LB+Tc or LB+Gm 24 

respectively and grown overnight. Then, all strains were washed twice with 15mL 25 

0.9% (w/v) NaCl and resuspended to OD600=0.5. 26 

Filter matings were carried out using a 12-stream Millipore vacuum pump, 27 

sterilised with 70% Ethanol and UV light before and after each filter mating and 28 

assembled in a Cat2 biosafety cabinet. For each mating, a 0.22µM glass 29 

microfibre filter (Whatman) was placed onto a vacuum pump position, dampened 30 

with 200µL sterile 0.9% NaCl, and topped with a 0.22µM cyclopore membrane 31 

(Whatman). Fully assembled filter positions were equilibrated by pumping 32 

through 2mL 0.9% NaCl by applying a vacuum. Next, 1 mL of OD-adjusted 33 
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donors, 1 mL of OD-adjusted recipients, and 1 mL of 0.9% NaCl were added to 1 

each sample position and pumped through by applying a vacuum. Matings were 2 

carried out with 12 (first experiment) or 6 biological replicates (second 3 

experiment). Cyclopore membranes were placed onto an LB plate (cell-side-up) 4 

and incubated at 37°C overnight, after which cells were recovered by placing 5 

each filter into 3mL of 0.9% NaCl and vortexing for 15 seconds. This cell 6 

suspension was then frozen in 20% glycerol at -80°C and plated onto selective 7 

plates as for the liquid mating experiment above. Additional controls (not shown) 8 

included donor-only and recipient-only controls, and yielded colonies as 9 

expected. 10 

For both mating methods, only an endpoint measure of donors, recipients, and 11 

their subpopulations was taken by selective plating. Bacterial growth was not 12 

tracked during the experiments. 13 

Growth curves 14 

Frozen samples from the experiments above were thawed and re-plated onto 15 

selective media to extract recipients with various plasmid content (LB+Km+Tc: 16 

Transconjugants. LB+Km+Tc+Gm: Recipients containing both plasmids). For 17 

recipients containing pHERD30T, T0 recipients (those strains used to start the 18 

experiment) were plated onto LB+Gm. One colony of each recipient from each 19 

experiment was picked of each biological replicate (n=6 for liquid mating and filter 20 

mating (low efficiency), n=12 for the first filter mating). Four replicate colonies 21 

were picked for T0 recipients, donor strains, and of the empty E. coli 22 

K12::mCherry recipient. Some samples did not yield any colonies on certain 23 

selective media when replating and were omitted from the downstream growth 24 

curve analysis. Consequently, the filter-mating experiment only had 4 replicates 25 

for recipients + pKJK5::Cas[nt], and 5 replicates for recipients + pKJK5::Cas[nt] 26 

+ pHERD30T. 27 

Colonies were suspended in 200 µL LB broth in a 96-well plate, supplemented 28 

with appropriate antibiotics and grown overnight statically at 37°C. During growth 29 

in all 96-well plates, a single row or column around each edge was left with blank 30 

media to allow for a barrier to evaporation.  31 

After overnight growth, cultures were thoroughly resuspended and 20 µL of each 32 

culture was transferred into a fresh 96-well plate filled with 180 µL LB. The freshly 33 

inoculated 96-well plates were placed into an absorbance reader (Biotek Synergy 34 
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2) and run on a cycle which incubated the sample at 37°C, slowly shook the plate, 1 

and read the optical density (OD600) every 10 minutes for 16 hours. Analysing 2 

OD readings of blank wells showed that out of >180 blank controls, only two were 3 

contaminated.  4 

Finally, growth parameters were modelled for each replicate individually. To 5 

extract growth rates, a rolling regression was performed on log-transformed OD 6 

readings by calculating the linear growth rate for each interval spanning 7 7 

measurements (70 minutes) throughout the entire measurement time and 8 

selecting the maximum linear growth rate. To estimate lag time, the 9 

corresponding time point of the maximum growth rate interval was selected. 10 

Finally, endpoint OD was estimated by calculating the median of the 10 highest 11 

measurements of OD600 throughout the time-series.  12 

Statistical analyses 13 

Data processing, data visualisation, and statistical analyses were carried out 14 

using R software version 4.1.0 and RStudio version 1.4.1717 with the following 15 

packages: tidyverse version 1.3.1, arm version 1.11-2, MuMIn version 1.43.17, 16 

bbmle version 1.0.24, ggpubr version 0.4.0, lemon version 0.4.5, purrr version 17 

0.3.4, lubridate version 1.7.10, lme4 version 1.1-27.1, LMERConvenience 18 

Functions version 3.0 19 

For all models, assumptions were tested and found to be upheld. Other model 20 

types, link functions, and model structures were tested and the overall best 21 

models were chosen. 22 

Target plasmid retention (Figure 3.1A) A Gaussian Generalised Linear Model 23 

(GLM) was fitted with an identity link function; explaining log-transformed 24 

pHERD30T/99 proportion with Experiment, pKJK5::Cas target, and their 25 

interaction as explanatory variables. Datapoints with infinite, NA, or values of 0 26 

were removed; to compare between categories,  ukey’s post-hoc honest 27 

significance differences were carried out, the relevant results of which are listed 28 

in the figure legend. F=127.5; d.f.=5 & 39; p<2.2x10-16; adjusted R2=0.935  29 

Conjugation efficiency (Figure 3.1B) A Gaussian GLM was fitted with an identity 30 

link function; explaining log-transformed transconjugant proportion (conjugation 31 

efficiency) with the Experiment, pKJK5::Cas target, and their interaction as 32 

explanatory variables. Datapoints with infinite, NA, or values of 0 were removed; 33 
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to compare between categories,  ukey’s post-hoc honest significance 1 

differences were carried out, the relevant results of which are listed in the figure 2 

legend. F=14.92; d.f.=5 & 33; p<1.41x10-7; adjusted R2=0.6469 3 

Correlation of the two (Figure 3.1C) For each pKJK5::Cas variant, a correlation 4 

was carried out between proportion of recipients with the target plasmid and 5 

proportion of recipients with pKJK5::Cas by fitting a linear model using log-6 

transformed data. Datapoints with infinite, NA, or values of 0 were removed. 7 

Targeting: F=22.11; d.f.=1&16; p=0.0002399; R2=0.5801. 8 

Non-targeting: F=0.2709; d.f.=1&7; p=0.6188; R2=0.03725. 9 

CRISPR targeting efficiency (Figure 3.2A) A Gaussian GLM was fitted with an 10 

identity link function; explaining log-transformed proportion of transconjugants 11 

with the target plasmid (proxy for CRISPR targeting efficiency) with Experiment, 12 

pKJK5::Cas target, and their interaction as explanatory variables. Datapoints with 13 

infinite, NA, or values of 0 were removed; to compare between categories, 14 

 ukey’s post-hoc honest significance differences were carried out, the relevant 15 

results of which are listed in the figure legend. F=146.5; d.f.=5 & 32; p<2.2x10-16; 16 

adjusted R2=0.9516 17 

Correlation with target plasmid retention (Figure 3.2B) For each pKJK5::Cas 18 

variant, a correlation was carried out between proportion of recipients with the 19 

target plasmid and proportion of transconjugants with the target plasmid by fitting 20 

a linear model using log-transformed data. Datapoints with infinite, NA, or values 21 

of 0 were removed. 22 

Targeting: F=114.3; d.f.=1&16; p=1.076x10-8; R2=0.8772. 23 

Non-targeting: F=0.6959; d.f.=1&6; p=0.4361; R2=0.1039. 24 

Recipient prevalence (Figure 3.3) A Gaussian GLM was fitted with an identity link 25 

function; explaining log-transformed overall proportion of recipients with 26 

Experiment, pKJK5::Cas target, and their interaction as explanatory variables. 27 

Datapoints with infinite, NA, or values of 0 were removed; to compare between 28 

categories,  ukey’s post-hoc honest significance differences were carried out, 29 

the relevant results of which are listed in the figure legend. F=149.8; d.f.=5 & 39; 30 

p<2.2x10-16; adjusted R2=0.9442 31 

Recipient growth (Figure 3.4) GLMs (Gaussian, identity link function) were fitted 32 

to these data. The 3 models described each growth parameter (culture capacity, 33 
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lag time, growth rate (not shown)) as a function of Experiment, pKJK5::Cas target, 1 

pHERD30T presence and their two- and three-way interactions. Model statistics 2 

are summarised below. Statistical differences between individual treatments 3 

were assessed by a  ukey’s post-hoc test; see Figure legend for details. 4 

Culture capacity: F=8.288; d.f.=15 & 80; p=5.568x10-11; adjusted R2=0.5351 5 

Lag time: F=14.2; d.f.=15 & 80; p=2.2x10-16; adjusted R2=0.6757 6 

Growth Rate (not shown): F=1.006; d.f.=15 & 80; p=0.4576; adjusted 7 

R2=0.0009708 8 

Recipient prevalence correlations (Figure 3.5) For each panel, a correlation was 9 

carried out between recipient prevalence and proportion of recipients with both 10 

plasmids by fitting a linear model using log-transformed data. Datapoints with 11 

infinite, NA, or values of 0 were removed. 12 

Liquid mating: F=153.2; d.f.=1 & 22; p=2.185x10-11; R2=0.8744 13 

Filter mating: F=405.8; d.f.=1 & 26; p<2.2x10-16; R2=0.9398 14 

Filter mating (low efficiency): F=32.11; d.f.=1 & 22; p=7.565x10-8; R2=0.7394 15 

Donor growth correlations (Figure 3.S2) For each panel, a correlation was carried 16 

out between recipient prevalence and each growth metric by fitting a linear model 17 

using log-transformed means.  18 

Non-targeting; lag time: F=0.6347; d.f.=1 & 1;p=0.5717; R2=0.3883 19 

Targeting; lag time: F=1; d.f.=1 & 1; p=0.5; R2=0.5 20 

Non-targeting; culture capacity: F=1.327; d.f.=1 & 1; p=0.4551; R2=0.5702 21 

Targeting; culture capacity: F=312.3; d.f.=1 & 1; p=0.03598; R2=0.9968 22 

Non-targeting; growth rate: F=5.084; d.f.=1 & 1; p=0.2657; R2=0.8356 23 

Targeting; growth rate: F=0.5919; d.f.=1 & 1; p=0.5825; R2=0.3718 24 

Results 25 

In this chapter, I explored pKJK5::Cas’s ability to conjugatively remove targeted 26 

AMR plasmids from recipient  bacterial strains. I hypothesised that the efficiency 27 

of target plasmid removal would depend on conjugation efficiency and CRISPR 28 

targeting efficiency. Both variables are defined as singular outcomes and break 29 

down the process of conjugative AMR plasmid removal into two distinct steps; 30 
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delivery of pKJK5::Cas to target bacteria (conjugation efficiency) and subsequent 1 

removal of the target plasmid (CRISPR targeting efficiency). Conjugation 2 

efficiency could easily be measured by determining the proportion of recipients 3 

which formed transconjugants. To find a proxy for CRISPR targeting efficiency, I 4 

measured the proportion of transconjugants which still contained a target plasmid 5 

at the end of each experiment. If this proportion is low, there is little escape from 6 

CRISPR-Cas9 targeting, and therefore CRISPR targeting efficiency is high.  7 

To test how these variables determine target plasmid removal, I carried out a 8 

series of three mating experiments where a donor E. coli strain delivers 9 

pKJK5::Cas to E. coli recipients carrying target plasmid pHERD30T or pHERD99 10 

under different conditions (experimental design overview in Figure 3.S1). In the 11 

first experiment, donors and recipients were co-incubated in liquid medium 12 

(“Liquid Mating”).  he second experiment utilised filter mating for higher predicted 13 

conjugation efficiency ((Bradley, 1983); “Filter Mating”).  hese experiments were 14 

both carried out using pKJK5::Cas[aacC1-72], which carried a guide that targets 15 

plasmid pHERD30T with high efficiency (Chapter 2). Its corresponding non-16 

targeting control is pKJK5::Cas[nt] and targets a random nucleotide sequence not 17 

present in the study system (Figure 3.S1A-B). For the third experiment, filter 18 

mating was carried out using pKJK5::Cas[aphA99]. Initially, pKJK5::Cas[aphA99] 19 

was designed to target kanamycin resistance plasmids, but here it was used as 20 

a low-efficiency means of targeting pHERD99 in its multiple cloning site 21 

(comparable to targeting of pHERD30T within and outside aacC1 in Chapter 2). 22 

The corresponding non-targeting control plasmid, pKJK5::Cas[nt2], is targeted 23 

towards a different random nucleotide sequence not present in the study system 24 

(Figure 3.S1C). With this set-up, the impact of conjugation efficiency could be 25 

assessed when comparing experiments 1 and 2, where CRISPR targeting 26 

efficiency remained constant. The impact of CRISPR targeting efficiency could 27 

be assessed when comparing experiments 2 and 3, where conjugation efficiency 28 

remained constant. 29 

Target plasmid removal was dependent on conjugation efficiency 30 

First, I aimed to determine to which extent target plasmids were removed from 31 

recipients. Selective plating revealed that the proportion of recipients carrying the 32 

target plasmid varied after each experiment (Figure 3.1A). In both filter mating 33 

experiments, target plasmid prevalence was reduced significantly by ~1-3 orders 34 
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of magnitude compared to the non-targeting controls (p<0.001; see Methods for 1 

details of statistical models). In contrast, plasmid removal was modest during 2 
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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[aacC1-

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  ukey’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 

pKJK5::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. 
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liquid mating and did not reach statistical significance (~25% of recipients 1 

retained the target plasmid, compared with ~59% for the non-targeting control; 2 

p=0.2).  3 

As predicted, transconjugant proportions, which indicate conjugation efficiency, 4 

were highest during filter mating (Figure 3.1B), with ~100% of recipients receiving 5 

targeting pKJK5::Cas compared to only ~60% during  liquid mating (p<0.05 when 6 

comparing liquid and filter experiments). Unexpectedly, the transconjugant 7 

proportion of the non-targeting controls was highly variable and reached as low 8 

as 1%; this is discussed later. 9 

To determine the significance of conjugation efficiency to plasmid removal, I 10 

correlated these two metrics in Figure 3.1C for experiments using the same 11 

sgRNA target sequence (liquid, filter). When pKJK5::Cas carried the targeting 12 

sgRNA guide, a higher conjugation efficiency was significantly associated with a 13 

lower proportion of recipients carrying target plasmid pHERD30T (p<0.001). This 14 

relationship was not upheld for the non-targeting controls (p=0.62). While 15 

investigating this relationship for the filter mating experiment in isolation led to a 16 

qualitatively opposite relationship, these subtle within-experiment differences in 17 

conjugation efficiency are unreliable for these data, as comparing colony counts 18 

on plates selecting for recipients and plates selecting for transconjugants led to 19 

numeric conjugation efficiencies exceeding 100% in nearly all filter mating 20 

samples, which is not biologically possible. Instead, it is therefore more robust to 21 

carry out between-experiment comparisons with a larger range in conjugation 22 

efficiency. This experimental shortcoming is further examined in the General 23 

Discussion. 24 

Together, these data show that the target plasmid pHERD30T/pHERD99 could 25 

be removed by conjugatively applying pKJK5::Cas, and that removal efficiency 26 

was dependent on conjugation efficiency. 27 

Target plasmid removal was dependent on CRISPR targeting 28 

efficiency 29 

Next, I hypothesised that CRISPR targeting efficiency also influenced target 30 

plasmid removal. As a proxy of CRISPR targeting efficiency, I calculated the 31 

proportion of transconjugants which retained the target plasmid throughout the 32 

experiment (Figure 3.2A). Where pKJK5::Cas[aacC1-72] was used, this 33 

proportion remained very low during both experimental setups (~2-4x10-4), which 34 
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indicates that only in ~1 in 5000 cases CRISPR targeting of the plasmid failed. 1 

On the other hand, where pKJK5::Cas[aphA99] was used, the pHERD99+ 2 

proportion of transconjugants was significantly higher (~3.3x10-2; p<0.05) which 3 

reflects a lower efficiency of CRISPR targeting (targeting failed in ~1 in 30 cases). 4 

This difference in CRISPR targeting efficiency is likely due to the varying location 5 

of CRISPR-Cas9 target on each target plasmid (within antibiotic resistance gene 6 

vs within multiple cloning site), presumably leading to alternating frequencies of 7 

plasmid escape from CRISPR-Cas9 targeting by point mutation (Chapter 2). 8 

Correlating this metric with the proportion of recipients carrying target plasmids 9 

for experiments with the same conjugation efficiency (filter, filter (low efficiency)) 10 

confirmed that there was a significant association between these variables for 11 
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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) using pKJK5::Cas[aacC1-72]/[aphA99] 

(targeting) or pKJK5::Cas[nt]/[nt2] (non-targeting) in donors and 

pHERD30 /pHERD99 in recipients.  he 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  ukey’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 pHERD30 + transconjugants) is 

associated with lower target plasmid carriage (p<0.001).  his association is 

non-significant for non-targeting guides (p=0.44). See Methods for details of all 

statistical models. 
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targeting treatments (Figure 3.2B; p<0.001) and showed that more efficient 1 

CRISPR targeting correlated with lower proportions of recipients with target 2 

plasmids. 3 

Non-targeting controls varied in conjugation efficiency and recipient 4 

density 5 

The non-targeting control pKJK5::Cas[nt] had a significantly lower proportion of 6 

transconjugants than its corresponding targeting pKJK5::Cas[aacC1-72] during 7 

filter mating (>1 order of magnitude; p<0.001). The same was not true when using 8 

pKJK5::Cas[nt2] or for pKJK5::Cas[nt] during a liquid mating experimental setup 9 

(Figure 3.1B). As conjugation rates can depend on relative donor and recipient 10 

frequencies, I investigated the prevalence of donors and recipients after each 11 

experiment. Interestingly, the recipient prevalence varied for each experiment 12 

and treatment (Figure 3.3). Most drastically, recipient proportion of the non-13 

targeting control dropped to a miniscule 6x10-6 during filter mating, and was 14 

partially restored to ~3% when pKJK5::Cas[nt2] was used instead.  15 

Overall, this shows that unexpected dynamics governed transfer of non-targeting 16 

pKJK5::Cas. This coincided with unexpected overall recipient prevalence in the 17 

same experiments.  18 

Maintenance of both plasmids is costly and led to low recipient 19 

prevalence 20 

A possible explanation for the observed differences in recipient prevalence is a 21 

variation of donor or recipient growth rates. I therefore assessed culture capacity, 22 

lag time, and growth rate of each donor strain, but no meaningful correlation with 23 

recipient prevalence was detected (Figure 3.S2). Therefore, I expanded the 24 
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growth analysis to recipients with all possible plasmid contents arising throughout 1 

the experiments. Recipients carrying any combination of plasmids had a 2 

generally lower culture capacity and higher lag time than plasmid-free recipients 3 

(p<0.05 for most recipients isolated from the “Filter” experiment, and some 4 

recipients isolated from other experiments; see Figure 3.4 for full breakdown). 5 

Furthermore, the lag time of recipients containing pKJK5::Cas in addition to the 6 

target plasmid was higher than the lag time of recipients containing pKJK5::Cas 7 

only – intriguingly, this was especially the case for recipients isolated from 8 

experiments carried out on filters (p<0.05 for both filter mating experiments; see 9 

Figure 3.4 for full breakdown). Growth rates had a high standard error across all 10 

samples and did not vary significantly (not shown). 11 

Throughout these experiments, non-targeting controls had higher proportions of 12 

recipients which carry both plasmids than their targeting counterparts (Figure 13 

3.2A), which led to more incidence of costly plasmid co-maintenance in non-14 
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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  ukey’s post-hoc test after fitting GLMs; 

see Methods for model details. 
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targeting controls. I hypothesised that this might be an explanation for the 1 

unexpected recipient prevalence and transconjugant proportions.  2 

Therefore, I visualised the relationship between these variables. This showed that 3 

recipient prevalence was significantly associated with proportion of recipients 4 

carrying both plasmids in each experiment (p<0.001; Figure 3.5). Interestingly, 5 

this relationship was dependent on experimental background and during liquid 6 

mating, high proportions of recipients with both plasmids were associated with 7 

high recipient prevalence, while the opposite was true for both filter mating 8 

experiments. 9 

In summary, co-maintenance of pKJK5::Cas and its target plasmid led to a growth 10 

detriment in the recipient strain, and these dynamics became clear when matings 11 

were carried out on filters. Plasmid co-maintenance primarily occurred using the 12 

non-targeting control, which could be the reason why some non-targeting controls 13 

had extremely low recipient prevalence.  14 

Discussion 15 

In this chapter, I assayed the efficiency of target plasmid removal from a bacterial 16 

strain through conjugation of pKJK5::Cas from a donor strain. I found that target 17 

plasmid removal was dependent on both the conjugation efficiency and on the 18 

efficiency of Cas9 targeting. As I chose the endpoint measures of conjugation 19 
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experimental background. Correlation of transconjugant+pHERD30  
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correlations are significant; p<0.001. See Methods for model details. 



 68 

efficiency and CRISPR targeting efficiency rather than tracking donor and 1 

recipient growth and plasmid dynamics throughout the experiment, it is unclear 2 

which underpinning dynamics contribute the most to the measured outcome. For 3 

instance, an increased conjugation efficiency during filter mating may be due to 4 

an increase in mating pair formation, or an increase in vertical growth of early 5 

transconjugants. Nevertheless, the key metrics of conjugation efficiency and 6 

CRISPR targeting efficiency allowed me to break the process of AMR plasmid 7 

removal down into two stages: initially, how well does pKJK5::Cas transfer, and 8 

secondly, how well does it remove target plasmids once in target cells?  9 

Overall, it seems that conjugation efficiency is the more important factor: the 10 

combination of low-efficiency CRISPR targeting and high-efficiency conjugation 11 

(filter mating (low efficiency)) led to ~10 times as much target plasmid removal as 12 

high-efficiency CRISPR targeting and low-efficiency conjugation (liquid mating; 13 

Figure 3.1A). Therefore, optimising conjugation and delivery of pKJK5::Cas will 14 

be key to clearing plasmids from natural populations. This adds to a bulk of past 15 

research which already identified conjugation efficiency as a crucial factor (e.g. 16 

(Hamilton et al., 2019; Wongpayak et al., 2021)), and which proposed low 17 

conjugation efficiency as a key reason for failure when applying CRISPR delivery 18 

tools in animal models (Rodrigues et al., 2019) or to complex communities 19 

(Ruotsalainen et al., 2019). Interestingly, my data indicate that even relatively 20 

modest optimisations of conjugation efficiency will lead to considerable 21 

improvement of target plasmid removal, as an increase of recipients forming 22 

transconjugants from ~60% to 100% led to a large drop in recipients retaining the 23 

target plasmid from ~25% to 0.1%.  24 

Previous work which removed mcr-1 plasmids from E. coli showed that removal 25 

of plasmids is more effective when replicon-associated or toxin/antitoxin system 26 

genes are targeted rather than antibiotic resistance genes (Wang et al., 2019). 27 

While this indicates that efficiency of targeting pHERD30T could further be 28 

improved by targeting replicon-associated sequences, my data indicate that 29 

targeting antibiotic resistance genes provides a clear advantage over targeting 30 

non-essential plasmid sequences. Escape mutations that allow pHERD30T to 31 

evade CRISPR are expected to occur more readily in non-essential regions of 32 

the plasmid (e.g. target sequence on pHERD99), compared to its antibiotic 33 

resistance gene which is essential under selective pressure, and is targeted by 34 
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pKJK5::Cas[aacC1-72]. This is analogous to bacteriophage mutations to escape 1 

from natural CRISPR targeting, the frequency of which is dependent on 2 

essentiality of the bacteriophage gene targeted by CRISPR (Watson et al., 2019). 3 

Additionally, targeting antibiotic resistance genes has the advantage that multiple 4 

plasmids with different AMR genes could be removed using the same CRISPR 5 

delivery tool, for instance by targeting conserved sequences in divergent β-6 

lactamase genes (Kim et al., 2015; Ruotsalainen et al., 2019).  7 

Recipient prevalence drastically decreased for non-targeting controls during filter 8 

mating due to costs of plasmid co-maintenance (Figure 3.3-3.4). Intriguingly, this 9 

was not the case for liquid mating. This suggests that these costs may arise as a 10 

result of cell density, cell-to-cell contact, or from being attached to a substrate – 11 

all of which are low or absent during liquid mating. For instance, high local cell 12 

densities during filter-mating might lead to low local nutrient concentrations, 13 

which increases the importance of competition for nutrients between donors and 14 

recipients and allows donors to rapidly outcompete recipients struggling to grow. 15 

On the other hand, a better-mixed environment during liquid mating ensures 16 

higher relative nutrient availability and decreases the importance of moderate 17 

differences in bacterial growth. Beyond this, phenomena such as lethal zygosis 18 

(where high relative donor frequencies lead to recipient cell death; (Skurray and 19 

Reeves, 1973)) may lead to runaway decreases after an initial drop in recipient 20 

prevalence under conditions with high conjugation rates (i.e. filter mating), further 21 

inflating the importance of moderate growth detriments.  22 

Conjugation efficiency might be linked to recipient prevalence through the growth 23 

detriment of co-maintaining plasmids: Rather than being reflective of lower overall 24 

conjugation rates, low final transconjugant proportions are probably a result of 25 

pKJK5::Cas loss after initial transconjugant generation. However, transconjugant 26 

proportions also varied between non-targeting pKJK5::Cas variants (Figure 27 

3.1B), which target different random nucleotide sequences (neither of which are 28 

present in the model system). Therefore, this difference in conjugation efficiency 29 

suggests unexpected effects due to Cas9 off-target binding. For instance, Cas9 30 

plays a role in gene regulation using a smaller-than-usual CRISPR RNA which 31 

has an imperfect match to a chromosomal target (Ratner et al., 2019). Possible 32 

off-target hits of each non-targeting sgRNA with PAM in this model system are 33 

summarised in Table 3.1. 34 
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Table 3.1: Off-target hits for non-targeting guides: possible off-target hits of each 1 

guide + PAM identified by a BLAST homology search. “Genome” indicates 2 

genetic compartment targeted. Additional off-target hits on all genomes with <10 3 

matching base pairs are not shown. “Matching bases” lists the number of base 4 

pairs matched between guide + PAM and target. *E. coli K12 matches are also 5 

present in corresponding areas of the E. coli DH5α genome.  6 

Genome 
Accession 

number 

Matching 

bases 

Target 

area 
Genetic context 

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

E. coli 

K12* 
NZ_CP010444.1 

12 
685180-

685191 

yjiM (putative 2-hydroxyacyl-CoA 

dehydratase – enzyme used in 

fermentation) 

11 
3202156-

3202146 

sixA (phosphohistidine 

phosphatase – involved in 

nitrogen-related 

phosphotransferase system) 

10 Various 

18 different targets, mostly 

metabolic genes. Two with 

unknown function, two involved in 

transcription (pcnB, ydcI), and 

tetB tetracycline efflux. 

pKJK5 AM261282.1 9 
31570-

31562 
tetA tetracycline efflux pump. 

pHERD30T EU603326.1  /   /  No hits identified 

[nt2] guide off-target hits (including PAM) 

E. coli 

K12* 
NZ_CP010444.1 

13 
4298110-

4298122 
asd (aspartate synthesis) 

12 
882073-

882062 
ampD (peptidoglycan recycling) 

12 
3809958-

3809969 
fbaA (fructose metabolism) 

11 
313972-

313982 

thiC (phosphomethylpyrimidine 

synthase) 

11 
2069577-

2069567 
yciV (5’-3’ exoribonuclease) 

10 Various 

15 different targets, mostly 

metabolic genes. One gene with 

unknown function, two efflux 

pumps (mdtD, yebQ), gspA 

component of Type 2 secretion 

system, and rarA which is 

involved in replication. 

pKJK5 AM261282.1 10 
22178-

22196 

intI1 (Integrase; inactive on 

pKJK5 and disrupted by CRISPR 

cassette) 

pHERD30T EU603326.1  /   /  No hits identified 

 7 
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Overall, this comparison shows that both non-targeting guides may bind to 1 

separate genetic regions, which could hint towards such non-specific binding 2 

playing a role in conjugation rates. These predictions would have to be tested 3 

experimentally. To assess why conjugation efficiency of the non-targeting control 4 

is low, strains with varying plasmid contents should be directly competed against 5 

each other, and a CRISPR-Cas9-free pKJK5 control would indicate whether off-6 

target Cas9 effects play a role. 7 

Conclusion 8 

In this chapter, I assessed removal of a target plasmid from E. coli by application 9 

of a donor E. coli strain containing pKJK5::Cas. Plasmid removal was effective 10 

but dependent on several factors. Specifically, I found that CRISPR targeting 11 

efficiency and especially conjugation efficiency were key determinants of target 12 

plasmid removal efficiency. Intriguingly, non-targeting pKJK5::Cas controls 13 

showed lower conjugation efficiency than their targeting counterparts, and non-14 

targeting treatments had a lower overall recipient prevalence. This could be due 15 

to fitness costs of maintaining pKJK5::Cas together with the target plasmid, and 16 

perhaps due to unexpected off-target effects of Cas9.  17 

Together, these experiments provide a robust basis for application of pKJK5::Cas 18 

to remove resident plasmids from target bacteria. Several barriers remain before 19 

applying pKJK5::Cas in healthcare or environmental settings: Firstly, the target 20 

plasmid used is a synthetic cloning vector. How does pKJK5::Cas fare against 21 

more natural target plasmids? Secondly, transfer and maintenance of 22 

pKJK5::Cas are expected to be altered in mixed bacterial communities and 23 

environmental isolates compared to a standard laboratory E. coli strain. How 24 

effective is pKJK5::Cas spread through a community made up of natural isolates? 25 

These questions are addressed in Chapters 4 and 5 respectively.  26 
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Figure 3.S1: Experimental setups of different means of delivering pKJK5::Cas 

from E  co i DH5α (A+C) or E  co i K12 ( ) donors to E  co i 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   rA (brown).  his 

plasmid targets pHERD30 ’s gentamicin resistance gene aacC1 (purple). In C, 

pKJK5::Cas[aphA99]’s gene cassette is inserted into int 1 (yellow).  his plasmid 

targets a corresponding sequence cloned into pHERD99’s multiple cloning site 

(red) at predicted lower targeting efficiency.  oth plasmids have corresponding 

non-targeting controls with different random sgRNA target sequences 

(pKJK5::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). Mean±standard deviation of 

modelled culture capacity, lag time, and growth rate of donors used for each 

experiment, plotted against mean±standard 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: pKJK5::Cas-mediated AMR plasmid 1 

removal is dependent on target plasmid properties 2 

Abstract 3 

Plasmids encoding antimicrobial resistance (AMR) genes are a major 4 

contributing factor to drug-resistant infections. Such plasmids can be transferred 5 

between bacterial species, but technologies based on CRISPR-Cas9 provide a 6 

means to stop this transfer. 7 

Past studies have generated effective CRISPR delivery tools which can clear 8 

targeted resident plasmids from bacterial species; I developed broad host-range 9 

plasmid pKJK5::Cas to achieve this. Generally, removal of synthetic target 10 

plasmids is easily achieved. However, it is unclear if CRISPR-Cas9 conjugative 11 

delivery can effectively target natural plasmids, which are typically larger than 12 

synthetic cloning vectors and often encode multiple AMR genes, stability 13 

systems, and other payload genes. 14 

In this chapter, I contrasted removal of a synthetic target plasmid with that of 15 

clinical multi-drug resistance plasmid RP4. I identified target plasmid properties 16 

which can protect from CRISPR mediated removal, specifically their 17 

incompatibility group and toxin-antitoxin system presence. Both factors 18 

considerably reduced plasmid removal efficiency by pKJK5::Cas in isolation, and 19 

in combination entirely stopped effectivity of this approach. Despite removal not 20 

being effective, pKJK5::Cas was used to prevent uptake of RP4 in a natural 21 

isolate.  22 

This study identified target plasmid properties which limit the efficacy of this 23 

CRISPR delivery tool, and this knowledge may be utilised by employing 24 

alternative pKJK5::Cas delivery strategies or by tailoring its use to applications 25 

which avoid its shortcomings. 26 

Introduction 27 

AMR of bacterial pathogens is becoming highly problematic to modern 28 

healthcare, and AMR-associated infections are predicted to be the leading cause 29 

of death within the next few decades (O’Neill, 2016). Thanks to horizontal transfer 30 

of antibiotic resistance genes and low concentrations of antibiotics present which 31 

are sufficient to select for resistance (e.g. sub-inhibitory concentrations (Murray 32 

et al., 2021)), environments such as livestock farms or waste water see frequent 33 
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exchange of resistance genes between different bacterial species (United 1 

Nations, 2017). In this way, these so-called reservoirs of AMR are hotspots for 2 

transfer of resistance genes, primarily driven by plasmids (Partridge et al., 2018). 3 

There is clear evidence that pathogenicity and resistance of bacteria arises 4 

through horizontal gene transfer in the environment (e.g. of Pseudomonas 5 

aeruginosa; (Laborda et al., 2021)). 6 

CRISPR-Cas9 may provide a novel avenue to block transfer of resistance 7 

plasmids in microbial communities. For example, a sgRNA (single guide RNA) -8 

directed nuclease Cas9 (or a closely related enzyme) can be delivered to 9 

bacterial cells and communities to specifically remove AMR-carrying plasmids, 10 

thereby leading to resensitisation of bacteria to antibiotics (Pursey et al., 2018).  11 

In the previous chapters, I developed pKJK5::Cas, a broad host-range plasmid 12 

encoding cas9 and an AMR gene-targeting sgRNA, showed how it can protect 13 

host cells from uptake of AMR plasmids (Chapter 2), and that it can conjugatively 14 

remove target plasmids from a recipient strain by application of an unrelated 15 

donor. The efficiency of target plasmid removal is dependent on pKJK5::Cas 16 

targeting efficiency and conjugation efficiency (Chapter 3).  17 

Beyond this, target plasmid properties and which cargo genes they carry are 18 

hypothesised to have an impact on their removal by CRISPR delivery tools 19 

(Lauritsen et al., 2017; Yuen et al., 2017). Therefore, in this chapter, I aim to 20 

assess which target plasmid properties can prohibit removal by pKJK5::Cas. 21 

Specifically, I compare removal of synthetic cloning vector pHERD99 (Chapter 3) 22 

with removal of conjugative, multi-drug-resistance plasmid RP4. RP4, originally 23 

isolated from multiple burns patients in a clinical setting, is a broad host-range 24 

IncP-1α plasmid and, as it belongs to the same incompatibility group, cannot be 25 

maintained together with pKJK5 (Pansegrau et al., 1994). Despite this, both 26 

plasmids can transiently co-exist in the same cells (Bahl et al., 2007b), which 27 

allows pKJK5::Cas to theoretically target this plasmid. Additionally, RP4 encodes 28 

several stability and post-segregational killing systems, one of which is the par 29 

operon. parABC form a multimer resolution system and ensure stable inheritance 30 

of RP4 by preventing catenation of daughter plasmids. parDE are a post-31 

segregational killing component, with parE being a toxin that stops bacterial 32 

replication and parD the antitoxin (Adamczyk and Jagura-Burdzy, 2003). This 33 

means that RP4 loss can be expected to lead to cell death. I hypothesised that 34 
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both RP4’s incompatibility and presence of its par toxin-antitoxin (TA) system 1 

might contribute to impaired CRISPR mediated removal of this plasmid. 2 

Therefore, I initially contrast removal of pHERD99 with RP4 and find that RP4 3 

cannot be removed. To analyse the cause of this effect, I construct a series of 4 

synthetic target plasmids with and without par TA genes, and of different or the 5 

same incompatibility group as pKJK5::Cas. Finally, I speculate under which 6 

conditions pKJK5::Cas may be successfully used against RP4 and trial this 7 

application in a soil bacterial isolate. 8 

Methods 9 

Strains, plasmids, and growth conditions 10 

All bacterial strains, plasmids, and primers used throughout the thesis are listed 11 

in Thesis Supplement Table S1-3. Unless otherwise specified, all strains were 12 

cultured in LB at 37°C whilst shaking at 180 rpm. Where necessary for plasmid 13 

selection, antibiotics were added at the following concentrations: Ap – 100 µg/mL 14 

Ampicillin; Gm – 50 µg/mL Gentamicin; Km – 50 µg/mL Kanamycin; Tc – 12 15 

µg/mL Tetracycline; Cp – 25 µg/mL Chloramphenicol. Where Escherichia coli 16 

MFDpir was used, cultures were supplemented with 0.3 mM DAP (diamino 17 

pimelic acid) to ensure growth of this auxotrophic strain. By omitting DAP the 18 

strain could be selected against. 19 

Unless otherwise stated, all molecular cloning steps were carried out using high-20 

fidelity restriction enzymes (NEB) in E. coli DH5α using commercially competent 21 

cells (NE ) and manufacturer’s protocols. PCR reactions were carried out using 22 

PCRbio Taq master-mix according to manufacturer’s instructions. 23 

pACYC_Cas construction: To test Cas9 + sgRNA[aphA99] targeting capability, 24 

the CRISPR cassette (Cas9+sgRNA) with specificity [aphA99] and the non-25 

targeting [nt2] was cut from pMA-RQ_Cas (Chapter 2-3) and inserted in vector 26 

pACYCduet using EcoRI and HindIII restriction sites. 27 

DH5α::CpR construction: Recipient strain E. coli DH5α::CpR was constructed by 28 

pBAM_Cp delivery. The Chloramphenicol-resistance-encoding Tn5 transposon 29 

was delivered to DH5α using MFDpir as described previously (Dimitriu et al., 30 

2021) and chloramphenicol resistance in E. coli DH5α::CpR was phenotypically 31 

confirmed by selective plating.  32 
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Target plasmid construction: Natural target plasmid RP4 encodes resistance 1 

against tetracycline, ampicillin, and kanamycin, and possess several addiction 2 

systems including the parABCDE TA operon (Pansegrau et al., 1994). I 3 

constructed a series of synthetic target plasmids of different incompatibility 4 

groups and with or without inclusion of par TA genes. Their gene contents are 5 

summarised in Figure 4.S1 and their construction process is outlined below. 6 

pOGG99_par was constructed by deleting genes from pOPS0378 (Table S2; 7 

(Mendoza-Suárez et al., 2020)) to generate a minimal vector. As such, 8 

pOGG99_par is a reverse-engineered vector constructed from BEVA parts 9 

(bacterial expression vector archive; (Geddes et al., 2019)). First, mCherry was 10 

removed from pOPS0378 by digestion with EcoRI, extraction, and re-ligation of 11 

the 6043 bp band. Next, site-directed mutagenesis of aphA was carried out using 12 

primers pOGG0_mut_fw and pOGG0_mut_rv and  hermo Scientific’s site-13 

directed mutagenesis kit according to manufacturer’s instructions. In this way, the 14 

nucleotide at position 96 within aphA was silently mutated from C to G to bring 15 

the gene sequence in line with that found on our laboratory’s version of RP4 and 16 

to allow targeting by pKJK5::Cas[aphA99]. Successful mutation was confirmed 17 

by Sanger sequencing of the finished plasmid using primer pOGG0_sequence. 18 

The final plasmid pOGG99_par includes the following components with 19 

corresponding BEVA module names: aphA Kanamycin resistance gene originally 20 

sourced from RP4 (pOGG008), oriV, oriT and trfA originally sourced from RP4 21 

(pOGG010), parABCDE stability module originally sourced from RP4 22 

(pOGG012). Compared with RP4, this par module is 99.96% identical with a 23 

single nucleotide mis-match in the non-coding area between parA and parB. 24 

pOGG99 was constructed by excising parABCDE from pOGG99_par: 25 

pOGG99_par was digested with BlpI and BglII, the 3664 bp fragment was 26 

extracted and religated with linker oligos (pOGG099_parRemoval_top & _btm; 27 

annealed and phosphorylated as described previously; Chapter 2). This yielded 28 

pOGG99, a version of pOGG99_par where parABCDE are replaced with a 29 

multiple cloning site module based on BEVA component pOGG004. 30 

pHERD99 was constructed as described in Chapter 3. 31 

pHERD99_par was constructed by amplifying parABCDE using pOGG99_par as 32 

a template and primers par_fw/rv. The PCR was carried out using high-fidelity 33 

Phusion polymerase ( hermo Scientific) according to manufacturer’s 34 
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instructions, and the amplicon was inserted into pHERD99’s KpnI site.  he final 1 

plasmid was digested with BspHI to verify correct insertion and to test 2 

directionality of parABCDE: the operon was inserted in an orientation where parA 3 

and parB have the same directionality as pHERD30 ’s aacC1. 4 

Verification of RP4 targeting 5 

To verify the ability of Cas9+sgRNA[aphA99] to target RP4, E. coli K12 containing 6 

RP4 was made electrocompetent as described previously (Chapter 2), ensuring 7 

selection for RP4 using Km throughout. Competent cells were transformed with 8 

500ng plasmid DNA each of pACYC_Cas[aphA99] or pACYC_Cas[nt2] and 9 

plated on LB containing Cp, Km, Amp, and Tc to select for both plasmids, and 10 

colony counts after an overnight incubation at 37°C were used to calculate 11 

transformation efficiency. 12 

Removal of various target plasmids with different par status and 13 

incompatibility 14 

Single colonies of each donor (E. coli DH5α+pKJK5::Cas[aphA99]/[nt2]) were 15 

suspended in 25mL LB+Tc and grown overnight. Single colonies of each recipient 16 

(E. coli DH5α::CpR containing RP4, pHERD99, pHERD99_par, pOGG99, or 17 

pOGG99_par) were suspended in 15mL LB and grown overnight, supplemented 18 

with Km for RP4 and pOGG-based plasmids, or supplemented with Gm for 19 

pHERD-based plasmids. These T0 cultures were washed twice in 0.9% (w/v) 20 

NaCl and adjusted to OD600=0.5. Next, cultures were filter-mated in a 1:1 ratio 21 

in 5 replicates as described previously (Chapter 3). Filters were placed onto 10% 22 

LB plates (diluted in 0.9% NaCl) and incubated at 37°C for 48 hours. To recover 23 

cells, filters were placed into 3mL 0.9% NaCl and vortexed for 15 seconds. 24 

Recovered cells were plated onto different selective media which allowed growth 25 

of recipients with varying plasmid content: LB for all donors and recipients, LB+Cp 26 

to select for all recipients, LB+Cp+Tc to select for transconjugants, LB+Cp+Km 27 

to select for recipients with RP4/pOGG-based target plasmids, LB+Cp+Gm to 28 

select for recipients with pHERD-based target plasmids, and onto 29 

LB+Cp+Tc+Km/Gm to select for recipients with both plasmids respectively. 30 

Additional controls included donor-only and recipient-only matings for each strain 31 

and yielded colonies as expected. 32 
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Blocking RP4 entry in Stenotrophomonas 1 

To construct recipient strains, pKJK5::Cas[aphA99]/[nt2] was delivered to 2 

Stenotrophomonas sp. using E. coli DH5α as a donor and filter-mating protocols 3 

as described previously, with incubation steps carried out at 2 ˚C (Chapter 3). 4 

Stenotrophomonas +pKJK5::Cas transconjugants were selected for using Ap 5 

(selects for Stenotrophomonas) and Tc (selects for pKJK5::Cas), and visually 6 

confirmed by GFP fluorescence using a NightSea fluorescence lamp. 7 

A single donor colony (E. coli MFDpir+RP4) was suspended in 15mL 8 

LB+Km+DAP and grown overnight. Single colonies of each recipient (WT 9 

Stenotrophomonas spp.; Stenotrophomonas + pKJK5::Cas[aphA99]; Steno-10 

trophomonas + pKJK5::Cas[nt2]) were suspended in 5mL LB and grown 11 

overnight at 28°C, supplemented with Tc for pKJK5::Cas plasmids. These T0 12 

cultures were washed twice in M9 buffer (for 1L: 60g Na2HPO4; 30g KH2PO4; 5g 13 

NaCl; 10g NH4Cl) and resuspended to OD600=0.5. Filter matings were carried 14 

out in a 1:1 ratio with three biological replicates as described previously (Chapter 15 

3), with the exception that a single-channel filterpump (Millipore) was used and 16 

sterilised in 70% ethanol between each sample. Filters were placed onto 10% 17 

King’s Medium   (K ) + DAP plates and incubated at 28°C for 48 hours. Cells 18 

were recovered by placing each filter into 3mL LB and vortexing for 15 seconds. 19 

Finally, cells were plated onto KB (selection against donors due to absence of 20 

DAP) and KB+Tc+Km (selection for RP4) and incubated at 28°C for 48 hours, 21 

after which colonies were counted and conjugation efficiency calculated.  22 

Statistical Analyses 23 

Data processing, data visualisation, and statistical analyses were carried out 24 

using R software version 4.1.0 and RStudio version 1.4.1717 with the following 25 

packages: tidyverse version 1.3.1, arm version 1.11-2, MuMIn version 1.43.17, 26 

ggpubr version 0.4.0, lemon version 0.4.5, MASS version 7.3-54. For all statistical 27 

models, other model structures and types were tested and the best models 28 

selected. Assumptions were tested and found to be upheld. 29 

Target plasmid removal (Figures 4.1 and 4.2) A gaussian GLM was fitted with 30 

identity link function, describing the log of target plasmid proportion as a function 31 

of pKJK5::Cas target, target plasmid, and their interaction. F=37.42; d.f.=9&40; 32 

adjusted R2=0.8699; p<2.2x10-16. 33 
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A  ukey’s HSD test revealed significant differences between targeting and non-1 

targeting control of the same target plasmid treatment: pHERD99 p<1x10-7; 2 

pHERD99_par p=0.000187; pOGG99 p=0.0518; pOGG99_par p=0.949; RP4 3 

p=0.977. 4 

Transconjugant proportion (Figure 4.3A) A gaussian GLM was fitted with identity 5 

link function, describing the log of transconjugant proportion as a function of 6 

pKJK5::Cas target, recipient plasmid, and their interaction. Counts of 0 were 7 

removed to allow fitting of the model. F=56.73; d.f.=6 & 17; adjusted R2=0.9356; 8 

p=2.615x10-10. 9 

A  ukey’s HSD test revealed significant differences between targeting and non-10 

targeting control of the same target plasmid treatment: pHERD99 p=0.177; 11 

pHERD99_par p=0.999; pOGG99 p=0.000; pOGG99_par NA (only one datapoint 12 

remains after removal of counts of 0). 13 

Transconjugant proportion correlation (Figure 4.3B) Linear models were fitted 14 

describing log of target plasmid proportion as a function of the log of 15 

transconjugant rate for each pKJK5::Cas target. Transconjugant proportion 16 

values of 0 were manually set to ½ of the detection limit. 17 

Targeting: F=15.5; d.f.=1&18; multiple R2=0.4627; p=0.000965. 18 

Non-targeting: F=0.1297; d.f.=1&18; multiple R2=0.007155; p=0.7229. 19 

Sample density (Figure 4.4A) A gaussian GLM was fitted with identity link 20 

function, describing the log of sample density (CFU/mL) as a function of 21 

pKJK5::Cas target, recipient plasmid, and their interaction. F=95.8; d.f.=9&40; 22 

adjusted R2=0.9457; p<2.2x10-16. 23 

A  ukey’s HSD test revealed significant differences between targeting and non-24 

targeting control of the same target plasmid treatment: pHERD99 p=0.0840; 25 

pHERD99_par p=0.00434; pOGG99 p=0.992; pOGG99_par p=0.570; RP4 26 

p=0.997. 27 

Recipient proportion (Figure 4.4B) A gaussian GLM was fitted with identity link 28 

function, describing the log of recipient proportion as a function of pKJK5::Cas 29 

target, recipient plasmid, and their interaction. F=16.96; d.f.=9&40; adjusted 30 

R2=0.7456; p=4.58x10-11. 31 
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A  ukey’s HSD test revealed significant differences between targeting and non-1 

targeting control of the same target plasmid treatment: pHERD99 p=0.000410; 2 

pHERD99_par p=0.000485; pOGG99 p=0.999; pOGG99_par p=0.693; RP4 3 

p=0.999. 4 

Additional relevant treatment comparisons include: Targeting treatments: 5 

pHERD99_par-pHERD99 p=0.227; pOGG99_par-pOGG99 p=0.0000051. Non-6 

targeting treatments: pHERD99_par-pHERD99 p=0.246; pOGG99_par-pOGG99 7 

p=0.00550. 8 

RP4 delivery to Stenotrophomonas (Figure 4.5) A linear model was fitted 9 

describing the log of conjugation frequency as a function of recipient plasmid 10 

content. F=82.49; d.f.=2&6; multiple R2=0.9649; p=4.321x10-5. 11 

A  ukey’s HSD test revealed significant differences between individual treatment 12 

categories: aphA99-nt2 p=0.837; WT-nt2 p=0.0000908; WT-aphA99 13 

p=0.0000674. 14 

RP4 targeting (Figure 4.S2) A two-tailed t test was carried out to test for a 15 

significant difference between the treatment categories. t = -5.787, df = 3, p-value 16 

= 0.01026. 17 

Results 18 

Conjugative removal of RP4 is not possible using pKJK5::Cas 19 

First, I aimed to compare the ability of pKJK5::Cas to conjugatively remove the 20 

naturally occurring and multi-drug resistant conjugative plasmid RP4 with 21 

removal of the cloning vector pHERD99 (Chapter 3). Both these plasmids are 22 

targeted by pKJK5::Cas[aphA99]; pHERD99 has a target cloned into its multiple 23 

cloning site and RP4 encodes kanamycin resistance gene aphA (Figure 4.S1-2). 24 

After conjugative delivery of pKJK5::Cas to E. coli recipients, pKJK5::Cas 25 

[aphA99] reduced pHERD99 target plasmid proportion by ~2 orders of magnitude 26 

compared to the non-targeting control (Figure 4.1A). In stark contrast, all 27 

recipients retained RP4 after both treatments (Figure 4.1B). This demonstrates 28 

that conjugative removal of RP4 cannot be achieved with pKJK5::Cas using 29 

established experimental set-ups. 30 

Due to the multi-drug resistant nature of RP4, it was not possible to further 31 

investigate the failure of RP4 removal by e.g. determining pKJK5::Cas 32 

conjugation efficiency through selective plating. Therefore, I investigated two 33 
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properties of target plasmid RP4 in isolation to determine to what extent they can 1 

explain my results. These are the presence of TA systems and plasmid 2 

incompatibility.  3 

Toxin-antitoxin operon 4 

parABCDE and repli-5 

cative incompatibility 6 

prevent target plasmid 7 

removal 8 

To investigate the impact 9 

of a toxin-antitoxin system 10 

found on RP4 on target 11 

plasmid removal, I cloned 12 

parABCDE onto pHERD99 13 

(pHERD99_par; Figure 14 

4.S1C). To investigate the 15 

impact of plasmid income-16 

patibility, I used pOGG99. 17 

This minimal (3.7kB) 18 

mobilizable IncP-1 plasmid 19 

consists of RP4’s origin of 20 

replication, origin of transfer, trfA, and aphA Kanamycin resistance genes (Figure 21 

4.S1B). Finally, to investigate the impact of both TA system presence and plasmid 22 

incompatibility, I used pOGG99_par, which in addition to the above encodes 23 

parABCDE (Figure 4.S1A). To allow comparisons with pHERD99 (Figure 4.S1D) 24 

and RP4 (Figure 4.S1E), their data are presented alongside each other: 25 

After conjugative delivery of pKJK5::Cas to E. coli recipients carrying each target 26 

plasmid, plasmid maintenance remained at ~100% for all treatments when using 27 

the non-targeting control (Figure 4.2). In contrast, when delivering 28 

pKJK5::Cas[aphA99], target plasmid maintenance depended on plasmid identity: 29 

pHERD99 removal was efficient (~1.8% of recipients retain pHERD99; 30 

significantly lower than non-targeting control, p<1x10-7), but this efficiency 31 

decreased by >1 order of magnitude on addition of par genes (~27% of recipients 32 

retained pHERD99_par; significantly lower than non-targeting control, 33 

p=1.87x10-4). Removal of IncP-1-backbone plasmids was even more inefficient: 34 
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Figure 4.1: Conjugative removal of pHERD99 

and RP4. Conjugative delivery of pKJK5:: 

Cas[aphA99]/[nt2] to recipients containing 

pHERD99 (A) or RP4 ( ). Diamonds and lines 

show means ± standard deviation; circles show 

individual datapoints of proportions of recipients 

carrying the target plasmid after the experiment; 

n=5. Dotted line indicates 100%. 

    p<0.001, ns – not significant as assessed by 

 ukey’s HSD after fitting a GLM (full model fitted 

to data in Figure 4.2). 
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50% of recipients retained pOGG99 (not significantly lower than non-targeting 1 

control; p=0.052; see Methods for model details). For pOGG99_par, plasmid 2 

maintenance was restored to ~100%. 3 

These data show that the presence of a par TA system is an important factor 4 

preventing target plasmid removal by pKJK5::Cas[aphA99]. In addition, the data 5 

indicate that plasmid incompatibility is likely another factor that can interfere with 6 

removal. 7 

CRISPR targeting can overcome incompatibility exclusion and leads 8 

to target plasmid removal 9 

I hypothesised that differences in target plasmid removal were due to differences 10 

in uptake and maintenance of pKJK5::Cas. To test this, I assessed the proportion 11 
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Figure 4.2: Proportion of recipients carrying different target plasmids. 

pKJK5::Cas[aphA99]/[nt2] was delivered to E  co i 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  ukey’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
2
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of recipients with pKJK5::Cas after each experiment as an indication of 1 

conjugation efficiency. This was done for samples with all target plasmids 2 

excluding RP4 due to its multi-drug-resistant nature.  3 

Interestingly, this revealed that when pOGG99 was the target plasmid, Cas9 4 

targeting was essential for pKJK5::Cas to become established (Figure 4.3A): 5 

when delivering the non-targeting control, a very small proportion of recipients 6 

(0.00026%) formed transconjugants. This number was >4 orders of magnitude 7 

higher when pKJK5::Cas[aphA99] was delivered (7.1%; significantly higher, 8 

p<1x10-7; see Methods for model details). These dynamics were not seen for 9 

compatible target plasmids pHERD99 and pHERD99_par, where conjugation 10 

efficiency was not dependent on pKJK5::Cas target. 11 

Furthermore, I confirmed that plasmid removal effects were CRISPR-dependent 12 

by plotting transconjugant proportions against target plasmid proportion (Figure 13 

4.3B). This revealed that these two variables were significantly correlated for the 14 

targeting pKJK5::Cas[aphA99] treatments where high conjugation rates were 15 

associated with low target plasmid proportions (p<0.001). No such correlation 16 

existed for non-targeting control treatments as target plasmid proportions 17 

remained constant (p=0.72; see Methods for model details). These associations 18 

remained when grouping target plasmids either by incompatibility group or by par 19 

presence (not shown). 20 

Together, these data show that when the target plasmid matched pKJK5::Cas’ 21 

Inc group, incompatibility exclusion could be overcome by CRISPR targeting – 22 

but only in the absence of par genes. Throughout all treatments, high 23 

pKJK5::Cas[aphA99] conjugation efficiency was associated with low target 24 

plasmid maintenance. In the most extreme case, full pOGG99_par retention 25 

correlated with undetectable pKJK5::Cas uptake. 26 

par target plasmids reduce recipient prevalence 27 

I hypothesised that the apparent persistence of target plasmids encoding par was 28 

due to fitness costs associated with recipients losing these plasmids.  29 

To test this, I first analysed the overall cell density of all experiments. This 30 

revealed that overall cell densities of treatments using pHERD-based target 31 

plasmids was ~2 orders of magnitude lower than those bearing any other target 32 

plasmid (Figure 4.4A). Interestingly, density of pHERD99_par samples was 33 
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significantly lower (~20%) when targeting pKJK5::Cas[aphA99] was used as 1 

compared to the non-targeting control (p=0.0043; see Methods for model details), 2 

potentially due to bacterial cell death caused by the addiction system after target 3 

plasmid removal in DH5α::CpR + pHERD99_par + pKJK5::Cas[aphA99] 4 
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Figure 4.3: Transconjugant proportion determines extent of target 

plasmid removal. 
A: Transconjugant proportion. Means (diamonds) ± standard deviation 
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pKJK5::Cas, as assessed by selective plating after filter-mating (Figure 4.2). 
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transconjugants. No difference in cell density was observed between targeting 1 

and non-targeting treatments for any IncP-1 plasmid, probably due to the lower 2 

efficiency of pKJK5::Cas uptake in these samples (Figure 4.3). 3 

Next, to further investigate population dynamics when par-plasmids were 4 

targeted, I determined the recipient proportion of all samples (Figure 4.4B). For 5 

both pHERD99 and pHERD99_par, recipient proportion was dependent on 6 

CRISPR target, and reduced by ~1 order of magnitude in the non-targeting 7 

treatment as compared to the targeting treatment (p= 0.00041 &  0.00049 8 

respectively; see Methods for model details). This effect was previously described 9 

and is likely due to increased incidence of costly co-maintenance of non-targeting 10 

pKJK5::Cas and pHERD99 (Chapter 3). Interestingly, this effect was not 11 

observed for plasmids pOGG99 and pOGG99_par. These treatments had higher 12 

overall cell densities (Figure 4.4A), which could indicate overall lower costs of 13 

maintenance of these plasmids. However, recipient prevalence for the 14 

pOGG99_par treatment was >1 order of magnitude lower than for pOGG99 15 

(p<0.001) which indicates a cost imposed by parABCDE expression when 16 

recipients transiently formed transconjugants. 17 

In summary, these data show par-plasmids that are targeted confer a cost upon 18 

their hosts, as evident through their population dynamics. pHERD99_par cell 19 
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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  ukey’s HSD after fitting GLMs. See Methods for model details. 
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density drops when targeting pKJK5::Cas is used, and pOGG99_par recipient 1 

proportion is significantly lower than for its non-par-encoding counterpart. 2 

pKJK5::Cas prevents RP4 entry  3 

Finally, I hypothesised that while 4 

pKJK5::Cas conjugative removal of 5 

RP4 was ineffective, this technology 6 

may still find its use by “vaccinating” a 7 

target strain to prevent uptake of 8 

conjugative AMR plasmids such as 9 

RP4. This may be particularly helpful in 10 

a setting such as a soil microbiome, 11 

which could become a reservoir of AMR 12 

genes after being exposed to 13 

contaminated slurry. To test the ability of 14 

pKJK5::cas to prevent AMR plasmid 15 

uptake, I therefore conjugatively 16 

delivered RP4 to soil isolate 17 

Stenotrophomonas spp. carrying either 18 

pKJK5::Cas[aphA99], pKJK5::Cas[nt2], 19 

or neither plasmid.  20 

When not carrying pKJK5, Steno-21 

trophomonas took up RP4 at >3 orders of magnitude higher frequencies than 22 

when it carried pKJK5::Cas, independent of its sgRNA specificity (Figure 4.5; 23 

p=6.7-9.1x10-5; see Methods for model details). This indicates that RP4 uptake 24 

was blocked and not dependent on CRISPR, but likely mediated by 25 

incompatibility exclusion of pKJK5. 26 

Discussion 27 

In this chapter, I assayed the impact of target plasmid properties on their removal 28 

using pKJK5::Cas and found that TA (par) gene presence and plasmid 29 

incompatibility both decrease removal efficiency and work additively (Figure 4.2).  30 

In order to ascertain how TA system presence impacts target plasmid removal, I 31 

compared removal of plasmids with and without the par operon. parABCDE 32 

encodes two separate components; the stable inheritance system parABC and 33 

the TA system parDE (Adamczyk and Jagura-Burdzy, 2003). The protective 34 
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effect of par-encoding plasmids is likely due to a combination of each component, 1 

but lower recipient prevalence and overall lower cell densities when par-encoding 2 

plasmids are used (Figure 4.4) suggests that this effect is primarily due to 3 

selective pressure imposed by cell death, mediated by the TA component.  4 

parDE is a well-studied TA system, and the NCBI nucleotide database records 5 

presence of these genes in genomes of Enterobacteriaceae such as Escherichia, 6 

Salmonella, Klebsiella, and Shigella as well as at least 15 other species belonging 7 

to Proteobacteria (Clark et al., 2016). The prevalence of these specific genes on 8 

plasmids beyond RP4 is unclear, while closely related TA loci on plasmids are 9 

more widespread (e.g. (Kamruzzaman and Iredell, 2019)). Overall, TA systems 10 

are highly prevalent throughout chromosomes and mobile genetic elements and 11 

highly diverse (Jurėnas et al., 2022). Particularly Type II TA systems, to which 12 

parDE belongs, are well-distributed: Searching publicly available sequences 13 

revealed that Type II TA systems are represented in about two thirds of bacterial 14 

genomes and carried by about one third of plasmids, both of which often carry 15 

multiple type II TA systems (Xie et al., 2018). Generally, TA systems are highly 16 

relevant to plasmids carried by pathogenic bacteria: together with multimer 17 

resolution systems and partition systems, TA systems are ubiquitous amongst 18 

virulence plasmids in Enterobacteriaceae (which often encode multiple TA 19 

systems) and predicted to be essential to virtually all large plasmids (Sengupta 20 

and Austin, 2011). Therefore, understanding the impact of TA systems on target 21 

plasmid removal is crucial in the roll-out of CRISPR-based plasmid removal tools. 22 

In comparison with other TA systems, parABCDE was found to be particularly 23 

adept at killing plasmid-free cells and causing stable plasmid maintenance 24 

(Jensen et al., 1995), so perhaps other TA systems would mediate less 25 

persistence during CRISPR-mediated plasmid removal. To avoid these protective 26 

effects imposed by TA systems, pKJK5::Cas could be improved by addition of 27 

antitoxin genes (e.g. parD). This strategy was successfully employed in the 28 

development of pCURE, which removed resident plasmids via incompatibility 29 

exclusion and by blocking target plasmid TA systems (Lazdins et al., 2020).  30 

Beyond stability systems and plasmid incompatibility, other target plasmid 31 

properties might also play a role in persistence after pKJK5::Cas delivery in this 32 

study system. 33 
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Firstly, Cas9 could target pOGG99 and pHERD99 with differing efficiency: 1 

pOGG99’s target sequence is within its antibiotic resistance gene, while 2 

pHERD99’s target sequence is in an intergenic region inserted into its multiple 3 

cloning site, meaning CRISPR targeting and therefore plasmid removal efficiency 4 

is predicted to be lower for pHERD99 (Chapter 2; Chapter 3). In Chapter 3, a 5 

higher proportion of plasmid co-incidence indicated a lower CRISPR targeting 6 

efficiency. In this chapter no transconjugants with pOGG99 could be recovered, 7 

in contrast to pHERD99 (Figure 4.S3). While this might support a higher CRISPR 8 

targeting efficiency for pOGG99, this comparison is not straightforward due to 9 

pOGG99 incompatibility. Unfortunately, the limit of detection for non-targeting 10 

pKJK5::Cas and pOGG99 was too high (≧100%) to see if this effect was present 11 

in the absence of CRISPR targeting. Therefore, to conclusively determine 12 

targeting efficiency of this plasmid, these experiments would have to be repeated 13 

with a higher conjugation efficiency to lower the limit of detection. 14 

Secondly, all plasmids used in this chapter are mobilizable by IncP-1 plasmids 15 

such as pKJK5::Cas. This leaves the model system open to re-infection of naïve 16 

recipient cells by plasmids which have a mutated target site to escape CRISPR 17 

targeting. This phenomenon was observed when applying a similar CRISPR 18 

delivery tool, where it led to only moderate plasmid removal (~50%; (Wongpayak 19 

et al., 2021)). Therefore, this analysis should be further expanded to target 20 

plasmids not mobilizable by pKJK5::Cas; perhaps the impact of TA system 21 

presence is less severe in such cases as hosts cannot be re-infected with target 22 

plasmids and encounter TA-mediated toxicity a second time.  23 

Put together, par presence and presumably incompatibility exclusion of 24 

pOGG99_par were sufficient to entirely stop removal of this target plasmid, 25 

similar to the persistence observed for RP4 (Figure 4.2). With an overall more 26 

efficient model system, it is likely that further differences in removal efficiency 27 

would be revealed between these plasmids: RP4 is nearly 10x the size of 28 

pOGG99_par (Figure 4.S1) and, amongst other cargo genes, encodes at least 29 

three stability loci (par, kil/kor, and Tn1), multiple AMR genes and transposons 30 

(Pansegrau et al., 1994), an entry exclusion system (Haase et al., 1996), and a 31 

putative anti-CRISPR (Acr) operon (7 low-confidence putative Acr genes 32 

identified using AcrFinder (Yi et al., 2020)). Recipient prevalence during removal 33 

of pOGG99_par was very low (Figure 4.4B), likely due to the cost of target 34 
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plasmid removal. In contrast, recipient prevalence for RP4 treatments was 1 

maintained at control levels, which could be a result of virtually non-existent 2 

formation of pKJK5::Cas transconjugants. Together, this indicates that RP4 is a 3 

highly persistent target plasmid, even in comparison with pOGG99_par.  4 

More broadly, the persistence of incompatible target plasmids indicates that 5 

spread of pKJK5::Cas in communities with prevalent IncP-1 plasmids would lead 6 

to less AMR plasmid removal than spread in communities lacking these plasmids. 7 

This could inform effective application of this CRISPR delivery tool. For instance, 8 

a waste-water treatment plant study found an increased IncP-1 plasmid 9 

prevalence after treatment (Pallares-Vega et al., 2019), suggesting that 10 

pKJK5::Cas may be more effective as a pre-treatment step to reduce AMR 11 

plasmid prevalence rather than when it is applied afterwards.  12 

Alternatively, timing of application may allow pKJK5::Cas to be used effectively 13 

by preventing AMR plasmid uptake rather than removal of resident plasmids. The 14 

final experiment simulates such a situation: a field may be exposed to E. coli 15 

carrying AMR plasmids from contaminated slurry, and AMR plasmids may in turn 16 

become established in soil microbiomes (including species such as 17 

Stenotrophomonas spp.) to act as a future reservoir of resistance. pKJK5::Cas 18 

can prevent this by stopping transfer into this strain (Figure 4.5). Despite this 19 

effect not being CRISPR-dependent, the use of pKJK5::Cas rather than purely 20 

incompatibility-based plasmid removal systems (e.g. (Lazdins et al., 2020)) has 21 

some advantages: prevention of RP4 uptake may become CRISPR-dependent 22 

when there is weak selection for RP4, e.g. when low concentrations of antibiotics 23 

are present – a situation often observed in environments such as rivers, coastal 24 

waters, or soils (Knapp et al., 2010; Amos et al., 2015; Leonard et al., 2018). In 25 

such a case, pKJK5::Cas[aphA99] may prevent RP4 entry, while pKJK5::Cas[nt2] 26 

would become displaced by RP4 due to its selective pressure. These predictions 27 

need to be tested experimentally to determine in which situations CRISPR 28 

targeting provides an advantage in protection from highly persistent plasmids.  29 

The limitations of pKJK5::Cas uncovered in this work may help inform the most 30 

appropriate applications of this CRISPR treatment – to protect a microbiome from 31 

exposure to AMR plasmids, for instance in waste-water treatment plants or in the 32 

human gut microbiome. This is further reviewed in the General Discussion.  33 
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Generally, the presumptive failure of pKJK5::Cas to become established in RP4+ 1 

hosts (Figure 4.1B) and vice-versa (Figure 4.5) indicates that there may be a 2 

priority effect, where the first plasmid to invade a host has an advantage over a 3 

subsequently infecting plasmid of the same incompatibility group. Interestingly, 4 

my data indicate that the presence of a competitive immune system on an 5 

invading plasmid (i.e. CRISPR-Cas9) may not be sufficient to overcome this 6 

priority effect, but more experiments are needed to ascertain the dynamics 7 

underpinning this competition between RP4 and pKJK5::Cas. 8 

In the previous chapters and in this chapter, I determined which delivery-vehicle-9 

specific properties and which target-plasmid-specific properties contribute to 10 

effective AMR plasmid removal by pKJK5::Cas. For applications in the 11 

environment or in healthcare, pKJK5::Cas would have to spread through 12 

communities of mixed bacterial species. Therefore, in the next chapter, I 13 

investigate transfer and maintenance of pKJK5::Cas in a soil bacterial 14 

community. 15 

Conclusion 16 

In this chapter, I aimed to ascertain which target plasmid properties impact their 17 

removal by pKJK5::Cas. I showed that removal of multi-drug-resistance plasmid 18 

RP4 cannot be achieved with established protocols and break these dynamics 19 

down further using a series of synthetic target plasmids: pKJK5::Cas could 20 

remove plasmids carrying a single TA system (par), albeit at greatly reduced 21 

efficiency. Plasmids of the same incompatibility group as pKJK5::Cas could 22 

perhaps be removed with very low efficiency. In combination, an incompatible 23 

par-encoding target plasmid could not be removed in this model system. Despite 24 

this, pKJK5::Cas could be used to protect a soil isolate from RP4 uptake, although 25 

this effect was not CRISPR-dependent and therefore likely mediated by 26 

incompatibility exclusion.  27 

Overall, this study allows us to understand target plasmid properties which might 28 

prevent their removal by pKJK5::Cas or related CRISPR tools and adds to the 29 

established basis of knowledge on CRISPR delivery vehicle properties 30 

influencing target plasmid removal. This will allow tailoring of applications to 31 

situations in which target plasmid removal can be predicted to be very effective, 32 



 92 

or to further engineer pKJK5::Cas to circumvent these barriers imposed by 1 

persistent target plasmids.  2 
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Figure 4.S1: Target plasmids. Plasmid maps 

generated using  enchling, sequences and 

interactive plasmid maps can be found in  hesis 

Supplement. Common sequence features of 

pOGG99_par (A), pOGG99 ( ), pHERD99_par 

(C), pHERD99 (D), and RP4 (E) are highlighted 

in the same colours. Ori_p R322: pUC-based 

origin of replication. Ori : origin of transfer. ori : 

origin of replication (IncP1). trfA: replication 

initiator protein. Ori_prO1600 / rep gene: 

replication features used in Pseu omonas only. 

aacC1 / aphA / bla / tetA: AMR genes. RP4 en-

codes additional sequence features (not shown) 
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 1 

  2 

Figure 4.S2: RP4 prevents 

transformation with pACYC_Cas 

[aphA99]. DH5α carrying RP4 was 

transformed with pACYC_Cas 

[aphA99]/[nt2], template plasmids 

carrying the gene cassette that was 

inserted into pKJK5 for the targeting and 

non-targeting control respect-tively. 

Means ± standard deviation 

(diamonds/lines) together with individual 

datapoints (circles) of transformation 

efficiency, as-sessed by selective plating 

for both plasmids. Grey box indicates the 

limit of detection, lower datapoints were 

manually set to ½ of the limit. N=3, 

p=0.01026 as assessed by two-tailed   

test. (t=-5.7 7, 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 1 

a community context 2 

Abstract 3 

Plasmids are key disseminators of antimicrobial resistance (AMR) genes and 4 

virulence factors, and it is therefore critical to predict and manipulate their spread 5 

in microbial communities. The development of CRISPR delivery tools such as 6 

pKJK5::Cas may enable removal of AMR plasmids from natural communities, 7 

provided they can be transferred and maintained in such settings. The cost of 8 

plasmid carriage is a key metric which can be used to predict plasmid ecological 9 

fate. 10 

In this chapter, I assessed transfer of pKJK5::Cas between individual compost 11 

isolates which can form a stable 5-species community, and found that plasmid 12 

transfer was not dependent on donor and recipient relatedness. Using the 13 

synthetic 5-species community and broad host-range plasmid pKJK5::Cas as a 14 

model, I report that both the cost of plasmid carriage and its long-term main-15 

tenance in a focal strain depended on the presence of competitors and their 16 

species identities.  17 

Together with previous work, these data allow predictions of how target plasmid 18 

removal from a microbial community might be achieved using pKJK5::Cas. 19 

Further, I propose that the destabilising effect of interspecific competition on 20 

plasmid maintenance may be leveraged in clinical and natural environments to 21 

cure plasmids from focal species. 22 

Introduction 23 

Plasmids are important vehicles of horizontal gene transfer (HGT) and crucial 24 

components of microbial ecosystems. They shape microbial evolution (Koonin, 25 

2016; Brockhurst et al., 2019) and are of profound clinical relevance as 26 

disseminators of antimicrobial resistance (AMR) genes (Partridge et al., 2018) 27 

and virulence factors (Elwell and Shipley, 1980; Dewar et al., 2021). Many 28 

plasmids, particularly those with a broad host range, have the potential to transfer 29 

between bacterial species and mobilise resistance genes from environmental 30 

strains into clinically relevant pathogens. Hence, being able to predict and 31 

manipulate the spread of plasmids and the genes they carry is critical to limit the 32 

spread of AMR. 33 
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The development of CRISPR delivery tools (reviewed in (Pursey et al., 2018)) is 1 

being investigated as a means of removing AMR plasmids from bacterial 2 

communities, particularly to counteract the role the environment currently plays 3 

in spread of AMR genes (United Nations, 2017). In the previous chapters, I 4 

developed broad host-range conjugative plasmid pKJK5::Cas, showed how it can 5 

be used as a barrier to plasmid uptake, and assessed which factors underpin 6 

plasmid removal efficiency when conjugatively applying it to a target strain. 7 

Before application of pKJK5::Cas in natural communities can be considered, its 8 

transfer and maintenance in mixed populations of natural bacterial isolates needs 9 

to be investigated. 10 

A large number of studies have considered the factors that underpin plasmid 11 

spread and maintenance in bacterial populations and communities (reviewed in 12 

(Brockhurst et al., 2019)), a key determinant of which is the fitness effect plasmids 13 

have on their bacterial host. Costs can arise at different steps of the plasmid 14 

lifecycle and can result, amongst others, from the expression of genes carried on 15 

the plasmid and their interference with host processes (reviewed in (San Millan 16 

and MacLean, 2017)). As a consequence, the costs of plasmid carriage vary not 17 

only between plasmids (Hall et al., 2015) but also between hosts (Alonso-del 18 

Valle et al., 2021). Moreover, these costs are strongly dependent on the 19 

environment; plasmids that are costly in the absence of antibiotics or heavy 20 

metals can become highly beneficial in their presence if they encode resistance 21 

genes (Hall et al., 2015). 22 

Theory and data suggest that costly plasmids can be lost readily from bacterial 23 

populations or communities due to purifying selection, unless conjugation rates, 24 

either within or between species, are sufficiently high to support their 25 

maintenance (Stewart and Levin, 1977; Bergstrom et al., 2000; Hall et al., 2016). 26 

For example, bacteria that lose a plasmid when cultured on their own may still 27 

associate with this plasmid when co-cultured with another species, due to high 28 

rates of interspecific plasmid transfer (Hall et al., 2016). Hence, even bacteria 29 

that are unable to maintain plasmids in monoculture may show increased plasmid 30 

persistence in a microbial community.  31 

Initially, I measured transfer of pKJK5::Cas[nt2] between compost isolates which 32 

can form a stable microbial community in vitro. Further, I hypothesised that the 33 

maintenance of plasmids may be negatively affected by the microbial community 34 
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context, through amplification of the costs of carrying the plasmid. This would be 1 

analogous to the amplification of fitness costs of bacterial genome mutations 2 

(Alseth et al., 2019) or of chromosomal AMR genes (Klümper et al., 2019) in the 3 

presence of competitor species. 4 

To test this hypothesis, I measured how the fitness costs and maintenance of 5 

broad host-range plasmid pKJK5::Cas in compost isolate Variovorax sp. depend 6 

on the presence of additional soil bacteria. Variovorax is a β-proteobacterium, 7 

and members of this genus are often found in microbial soil communities. 8 

Variovorax forms a stable, long-term community with species that were isolated 9 

from the same sample, belonging to Pseudomonas sp., Stenotrophomonas sp., 10 

Achromobacter sp., and Ochrobactrum sp. (Castledine et al., 2020; Padfield et 11 

al., 2020).  12 

pKJK5 is a 54 kb IncP-1ε plasmid originally isolated from a manure-associated 13 

microbial soil community that carries resistance genes to tetracycline, 14 

trimethoprim, aminoglycosides, and sulfonamides within an intI1 integron 15 

cassette (Bahl et al., 2007b), and which can transfer readily into soil and waste-16 

water treatment plant communities (Klümper et al., 2015; Li et al., 2020). Transfer 17 

and maintenance dynamics were primarily investigated using CRISPR delivery 18 

tool pKJK5::Cas[nt2], which encodes gfp, cas9 and a non-targeting sgRNA 19 

coding for a random nucleotide sequence as a target. 20 

Methods 21 

Strains and Growth conditions 22 

Focal strain Variovorax sp. (V) forms a synthetic community with bacterial 23 

compost isolates Pseudomonas sp. (P), Stenotrophomonas sp. (S), Achro-24 

mobacter sp.(A), and Ochrobactrum sp. (O). These species form a stable 25 

community over very long timescales (>1 year) when cultured in low-nutrient 1/64 26 

Tryptone Soy Broth (TSB; diluted in water) and form visually distinct colonies on 27 

King’s   medium (K ) agar, allowing to enumerate species frequencies without 28 

the need for selective plating (Castledine et al., 2020). All communities and 29 

monocultures were incubated in 6mL TSB statically at 28°C unless otherwise 30 

stated. For analysis, samples were plated onto KB agar plates at appropriate 31 

dilutions and incubated at 28°C for 2-3 days. Community composition was 32 

assessed by counting each colony phenotype, and plasmid carriage was 33 
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assessed by screening GFP expression using a fluorescence lamp (NightSea 1 

lamp with RB bandpass filter).  2 

Chromosomally tagged soil isolates were constructed using mini-Tn5-transposon 3 

vectors pBAM1-Gm and pBAM1-Sm (Martínez-García et al., 2011), and 4 

derivative pBAM1-Cp which contains Chloramphenicol resistance gene catR. 5 

These suicide transposon vectors were delivered to P, S, O, and V using 6 

auxotrophic donor strain E. coli MFDpir following established protocols (Dimitriu 7 

et al., 2021). Successful insertion of aacC1, aadB and catR genes was confirmed 8 

by their resistant phenotype and by PCR (aacC1 and catR only, using primers 9 

aacC1_fw&rv / Cm_F/R respectively). The tagged soil isolates are P(SmR), 10 

S(GmR), O(GmR), V(GmR) and V(CpR). 11 

Soil isolate transconjugants of pKJK5::Cas[nt2] were generated using E. coli 12 

MFDpir + pKJK5::Cas[nt2] as a donor, and by selecting for pKJK5::Cas[nt2] (P, 13 

S, O, V) or by selecting GFP+ colonies (A) while selecting against the donor strain 14 

due to absence of DAP. 15 

Mating pair experiment 16 

Single GFP+ colonies of each donor (P, S, A, O, and V each carrying 17 

pKJK5::Cas[nt2], and E. coli K12::mCherry carrying pKJK5::Cas[nt2] or 18 

pKJK5::Cas[aphA99]) were suspended in 15mL LB+12µg/mL Tetracycline (Tc) 19 

and incubated for two nights at 28°C; 180rpm. For the community treatment, a 20 

GFP+ colony each of P, S, A, O and V carrying pKJK5::Cas[nt2] was suspended 21 

in a single 6mL 1/64 TSB+Tc microcosm and incubated static at 28°C for 6 days. 22 

After this, 100µL of the mixed community were transferred into 15mL LB+Tc12 23 

and incubated for two nights at 28°C; 180rpm. Single colonies of each recipient 24 

(P(SmR), S(GmR), O(GmR), and V(GmR) were suspended in 20mL of LB and 25 

incubated for two nights at 28°C; 180rpm. 26 

Donors and recipients were washed twice and adjusted to OD600=0.25 using 27 

0.9% (w/v) NaCl dissolved in H2O, and 1mL of each mating pair were used to set 28 

up filter-matings as described previously (Chapter 3). Filters were incubated on 29 

10% LB (diluted in 0.9% NaCl) plates at 28°C for 72 hours, and cells were 30 

recovered by placing each filter in 3mL 0.9% NaCl and vortexing for 15 seconds. 31 

To assess transconjugant proportions, each sample was plated onto KB, 32 

KB+50µg/mL Gentamicin (Gm), and KB+ Gm + Tc (for mating pairs using 33 

P(SmR) as a recipient, Gentamicin was replaced with Streptomycin at the same 34 
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concentration). Mating pairs with Achromobacter as a recipient could not be 1 

formed due to Achromobacter’s phenotypic resistance to  etracycline. Mating 2 

pairs with Pseudomonas as a recipient could only be formed using E. coli 3 

K12::mCherry as a donor due to all other strains’ phenotypic resistance to 4 

Streptomycin. 5 

To assess likely composition of community donors, five replicate communities 6 

were set up and cultured in the same way as donors above, and samples were 7 

plated onto KB to assess species frequencies. Data presented in Figure 5.1A are 8 

estimated average species frequencies, which had a similar distribution 9 

throughout each replicate. 10 

Phylogenetic analysis 11 

16S rRNA sequences of P (14 replicates), S (2 replicates), O (10 replicates), and 12 

V (4 replicates) were amplified using primers Forward 27F and Reverse 1492R 13 

(Table S3) and manufacturer’s  aq PCR protocols (PCRbio) using colonies as a 14 

template. Sanger sequencing was carried out using primer Forward 27F. All 15 

replicate 16S sequences were aligned using CLUSTAL or pairwise aligned (for 16 

S) using NEEDLE, and consensus 16S sequences were generated using 17 

EMBOSS (Madeira et al., 2019). For Achromobacter and E. coli, 16S sequences 18 

of the most closely related strain deposited in Genbank were used 19 

(Achromobacter agilis, NR_152013.1; E. coli K12 CP012CP012868.1:431955-20 

433510868.1). 21 

16S consensus and Genbank sequences were aligned using CLUSTAL (Madeira 22 

et al., 2019), and a phylogenetic tree was generated using iqtree (Trifinopoulos 23 

et al., 2016). 24 

Variovorax fitness experiment 25 

Five replicate V(GmR) +  pKJK5::Cas[nt2] transconjugants (generated as 26 

described above) were suspended in 1/64 TSB + Tc, and five replicate colonies 27 

each of plasmid-free V(GmR), V(CpR), P, S, A, and O were suspended in 1/64 28 

TSB. After an initial two-day incubation, antibiotic-including cultures were washed 29 

twice with 0.9% (w/v) NaCl solution before being used to start the experiment. 30 

Communities were established by using 20µL of each Variovorax strain (adjusted 31 

to OD600=0.065) mixed with 50µL of P, S, A, or O. For the plasmid-bearing 32 

treatment, V(GmR)+pKJK5::Cas[nt2] and V(CpR) competed against each other 33 

either alone or together with P, S, A, or O. In the plasmid-free control, V(GmR) 34 



 99 

and V(CpR) competed against each other in the same contexts. All competitions 1 

were carried out in the absence of selection. 2 

The communities were cultured for three days, vortexed and transferred into fresh 3 

microcosms and incubated for another two days. Then, communities were 4 

vortexed and each sample was plated onto KB, KB+Gm, and KB+25µg/mL 5 

Chloramphenicol (Cp) plates. 6 

Robustness of chromosomal tags was confirmed by colony PCR of aacC1 and 7 

catR of 66 random Variovorax colonies across treatments. Colony identities of all 8 

species were assessed on each plate. The relative fitness of V(GmR) and pKJK5 9 

selection coefficient s for each treatment were calculated using the following 10 

equations:  11 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑖𝑡𝑛𝑒𝑠𝑠 𝑜𝑓 𝑉(𝐺𝑚𝑅) =
Variovorax 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑜𝑛 𝐾𝐵 + 50

µ𝑔
𝑚𝐿

𝐺𝑒𝑛𝑡𝑎𝑚𝑖𝑐𝑖𝑛 𝑝𝑙𝑎𝑡𝑒

Variovorax 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑜𝑛 𝐾𝐵 + 25
µ𝑔
𝑚𝐿

𝐶ℎ𝑙𝑜𝑟𝑎𝑚𝑝ℎ𝑒𝑛𝑖𝑐𝑜𝑙 𝑝𝑙𝑎𝑡𝑒
 12 

𝑠 = (𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑖𝑡𝑛𝑒𝑠𝑠 𝑜𝑓 𝑉 (𝐺𝑚𝑅) 𝑤𝑖𝑡ℎ 𝑝𝑙𝑎𝑠𝑚𝑖𝑑) − (𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑖𝑡𝑛𝑒𝑠𝑠 𝑜𝑓 𝑉 (𝐺𝑚𝑅) 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑝𝑙𝑎𝑠𝑚𝑖𝑑). 13 

Plasmid maintenance experiments 14 

To set up monocultures and communities for the plasmid maintenance 15 

experiments (Figure 5.3 and 5.6), five colonies of each community constituent 16 

were individually suspended in 1/64 TSB, supplemented with Tc where the 17 

community constituent carried pKJK5::Cas[nt2] or pKJK5::GFP. Adding 18 

Tetracycline at this step ensured pKJK5 maintenance in all strains except 19 

Achromobacter. 20 

After 2 days incubation, 1mL of these cultures was pelleted and washed twice 21 

with 0.9% NaCl to remove all traces of antibiotics. For monocultures, 20µL of 22 

each of the five separately cultured colonies per isolate were transferred into 23 

fresh microcosms, giving rise to five biological replicate monocultures per 24 

treatment. Additionally, 15 community combinations were established by mixing 25 

20µL of each five replicates of P, S, A, and/or O and V, giving rise to five replicate 26 

communities per treatment (Figure 5.S2B). All experiments were carried out in 27 

the absence of selection. 28 

Monocultures and communities were cultured for three days, vortexed, and 29 

100uL of each culture transferred into a fresh microcosm and incubated for 30 

another two days. Communities were then further passaged into fresh 31 

microcosms the same way every two days until 17 total days of co-culture 32 
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(Community Maintenance experiment only). To assess community composition, 1 

samples were plated onto KB agar plates at T0, T5, and T17 (Figure 5.S2C). 2 

Statistical analyses 3 

Data processing, data visualisation, and statistical analyses were carried out 4 

using R version 4.0.5 and RStudio version 1.4.1103 with the following packages: 5 

dplyr v1.07, tidyr v1.13, readr v2.0.0, ggplot2 v3.3.5, ggpubr v0.4.0, lme4 v1.1-6 

27.1, MASS v7.3-54, betareg v3.1-4, treeio v1.16.1 and ggtree v3.0.2.  7 

For all analyses, other model types, link functions, and the inclusion of additional 8 

variables were tested. The final models were found to be the most robust. Model 9 

assumptions were checked and found to be upheld. For comparison of specific 10 

treatment categories,  ukey’s post-hoc test of honest significance differences 11 

was carried out. The model details are as follows: 12 

Mating pair experiment (Figure 5.1) Binomial generalised linear model with 13 

cloglog link function: Transconjugant frequency as a function of Recipient species 14 

and the interaction of plasmid type and donor species. F=0.1448, df=13 & 116, 15 

R2=0.816. Inclusion of phylogenetic distance was tested as an additional variable 16 

but found not to be significant, and was therefore removed from the final model 17 

(Recipient species: p=0.00626; Phylogenetic distance: p=0.553; Donor 18 

species:Plasmid type: p=0.00660). 19 

To test for differences between individual treatment categories, a separate linear 20 

model was constructed. This described log-transformed transconjugant fre-21 

quency as a function of treatment. F=45.59, df=25&104, R2=0.8963, p<2.2x10-16. 22 

A  ukey’s HSD revealed significant differences between individual categories as 23 

mentioned in text. 24 

Variovorax fitness (Figure 5.2) Gaussian generalised linear model with logit link 25 

function: Plasmid selection coefficient as a function of the interaction of Treatment 26 

and Growth Partner, Treatment, and Growth Partner. F=20.71, df=9 & 140, 27 

adjusted R2=0.5435.  28 

Growth partner Experiment (Figure 5.3) Binomial generalised linear model with 29 

logit link function: Plasmid-bearing Variovorax fraction as a function of Treatment 30 

(community), Stenotrophomonas proportion, and Achromobacter proportion. F 31 

=0.4635, df=17 & 62, pseudo R2=0.848. A  ukey’s HSD revealed significant 32 

differences between individual treatment categories, see Table 5.S1. See Table 33 
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5.S2 for a summary of which additional model variables were tested but dropped 1 

due to insignificance.   2 

Table 5.S1. Growth partner experiment model values. P value refers to probability 3 

of treatment average being significantly different from average of treatment 1.1 4 

as assessed by the statistical model in Figure 5.3. 5 

Treatment (n=5) 
Mean plasmid-bearing 
Variovorax fraction Standard deviation p value 

1.1 V 0.96 0.01 NA 

2.1 PV 0.71 0.06 0.12 

2.2 SV 0.53 0.06 0.00011 

2.3 AV 0.93 0.06 1.00 

2.4 OV 0.87 0.04 1.00 

3.1 PSV 0.60 0.08 0.0023 

3.2 PAV 0.77 0.07 0.77 

3.3 POV 0.71 0.16 0.11 

3.4 SAV 0.47 0.17 0.0000010 

3.5 SOV 0.64 0.11 0.0092 

3.6 AOV 0.97 0.05 1.00 

4.1 PSAV 0.67 0.23 0.043 

4.2 PSOV 0.48 0.22 0.00000080 

4.3 PAOV 0.84 0.09 0.84 

4.4 SAOV 0.71 0.11 0.031 

5.1 PSAOV 0.83 0.19 0.66 

 6 

 7 

 8 

 9 

Table 5.S2. Growth partner experiment statistical model details. This table 10 

outlines the constituents of a statistical model fitted to the data of the experiment 11 

testing Variovorax plasmid maintenance in the presence of various growth 12 

partners. Significance values of individual model constituents are derived by Chi 13 

test. This model is a binomial model with logit link function and was further 14 

reduced by removal of non-significant (Pr>0.05) constituents for final data 15 

analysis for Figure 5.3. 16 

Model function: V_fraction ~ Treatment + replicate + comp_P + comp_S + 17 

comp_A + comp_O 18 
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Variable Description Probability of 

significance (Pr |>Chi|) 

V_fraction GFP+ fraction of Variovorax colonies NA (response variable) 

Treatment Treatments from 1.1-5.1 as in Table 5.S1 2.86 x 10-11 

replicate Replicate 1-5 for each treatment 0.79 

comp_P Proportion of Pseudomonas within community. 0.45 

comp_S Proportion of Stenotrophomonas within 

community. 

0.0032 

comp_A Proportion of Achromobacter within community. 0.0016 

comp_O Proportion of Ochrobactrum within community. 0.20 

 1 

Plasmid maintenance-fitness correlation (Figure 5.5) The dataset combines 2 

selection coefficient data (Figure 5.2) with plasmid maintenance data (Figure 3 

5.3). To synthesise matching treatments, I built a general linear mixed-effects 4 

model using replicates from each experiment as random effects. This was done 5 

to statistically investigate all datapoints, rather than just arithmetic means. Only 6 

arithmetic means and standard deviation are displayed in Figure 5.5 because 7 

aligning these metrics for each replicate across the two experiment is not 8 

meaningful. 9 

General linear mixed-effects model: Plasmid-bearing Variovorax fraction as a 10 

function of plasmid selection coefficient, with random intercept effects of fitness 11 

experiment replicate and maintenance experiment replicate. F=5.2581. 25 12 

observations with 2x 5 random-effect groups, conditional R2 = marginal R2 = 13 

0.1797. Chi-test of inclusion of selection coefficient confirms this variable is a 14 

significant constituent of the model; p = 0.023. 15 

Community maintenance experiment (Figure 5.6) A single extremely influential 16 

datapoint was removed for statistical analyses (P+pKJK5::GFP community 17 

treatment at T5; the only replicate where Pseudomonas was detected with one 18 

GFP- colony). A small amount of monoculture samples was contaminated with 19 

colonies of other species (2 samples at T5, 4 samples at T17). These replicates 20 

were entirely removed for all data visualisation and analyses, so N=4-5 for all 21 

treatments. Binomial GLM with logit link function: Plasmid-bearing colony fraction 22 

as a function of the interaction of Timepoint, Species, culture conditions 23 

(monoculture/community), and plasmid type (pKJK5::GFP / pKJK5::Cas[nt2]). 24 

F=0.471, df=48 & 185, pseudo R2=0.987. 25 
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Results 1 

pKJK5::Cas transfer between soil isolates is independent of 2 

phylogeny 3 

I aimed to understand pKJK5::Cas transfer between soil isolates which can form 4 

a stable microbial community (Castledine et al., 2020). To assess this, I set up 5 

individual mating pairs where each of Pseudomonas (P), Stenotrophomonas (S), 6 

Achromobacter (A), Ochrobactrum (O), and Variovorax (V) were donors of and 7 

recipients to non-targeting pKJK5::Cas[nt2]. Additionally, I included treatments 8 

where a mixed community consisting of these five species was used as a donor, 9 

and where E. coli K12::mCherry (E) was used to deliver either pKJK5::Cas[nt2] 10 

or pKJK5::Cas[aphA99] (which targets aphA; not present in the model system) to 11 

the soil isolates. Due to the soil isolates’ antibiotic resistance profiles, mating pairs 12 

with Pseudomonas or Achromobacter as recipients could not be assessed, 13 

except for E. coli donors and Pseudomonas recipients.  14 

The conjugation efficiency (proportion of recipients which took up pKJK5::Cas) 15 

varied for each mating pair (Figure 5.1C). Fitting a generalised linear model 16 

revealed that there is strong evidence that donor identity (p=0.0066) and recipient 17 

identity (p=0.0063) are predictors of conjugation efficiency, but there was no 18 

evidence that phylogenetic distance (Figure 5.1B) can predict mating outcome in 19 

this model system (p=0.55; see methods for model details). In line with this, 20 

intraspecific plasmid transfer was not associated with the highest conjugation 21 

efficiency. For all species, either E. coli or Variovorax were the most effective 22 

donors. Intraspecific Variovorax conjugation is highly effective (82.9%), but not 23 

significantly different compared to use of E. coli as a donor (24.2%; p=0.953). 24 

Interestingly, transfer of pKJK5::Cas[aphA99] by E. coli to Stenotrophomonas 25 

and Variovorax was impaired in comparison to pKJK5::Cas[nt2] transfer 26 

(p=1.37x10-11 and p=1.18x10-11 respectively, see methods for model details), 27 

despite no target sequences being present in any strain to the best of my 28 

knowledge. 29 

Overall, analysing pKJK5::Cas transfer frequency in individual mating pairs 30 

revealed that E. coli K12::mCherry was the best donor to transfer pKJK5::Cas to 31 

these isolates. Variovorax was the only donor native to the community that could 32 

successfully deliver the plasmid to each member (Figure 5.1A). These dynamics 33 

were largely driven by Variovorax’ non-permissive nature as a recipient, where  34 
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no transconjugants could be recovered for any other donor (Figure 5.1C-D). 1 

Interestingly, relatedness did not determine transfer between these species, and 2 

there may be difficulties associated with transfer of pKJK5::Cas[aphA99] through 3 

natural communities. 4 

pKJK5::Cas[nt2] is costly to Variovorax 5 

Due to the unique transfer dynamics observed for Variovorax sp., I chose this 6 

strain as a focal species to further investigate the fitness dynamics 7 

pKJK5::Cas[nt2] provides to its host. I hypothesised that the cost of carrying 8 

pKJK5::Cas to Variovorax depends on the microbial community context.  9 

To test this, I measured the fitness costs of carrying the plasmid by competing 10 

plasmid-bearing Variovorax that was chromosomally tagged with Gentamicin 11 

resistance gene aacC1 (V(GmR)) with pKJK5-free Variovorax that was 12 

chromosomally tagged with Chloramphenicol resistance gene catR (V(CpR)). 13 

These clones were competed either on their own, or in the presence of each 14 

growth partner (P, S, A, or O). To enable visualisation of plasmid transfer, and to 15 

ensure that the plasmid carries a fitness cost for the host, I used pKJK5::Cas[nt2] 16 

Figure 5.1 (previous page) Transfer dynamics of pKJK5::Cas between 

individual mating pairs of Pseu omonas sp  (P), Stenotrophomonas sp  (S), 

Achromobacter sp  (A), Ochrobactrum sp  (O), Variovora  sp  ( ), and E  co i 

K12::mCherry (E). An additional ‘community’ donor treatment consists of a 

mixture of P, S, A, O, and  . Conjugation Efficiency (transconjugants per 

recipients) was assessed by selective plating after filter-mating, n=5. Donors 

either carry pKJK5::Cas[nt2] ([nt2]) or pKJK5::Cas[aphA99] ([aphA99]).  alues 

of 0 were manually set to 10
-7 
to allow plotting on a logarithmic axis. A Donor 

power: Dotplot of conjugation efficiency of all mating samples using each donor, 

describes how well each donor can mobilise pKJK5::Cas to various species.  ar 

and values above ‘community’ treatment indicate average community 

composition at  0. B Species relatedness: Phylogenetic tree based on either 

the consensus of several 16S sanger sequencing reactions (‘consensus’), or the 

16S sequence of the most closely related strain found on Genbank (‘genbank’). 

All branch lengths are to scale except E  co i’s, which is ~10x longer than all 

other branches. C Individual mating pairs: Mean ± standard deviation 

(diamonds, lines) and individual datapoints (circles) of transconjugant 

frequencies for each individual mating pair. n.a.-not assessed; mating pair could 

not be formed. D Recipient permissiveness: Dotplot of conjugation efficiency 

of all mating samples using each recipient, describes how permissive each 

recipient is to pKJK5::Cas uptake from various species. 
Donor identity (A; p<0.01) and Recipient identity (D; p<0.01) are significant 

predictors of conjugation efficiency.  here is no evidence that phylogenetic 

distance ( ; p=0.55) plays a role. See Methods for model details. 
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(Chapter 3), which encodes green fluorescent protein (GFP) and cas9 and non-1 

targeting sgRNA as a genetic payload (Figure 5.S1B). As a control, I also 2 

competed pKJK5-free V(GmR) with pKJK5-free V(CpR) in each of these 3 

contexts. 4 

This revealed that pKJK5::Cas[nt2] carriage was associated with a fitness cost to 5 

Variovorax in monoculture (Figure 5.2). The plasmid selection coefficient did not 6 

alter in the presence of Achromobacter or Ochrobactrum. However, the presence 7 

of either Pseudomonas or Stenotrophomonas significantly decreased the 8 

selection coefficient of pKJK5::Cas[nt2] (p<0.001 and p<0.05 respectively; see 9 

methods for model details). This demonstrates that carrying pKJK5::Cas[nt2] was 10 

more costly to Variovorax in the presence of these species compared to 11 

monoculture.  12 
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Figure 5.2 Addition of growth partners alters pKJK5::Cas[nt2]’s selection 

coefficient. Mean ± standard deviation (including individual data points) of 

pKJK5::Cas[nt2] selection coefficient for Variovora  in monoculture and with 

different growth partners after 5 days of co-culture.  alues >0 indicate a fitness 

benefit and values <0 indicate a fitness cost of carrying pKJK5::Cas[nt2] in 

each context.    p<0.001,  p<0.05 as calculated by  ukey’s HSD after fitting a 

Gaussian GLM; F=20.71; df=9 & 140; adjusted R
2
= 0.5435; N=5. 
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pKJK5::Cas[nt2] maintenance is linked to its costs and is community-1 

dependent 2 

Next, I hypothesised that the increased fitness cost of pKJK5::Cas[nt2] to 3 

Variovorax in the presence of Pseudomonas and Stenotrophomonas would lead 4 

to decreased plasmid maintenance in their presence. 5 

To test this, I generated 16 different synthetic microbial communities composed 6 

of all possible combinations of one-, two-, three-, four-, and five-species of 7 

Variovorax carrying pKJK5::Cas[nt2] with plasmid-free Pseudomonas, 8 

Stenotrophomonas, Achromobacter, and/or Ochrobactrum (Figure 5.S2). I 9 

measured plasmid maintenance after 5 days of co-culture. This revealed that in 10 

monoculture nearly all Variovorax clones in the population retained 11 

pKJK5::Cas[nt2] (Figure 5.3). In contrast, plasmid maintenance in Variovorax 12 

was significantly decreased in several of the synthetic communities. Interestingly, 13 

these corresponded to the communities that contain Stenotrophomonas, with the 14 

sole exception of the full 5-species community where the reduction in Variovorax 15 

plasmid maintenance was not significant (p=0.65; see methods for model details).  16 

To quantify the relative contribution of the different species to the observed 17 

plasmid loss in Variovorax, I measured the proportion of each constituent species 18 

and plotted this against the proportion of plasmid-bearing Variovorax for each 19 

community (Figure 5.4).  20 

This reveals that the proportion of Pseudomonas, Ochrobactrum, and Variovorax 21 

did not show a significant association with the proportion of Variovorax that 22 

carried pKJK5::Cas[nt2]. However, both the proportions of Stenotrophomonas (p 23 

= 0.0023) and of Achromobacter (p = 0.0036) were statistically significant when 24 

fitting a model to these data (Table 5.S2). There was a clear negative association 25 

between the proportion of Stenotrophomonas and the plasmid-bearing 26 

Variovorax fraction. Interestingly, Achromobacter had the opposite effect: its 27 

presence was associated with higher plasmid maintenance, although this effect 28 

was found to be comparatively small (R2 = 0.18 for Achromobacter proportion; R2 29 

= 0.39 for Stenotrophomonas proportion, Figure 5.4). 30 

 31 

 32 

  33 
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Figure 5.3 Different com-

binations of growth partners 

elicit different Variovorax 

plasmid loss effects. Mean ± 

standard deviation (including 

individual data points) of GFP+ 

Variovora  ( ) fraction as a proxy 

of plasmid-bearing Variovora  in 

presence of various growth 

partners (Pseu omonas (P), 

Stenotrophomonas (S), Achromo 

bacter (A), or Ochrobactrum (O)) 

after 5 days of co-culture  For 

comparison, the vertical red line 

and shaded areas indicate the 

mean ± standard deviation of the 

monoculture treatment. Stars 

indicate treatments with signi-

ficantly lower GFP+ fraction than 

in monoculture. See  able 5.S1 

for values of these summary 

statistics. 
 p<0.05,   p<0.01,    p<0.001 as 

calculated by  ukey’s HSD after 

fitting a binomial GLM; F=0.4635; 

df=17 & 62; pseudo R
2
= 0. 4 ; 

N=5. 
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I hypothesised that the differences in plasmid maintenance across the synthetic 1 

communities were caused by differences in the cost of plasmid carriage for 2 

Variovorax. To explore this, I performed a correlational analysis between the 3 

selection coefficient of pKJK5::Cas[nt2] to Variovorax (Figure 5.2) and plasmid 4 

maintenance (Figure 5.3).  5 

This revealed a clear association: treatments in which the Variovorax plasmid 6 

selection coefficient was higher also showed higher levels of Variovorax plasmid 7 

maintenance (Figure 5.5). The monoculture treatment and community treatments 8 

consisting of either Achromobacter or Ochrobactrum as a growth partner all 9 

cluster in the top-right quadrant, representing treatments where plasmid cost was 10 
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Figure 5.4 The relationship of community composition and Variovorax 

plasmid maintenance. Community composition of all samples of various 

communities as in Figure 2 plotted against the GFP+ fraction of Variovora  

colonies as a proxy of plasmid-bearing Variovora . Community composition is 

broken up into individual panels describing Pseu omonas, Stenotrophomonas, 

Achromobacter, Ochrobactrum, and Variovora  proportions of the whole 

community respectively. As the statistical model (Figure 5.3,  able 5.S2) is fitted 

to the full dataset, all datapoints including counts of 0 for each species are 

plotted.  he relationships plotted in these panels are for visualization only and 

not used to determined statistical significance. 

 lue lines and shaded areas indicate fitted linear models with equations and R
2
 

displayed in each panel. Of these five metrics, only Stenotrophomonas and 

Achromobacter fraction constitute significant terms of the statistical model fitted 

to the data; see  able 5.S2. 
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low and plasmid maintenance high. In contrast, community treatments that 1 

contained either Pseudomonas or Stenotrophomonas as a growth partner were 2 

associated with low plasmid maintenance and high costs of plasmid carriage for 3 

Variovorax.  4 

pKJK5 plasmid maintenance is 5 

community-dependent in multiple 6 

species 7 

Finally, to generalise the community-8 

dependent effects on plasmid 9 

maintenance, I explored whether similar 10 

effects were observed in different host 11 

species and when the plasmid lacked 12 

cas9 and sgRNA payload genes. The 13 

frequencies of pKJK5::Cas[nt2] and of 14 

pKJK5::GFP (Klümper et al., 2015) 15 

(Figure 5.S1C) were measured over 17 16 

days in five different hosts (Pseudo-17 

monas, Stenotrophomonas, Achromo-18 

bacter, Ochrobactrum, Variovorax) that 19 

were either cultured individually or that 20 

were cultured together to form a stable 21 

microbial community. For both pKJK5 22 

variants, maintenance of the plasmid 23 

strongly depended on host identity; 24 

Ochrobactrum retained pKJK5::GFP and 25 

pKJK5::Cas[nt2] to high levels (Figure 26 

5.6), while Pseudomonas and 27 

Achromobacter lost these plasmids 28 

during the course of the experiment. 29 

Notably, these differences in plasmid maintenance were independent of the 30 

community context in which the hosts were cultured.  31 

As expected, Variovorax plasmid maintenance was dependent on the community 32 

context it was cultured in. In monoculture, 93% of colonies retained 33 

pKJK5::Cas[nt2] after 5 days. In contrast, significantly fewer (57%) Variovorax 34 
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bearing Variovora  fraction in cor-

responding treatments as in Figure 

2.  reatment designations indicate 

growth partners: 1.1 monoculture, 

2.1 Pseu omonas, 2.2 Stenotropho 

monas, 2.3 Achromobacter, 2.4 

Ochrobactrum   lue line indicates 

fitted mixed-effects linear model with 

equation and R
2 

as displayed; 

details in methods. Selection co-

efficient is a significant determinant 

of plasmid-bearing Variovora  

fraction, p=0.023.  



 111 
1 

Figure 5.6 Variovorax and Stenotrophomonas pKJK5 maintenance is 

dependent on community context. Mean ± standard deviation (including 

individual data points) of GFP+ fraction of colonies as a proxy of pKJK5::GFP 

or pKJK5::Cas[nt2] maintenance. Data is split into species Pseu omonas (P), 

Stenotrophomonas (S), Achromobacter (A), Ochrobactrum (O), and Variovora  

( ) after 5 and 17 days of growth in monoculture or in a community context.  0 

indicates plasmid-maintaining proportion of strains used to start the experiment. 

Left-hand panels indicate bacteria containing pKJK5::GFP, right-hand panels 

indicate bacteria containing pKJK5::Cas[nt2]. 
   p < 0.001 as calculated by  ukey’s HSD after fitting a binomial GLM; F=0.471; 

df=4  & 1 5; pseudo R
2
= 0.9 7; N=5. No other treatment combinations are 

significantly different from each other. 
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colonies within the community retained pKJK5::Cas[nt2] (p<0.001; see methods 1 

for model details). This effect remained evident after 17 days of culture (28% 2 

Variovorax plasmid maintenance in monoculture, 1.3% maintenance in 3 

community context). Similar dynamics could be observed for Variovorax carrying 4 

pKJK5::GFP after 17 days, where 98% of colonies retained pKJK5::GFP in 5 

monoculture compared to 28% of colonies in a community context. 6 

Plasmid maintenance in Stenotrophomonas remained very high for both pKJK5 7 

variants after 5 days, independent of community context. However, after 17 days, 8 

Stenotrophomonas pKJK5::Cas[nt2] maintenance remained significantly higher 9 

in monoculture (83%) than in a community context (11%; p<0.001). While no 10 

statistical difference of Stenotrophomonas pKJK5::GFP maintenance was 11 

observed, average maintenance of pKJK5::GFP was slightly lower in community 12 

context after 17 days of growth (91% maintenance in community vs. 98% 13 

maintenance in monoculture).  14 

Overall, both pKJK5 variants followed similar maintenance dynamics in all host 15 

species. Community-dependent pKJK5::Cas[nt2] plasmid loss occurred in 16 

Variovorax and Stenotrophomonas after a shorter time period than loss of 17 

pKJK5::GFP (Figure 5.6), probably due to pKJK5::Cas[nt2]’s larger genetic 18 

payload (Figure 5.S1). 19 

Discussion 20 

In this chapter, I aimed to assess pKJK5::Cas transfer and maintenance in a 21 

microbial community context. The initial experiment aimed to assess efficiency of 22 

pKJK5::Cas[nt2] transfer between individual natural isolates. While conjugation 23 

efficiency can be dependent on relatedness (Dimitriu et al., 2019), this is not the 24 

case in this model system. Instead, transfer dynamics are dominated by non-25 

permissive Variovorax recipients and poor Achromobacter donors. The failure of 26 

transconjugants to be recovered when Achromobacter is a donor (Figure 5.1A) 27 

is probably due to very poor maintenance of pKJK5::Cas[nt2] in this species 28 

(Figure 5.6). Similarly, relatively poor transfer when using the mixed community 29 

as a donor can also be attributed to this, as the community is dominated by 30 

Achromobacter when growing under these conditions (Figure 5.1A). Interestingly, 31 

community-mediated conjugation to Variovorax remained effective (Figure 5.1B). 32 

This is especially unexpected in the light of Variovorax pKJK5::Cas[nt2] plasmid 33 

loss when growth partners are present (Figures 5.3-6), and suggests that 34 
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Variovorax can mediate intraspecific plasmid transfer even when donors are 1 

present at low frequencies. 2 

 3 

The remaining part of this work aimed to understand how costs and maintenance 4 

of conjugative plasmid pKJK5::Cas[nt2] can be determined by the microbial 5 

community context of its host. pKJK5 is not known to encode functional toxin-6 

antitoxin systems (Li et al., 2020), and its re-infection rate is negligible in these 7 

experiments: throughout the competition experiment, 14 out of a total of 2240 8 

colonies of the initially plasmid-free tag variant were found to be GFP+ (~0.6% 9 

transconjugants/recipients). Therefore, plasmid selection coefficient is the most 10 

important metric to predict maintenance in this model system. Despite the 11 

presence of Pseudomonas increasing the relative cost of the plasmid (Figure 12 

5.2), Pseudomonas community proportion did not significantly influence 13 

Variovorax plasmid maintenance throughout the subsequent growth partner 14 

experiment (p=0.45, Table 5.S2). This is probably because total Pseudomonas 15 

proportion was typically low in mixed communities, not giving it much opportunity 16 

to elicit fitness-altering effects.  17 

In pKJK5-free conditions, the five model species form a locally mal-adapted 18 

community in which the most common form of community interactions is resource 19 

competition. No bacterial warfare in form of direct growth inhibition or killing of 20 

growth partners takes place in this system (Castledine et al., 2020; Padfield et 21 

al., 2020). In pairwise interactions, Variovorax benefits from the presence of all 22 

other community members (Padfield et al., 2020). Therefore, differences in 23 

fitness are likely to be a result of resource limitation during growth together with 24 

growth partners. In line with this, an increase in fitness costs of chromosomal 25 

mutations (Alseth et al., 2019) and of chromosomal AMR genes (Klümper et al., 26 

2019) to focal species when embedded within a microbial community has 27 

previously been observed. 28 

 29 

I found that due to increased costs of plasmid carriage, pKJK5::Cas[nt2] 30 

maintenance was decreased when focal strain Variovorax sp. was placed in a 31 

community context. Interestingly, Hall et al. (2016) found the opposite effect: in 32 

monoculture, a mercury resistance plasmid was rapidly lost from its host species. 33 

Together with growth partners, the plasmid was maintained in the focal strain due 34 
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to reinfection by conjugation (Hall et al., 2016; Kottara et al., 2021a). This 1 

phenomenon of plasmid persistence through conjugation can be observed for 2 

multiple types of plasmids, and in communities consisting of several E. coli strains 3 

and plasmids (Lopatkin et al., 2017). Together, these studies show that in an 4 

experimental system where conjugation is highly relevant, a community context 5 

can increase plasmid maintenance in a focal species by providing a reservoir of 6 

plasmids in other hosts for reinfection. In contrast, our data show that in 7 

conditions where conjugation only occurs at very low levels, community context 8 

can decrease plasmid maintenance. This suggests an intricate interplay of abiotic 9 

and biotic conditions underpinning plasmid maintenance. Further, recent work 10 

indicates that a community context may limit conjugation to focal species due to 11 

the dilution effect (Kottara et al., 2021b), which suggests a higher importance of 12 

plasmid loss due to increased costs in more complex communities. 13 

 14 

Plasmid fitness costs are not fixed; they depend on several variables. Firstly, 15 

costs evolve over time. For instance, plasmid costs can be completely eliminated 16 

by rapid compensatory mutations in host and plasmid genomes (Stalder et al., 17 

2017; Hall et al., 2019). These can be pleiotropic and allow evolved hosts to 18 

maintain other plasmids, too (Jordt et al., 2020). Therefore, plasmid costs lose 19 

importance for long-term maintenance dynamics when they arise as a result of a 20 

specific genetic conflict between the plasmid and host chromosome (Hall et al., 21 

2021). Secondly, interactions between co-infecting plasmids may alter plasmid 22 

cost and affect maintenance (Gama et al., 2020), and plasmid co-existence is 23 

usually selected against when they encode redundant traits (Carrilero et al., 24 

2021).  More generally, work with other mobile genetic elements (MGEs) such as 25 

bacteriophage (phage) has shown that a microbial community context can have 26 

a range of ecological and evolutionary effects on bacteria-MGE interactions of 27 

focal species. Community presence tends to decrease focal species and phage 28 

densities, while evolutionary effects can be more diverse (Blazanin and Turner, 29 

2021). It is unknown whether Variovorax or the other isolates carry their own 30 

plasmids or other MGEs, but a fitness conflict between pKJK5::Cas[nt2] and a 31 

resident plasmid which is essential only in a community context could explain the 32 

observed maintenance dynamics. Such a fitness conflict was observed between 33 

pKJK5::Cas[nt] and cloning vector pHERD30T in Chapter 3. Together, this 34 
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highlights that different biotic and abiotic conditions could lead to evolution of 1 

different plasmid maintenance outcomes in our model system, where 2 

compensation of plasmid costs to Variovorax was not observed during the 17-3 

day period.  4 

 5 

I found that plasmid maintenance was community-dependent in not only 6 

Variovorax but also Stenotrophomonas (Figure 5.6). Therefore, it is very likely 7 

that other species beyond this model system maintain plasmids in a community-8 

dependent manner. For instance, an E. coli pathogenicity plasmid was found to 9 

become depleted from its host strain during the course of an infection in the 10 

human gut, while it was stably maintained in laboratory settings or vegetable-11 

associated communities (Zhang et al., 2013). Perhaps this was due to a different 12 

microbial community context in the human gut, especially as a large range of 13 

abiotic factors could not recapitulate loss of this virulence plasmid in vitro in 14 

preliminary results (Whelan and McVicker, 2021). Bearing this in mind, 15 

community-dependent plasmid loss could have wider implications: In healthcare, 16 

virulent species could lose a plasmid containing virulence factors or antibiotic 17 

resistance genes in a new community context. This would mean risk 18 

assessments carried out for environmental hotspots of horizontal gene transfer 19 

(Andersson and Hughes, 2014) may have to be reassessed, where plasmid 20 

transfer in e.g. a livestock farm would not necessarily guarantee plasmid 21 

persistence in a human microbiome. Furthermore, community-level plasmid 22 

maintenance is typically dependent on dozens of highly permissive member 23 

species which readily take up and maintain plasmids (Klümper et al., 2015; Li et 24 

al., 2020). If further experiments reveal that previously characterised highly 25 

permissive plasmid hosts lose these properties when placed into a different 26 

community context, this would have impacts on plasmid prevalence within an 27 

entire microbial community. 28 

  29 

I observed an increased cost of plasmid carriage when pKJK5 carries payload 30 

genes cas9 and sgRNA, even when not targeting a relevant sequence (Figure 31 

5.6; pKJK5::Cas[nt2] becomes lost more rapidly than pKJK5::GFP). Cas9 on 32 

pKJK5::Cas[nt2] is under control of a standard bla cloning vector promoter and 33 

expressed at relatively high levels. Generally, heterologous expression of Cas9 34 
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can be toxic to some bacterial species (Jiang et al., 2017; Zhang et al., 2018) and 1 

even catalytically inactive Cas9 can be toxic to E. coli when overexpressed (Cho 2 

et al., 2018). Furthermore, transfer of pKJK5::Cas[aphA99] to Stenotrophomonas 3 

and Variovorax was impaired in comparison to pKJK5::Cas[nt2] transfer (Figure 4 

5.1, p=1.37x10-11 and p=1.18x10-11 respectively; see methods for model details). 5 

A BLAST search of the aphA99 and nt2 target sequences revealed no hits against 6 

partially assembled genomes for these isolates. This suggests that when natural 7 

sequences rather than randomly generated nucleotide sequences are the sgRNA 8 

target, conjugation to some natural isolates may be impaired due to unexpected 9 

off-target effects. Therefore, Cas9 expression and targeting of natural sequences 10 

may be associated with fitness costs in many bacterial species – which has 11 

implications on the utility of pKJK5::Cas and other CRISPR delivery tools. Even 12 

if a CRISPR-plasmid is effective at AMR gene removal in a simple, two-strain 13 

setup (Chapters 3-4), it may not be effective in a microbial community due to 14 

reduced plasmid maintenance. 15 

 16 

Finally, this work opens exciting research avenues for manipulation of plasmid 17 

content of focal species. For example, removal of virulence and resistance 18 

plasmids within pathogens might be achieved by addition of certain plasmid loss-19 

inducing growth partners such as Stenotrophomonas as a plasmid-targeted 20 

probiotic treatment.  21 

Conclusion 22 

In this chapter, I assessed pKJK5::Cas transfer and maintenance in a model 23 

community context. I found that plasmid transfer of pKJK5::Cas between soil 24 

isolates was not driven by their phylogeny, but that dynamics were dominated by 25 

non-permissive Variovorax recipients. Furthermore, I discovered that the fitness 26 

costs of plasmid carriage are influenced by growth partner presence. Accordingly, 27 

plasmids were depleted from focal species in a community-dependent manner. 28 

These data highlight the importance of variable plasmid costs when considering 29 

plasmid maintenance in a community context. In the context of previous literature, 30 

this work highlights an alternative outcome of embedding a plasmid host into a 31 

microbial community: in model systems with high conjugation rates, this leads to 32 

increased plasmid maintenance. In model systems with low conjugation rates 33 

such as mine, this leads to plasmid loss due to increased fitness costs. 34 
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While further work needs to address how general community-dependent plasmid 1 

maintenance is, these findings may have important implications for maintenance 2 

of virulence plasmids in different community contexts, for community-level 3 

plasmid maintenance if similar effects are observed in highly permissive plasmid 4 

hosts, and for the utility of conjugative plasmids for CRISPR-based 5 

antimicrobials. The phenomenon of community-dependent plasmid loss could 6 

find application by manipulating the prevalence of virulence and resistance 7 

plasmids in target strains upon addition of certain community members.  8 

  9 

Figure 5.S1 pKJK5 variants.  lock arrows 

indicate ORFs, length not to scale. A WT 

pKJK5. Published by  ahl et a  , 2007, 

genbank acc. AM2612 2.1. Indicated section is 

accessory gene load 2 spanning from nts 

216 2-33379. B pKJK5::Cas[nt2] payload is 

inserted at position 22540 within int 1 and 

consists of SpyCas9 and non-targeting sgRNA 

with constitutive promoters as well as 

GFPmut3b as in c. C pKJK5::GFP payload is 

inserted at position 23107 and consists of 

GFPmut3b with lacI-repressible promoter. 

Published by Klümper et a   2015. 
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Figure 5.S2  ayout of Growth Partner Experiment.  
A Strains at T0. Variovora  carries pKJK5::Cas[nt2], all other strains do not. 

B Various community treatments. Variovora  was passaged in monoculture 

(1.1) or with 1-4 growth partners. C Experimental setup.  0 strains were co-

incubated (in absence of selection) and transferred at  3. At  5, communities 

were plated onto K  agar and community composition was determined by 

counting colony morphologies. Plasmid-bearing Variovora  fraction was 

determined by analysing plates underneath a fluorescence lamp (not shown). 



 119 

General Discussion 1 

In this thesis, I developed pKJK5::Cas, a broad host-range plasmid which 2 

encodes cas9 and an sgRNA to protect its hosts from AMR plasmid uptake 3 

(Chapter 2). Applied conjugatively, pKJK5::Cas was able to remove resident 4 

AMR plasmids from recipient bacteria. The extent of this removal was dependent 5 

on conjugation efficiency and CRISPR targeting efficiency (Chapter 3). 6 

Additionally, TA system presence and target plasmid incompatibility protected 7 

from their removal (Chapter 4). When allowed to spread in a synthetic bacterial 8 

community, pKJK5::Cas became lost from a focal species in the presence of 9 

certain bacterial community members (Chapter 5). 10 

In this discussion, I begin by discussing shortcomings of experiments carried out 11 

throughout this thesis, followed by pKJK5::Cas plasmid removal in the context of 12 

its application to a synthetic microbial community. Finally, I consider which real-13 

world applications may be best suited to pKJK5::Cas and suggest means of 14 

making this CRISPR delivery tool more effective. 15 

Development of pKJK5::Cas and experimental shortcomings 16 

When designing the CRISPR-Cas9 cassette in silico (which would be used for 17 

recombination with pKJK5; Chapter 2), I decided to use the nuclease Cas9 from 18 

Streptococcus pyogenes’ Type II CRISPR system (SpyCas9). Cas nucleases 19 

from other CRISPR systems, such as Cpf1, are smaller and therefore more 20 

pliable for genetic engineering. However, at the time of study conception literature 21 

was peppered with conflicting information on protospacer adjacent motif (PAM) 22 

requirements and stringency (e.g. (Kim et al., 2017; Yamada et al., 2017)), while 23 

SpyCas9 had been thoroughly studied with a well-defined PAM and cleavage 24 

efficiency. 25 

To assess how well pKJK5::Cas can remove target plasmids, I used selective 26 

plating throughout my experiments. Despite its ease and relative high throughput, 27 

this technique has some drawbacks:  28 

Firstly, colony counts based on selective plating can be inaccurate. For instance, 29 

conjugation efficiency after filter mating (Figure 6.1A) and target plasmid 30 

proportions of par-encoding and incompatible target plasmids (Figure 6.1C) 31 

exceeded 100%. Despite this, selective plating was sensitive enough to detect 32 

clear differences between treatments by showing that target plasmid removal was 33 
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dependent on conjugation efficiency for targeting treatments only (Figure 6.1B, 1 

Figure 6.1D).  2 
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Figure 6.1: Selective plating can lead to inaccurate proportions.  
Panels reproduced from Figures throughout thesis. A-Figure 3.1 ;  -Figure 

3.1C; C-Figure 4.2; D-Figure 4.3 . 

A-B After filter mating, selective plating gives conjugation exceeding 100% (A). 

Despite this, correlating these data with corresponding target plasmid 

proportions is significant for targeting pKJK5::Cas only ( ), indicating that 

selective plating is sufficient to detect removal effects. 

C-D After filter mating, target plasmid proportions of incompatible and par 

encoding plasmids can exceed 100% (C). Despite this, correlating these data 

with corresponding conjugation efficiencies is significant for targeting 

pKJK5::Cas only (D), indicating that selective plating is sufficient to detect 

removal effects. 

 p<0.05;   p<0.01;    p<0.001; ns not significant. Significance identifiers 

indicate treatments significantly different from corresponding non-targeting 

controls; see methods of respective chapters for model details. 
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The inaccuracy due to selective plating may have led me to miss more subtle 1 

difference between treatments, for example between removal of pOGG99_par, 2 

which encodes a single toxin-antitoxin (TA)-system, and removal of RP4, which 3 

encodes multiple stability systems and additional payload genes (discussed in 4 

Chapter 4). 5 

Secondly, selective plating did not allow me to assess whether plasmids escaped 6 

CRISPR targeting by mutation of the target sequence and inactivation of their 7 

AMR genes. Past data show that, for CRISPR delivery tools, escape from 8 

CRISPR targeting is more likely to occur through delivery of defective CRISPR 9 

machinery than target mutation (Bikard et al., 2014; Wan et al., 2020). However, 10 

the differences in targeting efficiency I observed when the plasmid’s target 11 

sequence was in or outside its AMR gene seem to speak against this consensus 12 

(Figure 3.2A; filter and filter (low eff.)), as this is analogous to bacteriophage 13 

mutations to escape from natural CRISPR targeting, the frequency of which is 14 

dependent on essentiality of the bacteriophage gene targeted by CRISPR 15 

(Watson et al., 2019). This might indicate that escape by target plasmid mutation 16 

gains relevance when non-essential plasmid sequences are targeted.  17 

Together, these points highlight that selective plating can be inaccurate for 18 

assaying plasmid maintenance. In addition, selective plating might not be 19 

possible when working with natural isolates or plasmids which can encode 20 

multiple AMR genes. Instead, the use of other means to determine plasmid 21 

presence, such as qPCR or fluorescent plasmid tagging coupled with flow 22 

cytometry should be considered for more complex model systems. Beyond this, 23 

methods such as sequencing would be needed to investigate the reason for 24 

plasmid escape of CRISPR targeting. 25 

Application of pKJK5::Cas in a synthetic bacterial community 26 

This project was aimed towards application of pKJK5::Cas to remove AMR genes 27 

from mixed microbial communities, but due to time and methodological 28 

constraints I could not thoroughly test target plasmid removal in my model 29 

community. Pilot trials of RP4 removal from this mixed community (consisting of 30 

Pseudomonas, Stenotrophomonas, Achromobacter, Ochrobactrum, and 31 

Variovorax spp.; PSAOV) showed no decreases of RP4 abundance in any 32 

treatments, and pKJK5::Cas conjugation efficiency was negligible when culturing 33 

these species in low-nutrient 1/64 tryptone soy broth at 2 ˚C (which are the 34 
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optimal growth conditions to promote long-term maintenance of community 1 

diversity).  2 

However, thorough examination of the impact of pKJK5::Cas properties 3 

(conjugation efficiency, CRISPR targeting efficiency; Chapter 3) and target 4 

plasmid properties (par toxin-antitoxin (TA) presence, incompatibility; Chapter 4) 5 

which impact their removal, as well as investigation of pKJK5::Cas transfer and 6 

maintenance in the model community (Chapter 5) allow me to make predictions 7 

how target plasmids might be successfully removed from this synthetic bacterial 8 

community.  9 

In the following, I consider which factors need to be taken into account when 10 

removing target plasmids from the PSAOV community, specifically (i) donor 11 

selection; (ii) pKJK5::Cas stability in the community; (iii) target plasmid properties; 12 

and (iv) pKJK5::Cas delivery strategy. 13 

(i) Donor selection 14 

Mating experiments revealed which donor may be best suited to deliver 15 

pKJK5::Cas to the entire PSAOV community (Figure 5.1). In isolation, 16 

Escherichia coli and Variovorax are the only species which could deliver this 17 

plasmid to all target bacteria. Use of Variovorax would optimise delivery to 18 

Variovorax recipients, but for all other species E. coli was the most proficient 19 

donor.  20 

The stability of E. coli in this synthetic community context needs to be 21 

experimentally assessed. If it is rapidly outcompeted by the stably coexisting 22 

PSAOV, then donors native to the community, for instance Stenotrophomonas 23 

and Variovorax in combination, would be more appropriate. Furthermore, the 24 

relative success of mixed PSAOV donors – in which Variovorax is present at low 25 

frequency (~9%; Figure 5.1A) – suggests that either low-frequency use of 26 

Variovorax, or early low-frequency Variovorax transconjugants generated by a 27 

different donor are sufficient for effective spread into the Variovorax fraction of 28 

the recipient community.  29 

In summary, pilot experiments would have to determine whether an individual E. 30 

coli donor or a donor cocktail consisting of Stenotrophomonas and low-frequency 31 

Variovorax would be more effective for pKJK5::Cas spread through this 32 

community.  33 
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(ii) pKJK5::Cas stability in the community 1 

Even on filters – which led to very high (~100%) conjugation efficiency between 2 

E. coli strains (Figure 3.1B) – conjugation efficiency over 48 hours between 3 

PSAOV community members remained, in most cases, several orders of 4 

magnitude below this (Figure 5.1C). Therefore, to effectively reach various 5 

community members, pKJK5::Cas spread would have to take place over longer 6 

periods of time. 7 

However, over time scales of 5-17 days, pKJK5::Cas was lost from most 8 

community members when grown in a community context (all except 9 

Ochrobactrum, Figure 5.6). Therefore, pKJK5::Cas maintenance would become 10 

an issue over longer incubation periods. Specifically, Variovorax (and to a lesser 11 

extent Stenotrophomonas) lost pKJK5::Cas in a community- and fitness-12 

dependent manner where growth in the presence of a community led to more 13 

plasmid loss (Figure 5.6) and an increased plasmid cost to the host (Figure 5.2) 14 

compared to growth in monoculture. Interestingly, this effect was very context-15 

dependent: Presence of all four plasmid-free growth partners in a previous 16 

experiment did not reduce Variovorax plasmid maintenance significantly, as 17 

opposed to their effect on Variovorax when all species carried pKJK5::Cas 18 

(Figure 6.2A & D). Presumably, whether or not community members carry 19 

pKJK5::Cas[nt2] has an effect on their fitness, too – and this results in a different 20 

community structure if all species carry the plasmid. For instance, 5-species 21 

communities in which only Variovorax carries pKJK5::Cas[nt2] tended to have 22 

lower proportions of Pseudomonas and Variovorax than communities in which all 23 

5 species carried the plasmid (Figure 6.2). Ideally, these treatments from 24 

independent experiments would need to be tested side-by-side to draw definite 25 

conclusions.  26 

In summary, depending on experimental setup, the community composition may 27 

not favour pKJK5::Cas maintenance. To counteract this, I propose amongst 28 

others to equip pKJK5::Cas with a toxin-antitoxin (TA) system (e.g. parABCDE) 29 

or to utilise sub-minimal inhibitory concentration (sub-MIC) tetracycline and 30 

trimethoprim antibiotic concentrations (discussed below). 31 
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Figure 6.2: Variovorax plasmid maintenance varies with community 

composition. Variovora  pKJK5::Cas[nt2] maintenance and community 

structure after 5 days in monoculture, or in a community where none of the other 

species carry pKJK5::Cas (A-C) / in a community where all other species carry 

pKJK5::Cas, too (D-F). A No community-dependent plasmid loss when other 

isolates do not carry pKJK5::Cas. Data reproduced from Figure 5.3, treatments 

1.1 (monoculture) and 5.1 (full community). B-C Relative proportions of 

Pseu omonas (P), Stenotrophomonas (S), Achromobacter (A), Ochrobactrum 

(O), and Variovora  ( ) in the corresponding five replicate PSAO  communities. 

D Community-dependent plasmid loss when other isolates carry 

pKJK5::Cas. Data reproduced from Figure 5.6, pKJK5::Cas[nt2] treatment at 

timepoint  5. Only Variovora  plasmid maintenance shown. E-F Relative 

proportions of P, S, A, O, and   in the corresponding five replicate PSAO  

communities. 
   p<0.001; n.s. not significant. See Chapter 5 methods for model details. 
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(iii) Target plasmid properties 1 

Target plasmid TA systems and incompatibility hinder their removal (Chapter 4). 2 

Accordingly, target plasmid pOGG99_par persisted during pKJK5::Cas 3 

application in E. coli (Figure 4.2), and pilot data based on flow cytometry methods 4 

indicate that the same effect is also seen when pOGG99_par is carried by the 5 

PSAOV community (Figure 6.3; Supplemental Methods). 6 

Removal of an incompatible target plasmid would be difficult in the PSAOV 7 

community without finding a means of increasing conjugation efficiency or 8 

pKJK5::Cas persistence to allow for longer experiments, even if the target 9 

plasmid does not encode par: In E. coli with ~10% transconjugant generation, 10 

pOGG99 prevalence was reduced by ~50% (Figure 4.2; this was just non-11 

significant; p=0.052). Accordingly, pOGG99 prevalence might be reduced in 12 

Variovorax only (~50-100% uptake using E. coli or Variovorax as donors 13 

respectively).  14 

In contrast, removal of a compatible target plasmid might be observed in other 15 

species, too (especially Stenotrophomonas, which also shows high uptake from 16 

Stenotrophomonas or E. coli donors). Beyond this, it is unlikely that significant 17 

target plasmid removal could be achieved from the other community members: 18 

even with highly proficient E. coli donors, their plasmid uptake remained at or 19 

below ~10-4 transconjugants per recipient (Figure 5.1). This is ~2-3 orders of 20 

magnitude lower than liquid mating conjugation efficiencies in E. coli, which led 21 

to only modest pHERD30T removal, if any (Figure 3.1). 22 

Obviously, these predictions would need to be confirmed experimentally. 23 

Unfortunately, pHERD03T cannot be maintained by any PSAOV strain except 24 

Pseudomonas, so a different compatible target plasmid would have to be found. 25 

Generally, IncQ or IncW plasmids are considered to be broad host-range, and 26 

cloning vectors utilising these backbones are available (Lale et al., 2011). IncQ 27 

plasmids can be mobilised by IncP-1 plasmids (Meyer, 2009) such as 28 

pKJK5::Cas. Nevertheless, removal of IncQ plasmids could still be effective – 29 

pHERD30T is also mobilizable by IncP-1 plasmids (Qiu et al., 2008).  30 

  31 
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 127 

The use of multiple target plasmids of different incompatibility groups would have 1 

a different advantage, too: It is very difficult to test the impact of plasmid 2 

incompatibility in isolation, as I attempted in Chapter 4 using pUC-based 3 

pHERD99 and IncP-1 vector pOGG99 (Figure 4.2). Most prominently, copy 4 

number also varied between these plasmids: RP4 and synthetic plasmids with its 5 

origin of replication (i.e. pOGG99) typically have a copy number of 4-7 plasmids 6 

per cell ((Figurski and Helinski, 1979); but has been reported to reach up to 25 7 

(Fang and Helinski, 1991)), and pHERD99 has a pUC-based E. coli origin of 8 

replication (Qiu et al., 2008) and therefore a high copy number in this species 9 

(~60 when growing at 37°C (Lin-Chao et al., 1992)). Previous studies found no 10 

clear link between plasmid copy number and CRISPR-mediated removal 11 

efficiency (Lauritsen et al., 2017; Tagliaferri et al., 2020; Wan et al., 2020), 12 

although removal of high-copy vectors has been described as challenging due to 13 

their high target gene dosage and, for instance, gene-drive-like systems have 14 

been designed to achieve their effective removal (Valderrama et al., 2019). 15 

Furthermore, CRISPR targeting efficiency might differ between these plasmids 16 

(Chapter 4). Therefore, a better experiment to test the isolated impact of plasmid 17 

incompatibility on pKJK5::Cas-mediated removal would trial removal of multiple 18 

minimal target plasmids, all of different incompatibility groups. In this way, failure 19 

of removal only of IncP-1 plasmids would strongly indicate that incompatibility to 20 

pKJK5::Cas protects from plasmid removal.  21 

Finally, pKJK5::Cas[aphA99] showed reduced transfer into Stenotrophomonas 22 

and Variovorax, despite no fully matching target sequence being present in these 23 

strains to the best of my knowledge (Figure 5.1). Therefore, should the target 24 

plasmid encode the same aphA kanamycin gene, a different guide for plasmid 25 

removal which does not impair its transfer should be designed.  26 

In summary, it is unlikely that removal of IncP-1 target plasmids from the PSAOV 27 

community would be successful in species other than Variovorax. IncW or IncQ 28 

target plasmids might allow their removal from Stenotrophomonas, too – and 29 

would provide a more robust means of assaying the impact of plasmid 30 

incompatibility on CRISPR-mediated removal. 31 

(iv) pKJK5::Cas delivery strategy 32 

As removal of plasmids such as RP4 was not effective using pKJK5::Cas in E. 33 

coli (Figure 4.1), and generally plasmid removal is predicted to be more difficult 34 
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in the PSAOV community due to lower pKJK5::Cas conjugation efficiency, an 1 

alternative pKJK5::Cas delivery strategy might be more effective. In this thesis, I 2 

predominantly tested how pKJK5::Cas removes resident plasmids, which is 3 

applicable to situations when it is applied after a target plasmid becomes 4 

established in a community. While this strategy was not effective against RP4, 5 

pKJK5::Cas could nevertheless protect from RP4 invasion when the CRISPR 6 

plasmid was already established in a Stenotrophomonas host (Figure 4.5). 7 

Similarly, pKJK5::Cas could protect a range of isolates from plasmid uptake by 8 

transformation (Figure 2.5).  9 

 herefore, ‘vaccinating’ the PSAO  community using pKJK5::Cas[aphA99] 10 

would probably protect from RP4 uptake. It would be very interesting to test 11 

different scenarios in which either pKJK5::Cas or a target plasmid are allowed to 12 

spread in the community before applying the other, or in which they are applied 13 

simultaneously; this would reveal which levels of plasmid co-invasion, community 14 

vaccination, or resident plasmid removal lead to effective reduction of AMR 15 

plasmid prevalence in the PSAOV community. 16 

 17 

In summary, using either E. coli or Stenotrophomonas and Variovorax donors, 18 

pKJK5::Cas might be used to remove target plasmids from PSAOV community 19 

members. To reach sufficient conjugation efficiency, mating experiments would 20 

need to be carried out over longer periods of time and pKJK5::Cas community 21 

maintenance would need to be addressed (for instance by addition of TA genes). 22 

Compatible IncQ or IncW target plasmids might be removed from 23 

Stenotrophomonas and Variovorax hosts; it is unlikely that Pseudomonas or 24 

Ochrobactrum plasmid prevalence can be reduced using this model system due 25 

to low uptake of pKJK5::Cas. Incompatible IncP-1 target plasmids (e.g. pOGG99) 26 

are predicted to be more difficult to tackle if resident, but their prevalence might 27 

be reduced in Variovorax. Finally, the delivery strategy and timing of pKJK5::Cas 28 

and target plasmid application should be trialled: different amounts of community 29 

vaccination, community co-invasion, and resident plasmid removal may lead to 30 

different outcomes in members of the PSAOV community. 31 

Application of pKJK5::Cas in natural communities 32 

Many of the findings, predictions, and considerations of pKJK5::Cas application 33 

in the synthetic community setting are applicable to natural communities. It is 34 
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important to carefully choose applications which favour pKJK5::Cas’ plasmid 1 

removal features. 2 

pKJK5::Cas delivery optimisation by choice of donor and 3 

environment  4 

Generally speaking, conjugation efficiency is expected to be lower in nature than 5 

in the laboratory: IncP-1 plasmids are best suited to transfer on filters, on which 6 

cells form biofilms (Bradley, 1983). The gut or sludge-like environments have 7 

more shear forces acting on mating pairs which are predicted to negatively affect 8 

plasmid transfer (Lazdins et al., 2020). Accordingly, pKJK5::Cas might be best 9 

applied in environments where biofilms are abundant or cells are attached to 10 

surfaces, e.g. on medical devices (reviewed in (Percival et al., 2015), in biofilm-11 

associated infections such as cystic fibrosis (Singh et al., 2000), or perhaps in 12 

structured soil environments. 13 

When considering which donor species to apply, mating experiments with 14 

dominant members of a target bacterial community (as carried out in Chapter 5) 15 

might indicate which donor species is suitable. Highly permissive pKJK5 hosts 16 

might be a good starting point for this, as they are crucial to overall plasmid 17 

maintenance within their communities (e.g. identified for waste-water treatment 18 

plant communities in (Li et al., 2020)). 19 

Plasmid incompatibility is an important consideration for target 20 

plasmids 21 

Previous work has shown that, generally speaking, CRISPR targeting is effective 22 

when removing high copy-number plasmids (Tagliaferri et al., 2020), and that it 23 

can be used to target multiple plasmids with closely related AMR gene sequences 24 

(Dong et al., 2019; Wang et al., 2019).  25 

pKJK5::Cas was most effective when used against compatible target plasmids, 26 

even if they encoded a single TA system. On the other hand, incompatible target 27 

plasmids appeared to be more difficult to remove (Figure 4.2). Therefore, it might 28 

be ideal to apply this plasmid to communities in which IncP-1 plasmid prevalence 29 

is generally low, but through which pKJK5::Cas can nevertheless spread well. 30 

This is a difficult balance, as one can expect the most permissive pKJK5::Cas 31 

hosts to be found in communities with prevalent IncP-1 plasmids.   32 
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Generally, presence of IncP-1 plasmids in grasslands, watershed and river 1 

sediment is associated with anthropogenic pollution (Dealtry et al., 2014; 2 

Cyriaque et al., 2020; Dungan and Bjorneberg, 2020; Willms et al., 2020). 3 

Temporal variation in farmland microbiomes indicates that IncP-1 plasmid 4 

prevalence increases with pesticide, sludge, or waste-water application (Jechalke 5 

et al., 2013a, 2015; Rahube et al., 2016; Nour et al., 2017). Waste water is an 6 

important reservoir of IncP-1 plasmids (Bahl et al., 2009), and its treatment does 7 

not help: IncP-1 plasmid prevalence is higher in waste water treatment plant 8 

(WWTP) effluent than in influent (Pallares-Vega et al., 2019). 9 

Together, this suggests that if pKJK5::Cas is allowed to spread through more 10 

pristine, unpolluted communities (e.g. on a field before fertilisation by slurry) or in 11 

untreated waste water, it could subsequently protect these communities from 12 

invasion by other IncP-1 AMR plasmids. More recent evidence suggests that in 13 

unpolluted environments, IncP-1 plasmids are present too - albeit without 14 

resistance genes (Shintani et al., 2020). Therefore, this prediction would have to 15 

be tested by assaying spread of pKJK5::Cas in various such communities. 16 

Concerning human-associated microbial communities, Enterobacteriaceae are a 17 

large family of harmless commensals as well as especially food-borne disease-18 

causing pathogens (Rock and Donnenberg, 2014). In the healthy human 19 

microbiome, Enterobacteriaceae are usually present at very low densities 20 

(Stecher et al., 2012), but conditions such as obesity or inflammatory bowel 21 

disease (IBD) can increase their prevalence (Santacruz et al., 2010; Walters et 22 

al., 2014). In recent years, epidemics of multidrug resistant Enterobacteriaceae 23 

have spread around the world. These are associated with AMR plasmids, which 24 

encode resistance to β-lactams, carbapenems, quinolones, and aminoglycosides 25 

amongst others (reviewed in (Mathers et al., 2015)). Interestingly, only the 26 

minority of these plasmids are of the IncP-1 group, which indicates that this 27 

plasmid group might be present at low frequencies in this family (Carattoli, 2009). 28 

Despite this, previous data has shown that pKJK5 spreads well through 29 

Enterobacteriaceae (Klümper et al., 2015), which makes these a promising focus 30 

for pKJK5::Cas applications. Otherwise, little is known about IncP-1 plasmid 31 

prevalence in the human microbiome. 32 

In summary, due to incompatibility exclusion, pKJK5::Cas might be most effective 33 

when applied before a pollution event in environmental applications. For human 34 
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treatment, application of pKJK5::Cas in communities where Enterobacteriaceae 1 

are prevalent, e.g. in individuals affected by IBD or in foodborne pathogen 2 

communities might be especially promising. 3 

Other target plasmid considerations 4 

Other factors encoded by target plasmids, beyond their incompatibility and TA 5 

systems, might affect their removal. This is particularly pertinent when applying 6 

pKJK5::Cas to natural microbial communities, where a broad diversity of plasmids 7 

might be present. Most directly, plasmid-encoded anti-CRISPR proteins (e.g. on 8 

Enterococcus plasmids (Mahendra et al., 2020)) can inhibit Cas9 activity. 9 

Additionally, plasmid-plasmid interactions beyond incompatibility could impair 10 

pKJK5::Cas spread or maintenance. These include entry exclusion (reviewed in 11 

(Garcillán-Barcia and de la Cruz, 2008)) or plasmid-encoded defense systems 12 

such as CRISPR-Cas (Pinilla-Redondo et al., 2021). On the other hand, 13 

phenomena such as facilitation (reviewed in (Dionisio et al., 2019)) might 14 

increase pKJK5::Cas transfer rates, or positive epistatic interactions might 15 

increase pKJK5::Cas maintenance (Gama et al., 2020) if appropriate co-residing 16 

plasmids are present. 17 

Overall, complexity rapidly increases when applying pKJK5::Cas to a microbial 18 

community – not only do microbes need to be permissive to pKJK5::Cas spread, 19 

but resident mobile genetic elements need to favour spread of this CRISPR 20 

plasmid, too. These dynamics are difficult to predict, but could be specifically 21 

investigated if pKJK5::Cas application to a certain community fails.  22 

pKJK5::Cas used for specific applications 23 

In the following, I offer two specific opposing scenarios for pKJK5::Cas application 24 

against mobile AMR genes and discuss which might be the most promising. 25 

(A) AMR plasmid removal from the gut environment. 26 

Small populations of Salmonella typhimurium pathogens which survive antibiotic 27 

treatment can later migrate back into the gut lumen and act as donors of 28 

extended-spectrum beta lactamase (ESBL) plasmids, which eventually leads to 29 

spread of AMR plasmids and gut colonisation by resistant bacteria (Bakkeren et 30 

al., 2019). Crucially, this is a scenario where AMR colonisation and plasmid 31 

dissemination is caused by a small fraction of persistent pathogens and low 32 
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frequency of initial AMR plasmid transfer events, and where no antibiotics are 1 

present.  2 

(B) AMR plasmid removal in waste-water treatment plants. 3 

After human consumption, antibiotics are excreted into wastewater where they 4 

are often found at low concentrations and can select for AMR (Andersson and 5 

Hughes, 2014), which makes WWTPs hotspots for AMR gene transfer. 6 

Carbapenemase-producing Enterobacteriaceae (CPE) are frequently found in 7 

wastewater (e.g. CPE were found in 89% of WWTP influent samples in a Dutch 8 

survey (Blaak et al., 2021)), and while wastewater treatment does reduce their 9 

prevalence (~2 orders of magnitude), these carbapenem resistant bacteria are 10 

often found in WWTP effluent. Their resistance is plasmid-associated (Yang et 11 

al., 2016; Blaak et al., 2021). Crucially, this is a scenario where AMR plasmids 12 

are prevalent throughout a target species, and selection for plasmids can be 13 

expected to be present. 14 

 15 

Biofilms generally form in WWTPs, and low concentrations of antibiotics may 16 

even promote conjugation and select for pKJK5, therefore general environmental 17 

conditions might favour pKJK5::Cas transfer in scenario (B) over (A). General 18 

expected community structure would predict less IncP-1 plasmids in the gut in 19 

scenario (A), which might make plasmid removal in this setting more effective. 20 

Furthermore, low concentrations of antibiotics will probably select for target 21 

plasmid maintenance in (B). Finally, with overall low environmental delivery rates, 22 

target plasmid prevalence and timing of pKJK5::Cas application would be quite 23 

important. Therefore, I would predict that scenario (A), where pKJK5::Cas could 24 

be used to prevent initial low-frequency AMR plasmid transfer events in the 25 

absence of a selective pressure for the target gene, is the more promising 26 

approach for this CRISPR delivery tool. 27 

Outlook: improved pKJK5::Cas designs 28 

This discussion has revealed several limitations of pKJK5::Cas, particularly in its 29 

spread in a community and in its ability to target incompatible plasmids. 30 

I hypothesise that some of these shortcomings can be addressed by equipping 31 

pKJK5::Cas with additional genes that can increase its stability and transfer, 32 

which I will discuss below. To reduce total plasmid size after addition of such 33 
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genes, accessory pKJK5 regions such as ‘load 1’ (2 k , consists of an insertion 1 

sequence) or ‘load 2’ (12 kB, consists of an integron) (Bahl et al., 2007b) could 2 

be deleted.  3 

sgRNA multiplexing to clear multiple target plasmids 4 

Overall, CRISPR targeting efficiency is not predicted to be a major driver of 5 

efficient target plasmid removal but might still provide moderate improvements in 6 

plasmid removal efficiency (Chapter 3). Especially highly variable plasmids or 7 

plasmids prone to CRISPR targeting escape might be targeted by multiple guides 8 

in the same target gene, which reduces the likelihood of escape mutations in all 9 

target sequences or allows to target divergent plasmid sequences. The use of 10 

several sgRNAs in parallel is called multiplexing.  11 

Moreover, CRISPR delivery tools can be used to clear multiple resident plasmids 12 

from target cells when multiple sgRNAs are supplied (Wang et al., 2019). 13 

Therefore, an improved pKJK5::Cas might target several resident plasmids in 14 

addition to targeting an incompatible plasmid to protect a community from its 15 

invasion. 16 

Toxin-antitoxin genes to improve pKJK5::Cas stability 17 

For plasmid spread over extended time periods or longer-term applications, 18 

pKJK5::Cas stability needs to be addressed. This could be most effectively done 19 

by addition of TA genes and would further improve resident target plasmid 20 

removal where they encode the same toxin genes. For instance, inclusion of the 21 

parABCDE operon on pKJK5::Cas would promote pKJK5::Cas maintenance and 22 

likely negate the effect parABCDE has on target plasmid removal – as the 23 

antitoxin gene would remain present in resensitised cells. Specifically, this should 24 

make pHERD99_par removal as effective as that of pHERD99. 25 

Taking this approach further, multiple TA operons or simply antitoxin genes could 26 

be encoded on pKJK5::Cas to negate a protective effect from multiple common 27 

TA systems. This is an approach successfully trialled in the development of 28 

pCURE, an incompatibility-based plasmid curing agent which encodes multiple 29 

replications of origin and antitoxin genes (Lazdins et al., 2020). Diversity of TA 30 

systems on different plasmids could make this more challenging and narrow 31 

applicability of this approach, where antitoxin-encoding pKJK5::Cas would have 32 

to be re-designed for specific applications. 33 
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Use of multiple CRISPR delivery tools or origins of replication to 1 

address target incompatibility 2 

To remove incompatible target plasmids, pKJK5::Cas could be delivered together 3 

with a second CRISPR delivery tool of a different incompatibility group, ensuring 4 

that target plasmids can be reached by at least one CRISPR delivery tool. 5 

Alternatively, additional origins of replication could be inserted onto pKJK5::Cas 6 

which might have a similar result. Instead of additional cloning steps, a naturally 7 

occurring plasmid with multiple origins of replication might be chosen as a 8 

delivery vehicle for the CRISPR-Cas9 cassette (e.g. large plasmids in Bacillus 9 

cereus often encode multiple replicons (Zheng et al., 2013)), but additional work 10 

would be needed to assess their utility for spread through communities. A 11 

pKJK5::Cas variant with multiple origins of replication might also be more 12 

proficient at removing various target plasmids, due to a joint effect of CRISPR 13 

targeting and incompatibility exclusion.  14 

Alternatively, more widespread dissemination and removal of incompatible target 15 

plasmids could also be achieved by designing a gene-drive-like pKJK5::Cas 16 

variant, discussed in more detail below.  17 

pKJK5::Cas transfer improvement by optimising conjugation or gene 18 

drive-like designs 19 

Particularly when pKJK5::Cas can only be applied in a donor with low prevalence, 20 

or in environments where low overall conjugation rates are predicted, enhancing 21 

pKJK5::Cas’ conjugative ability would be paramount.  his could be achieved by 22 

using conjugation-promoting compounds, such as sub-MIC antibiotic 23 

concentrations  - specifically, fluoroquinolones like ciprofloxacin and levoloxacin 24 

enhance conjugation by upregulating plasmid genes (Zeng et al., 2017). 25 

However, this would inevitably select for resistance to these antibiotics – and 26 

using antibiotics to resensitise a community to different antibiotics is counter-27 

productive. Therefore, it would be interesting to test transfer of pKJK5::Cas in 28 

environments where sub-MIC ciprofloxacin is already present, e.g. in wastewater 29 

(Larsson et al., 2007).  30 

Alternatively, rather than optimising pKJK5::Cas plasmid spread, spread of the 31 

CRISPR-Cas9 cassette itself could be optimised. This could be achieved by 32 

insertion of the CRISPR-Cas9 cassette into an active transposon on a different 33 

CRISPR delivery plasmid, and might lead to Cas9 and sgRNA spreading to other 34 
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plasmids as cargo genes. Alternatively, homology-directed recombination using 1 

λ-red (e.g. as in (Datsenko and Wanner, 2000; Lee et al., 2009)) could be utilised 2 

for a gene drive-like design of pKJK5::Cas (Figure 6.4). This could work as 3 

follows: in pKJK5::Cas[aphA99] the CRISPR-Cas9 cassette is inserted into intI1. 4 

The CRISPR-Cas9 cassette would be supplemented with λ-red genes alongside 5 

an sgRNA targeting intact intI1 sequences. In this way, alongside removal of AMR 6 

plasmids, other plasmids with similar intI1 sequence could act as propagators of 7 

the CRISPR-Cas9 cassette due to sequence homology between the two 8 

plasmids. Further, this design could be improved by addition of multiple homology 9 

arms and “conserved-sequence sgRNAs”, which target plasmid regions 10 

corresponding to the additional homology arms. Especially targeting plasmids of 11 

different incompatibility groups in this way could allow the CRISPR-Cas9 cassette 12 

to reach different microbial hosts, and perhaps reach almost all members of 13 

different microbiomes. 14 

A different CRISPR delivery tool used λ-red machinery to propagate only the 15 

sgRNA component, which led to efficient removal of high copy-number AMR 16 

plasmids or their target gene disruption by homology-directed insertion of sgRNA. 17 

The nuclease component remained stationary on the delivery vector within each 18 

cell (Valderrama et al., 2019). In comparison, pKJK5::Cas’ entire CRISPR-Cas9 19 

cassette is very large, especially if expanded with λ-red genes. Therefore, this 20 

technology likely needs optimisation before implementation. 21 

Alternatively, the recent discovery of transposon-associated CRISPR systems 22 

(Klompe et al., 2019) may allow to achieve CRISPR-Cas9 cassette transposition 23 

without the need for homology sequences, but instead guided by sgRNAs only. 24 

These were applied in the development of single-vector DNA-editing All-in-one 25 

RNA-guided CRISPR-Cas Transposase (DART) systems, where genetic cargo, 26 

guided by sgRNAs, could be inserted into microorganisms embedded in their 27 

communities (Rubin et al., 2020). This method might allow for more leniency in 28 

sequence divergence by abrogating the need for homology-directed insertion, but 29 

would mean a larger overall pKJK5::Cas payload size. 30 

  31 
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 1 

Optimising pKJK5::Cas transfer and maintenance by application of 2 

selective pressure 3 

Finally, a selective pressure could be applied to encourage pKJK5::Cas transfer 4 

as well as its maintenance.  5 

Gene drive-like pKJK5::Cas

AMR target 

plasmids

2

AMR-targeting sgRNAs

Conserved-sequence sgRNAs

cas9   re 

1  -red target 

plasmids

(downstream) 

homology arms

Figure 6.4: Gene drive-like pKJK5::Cas design 

pKJK5::Cas is engineered to encode cas9, λ-red genes, and a series of 

conserved-sequence sgRNAs.  hese target and cleave conserved sequences 

of plasmids of different incompatibility groups (1), after which λ-red mediates 

homology-directed insertion of the entire CRISPR-Cas9 cassette, utilising 

homology arms upstream and downstream of the cassette on pKJK5::Cas which 

border the target sequence of the respective conserved-sequence sgRNA.  his 

generates a series new CRISPR delivery plasmids.  

 eyond this, pKJK5::Cas (and new CRISPR delivery plasmids) retain their 

ability of removing AMR plasmids targeted by one or several AMR-targeting 

sgRNAs (2).  
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With current pKJK5::Cas design, this could most easily be achieved by 1 

application of low concentrations of tetracycline or trimethoprim, against which 2 

this CRISPR delivery tool encodes resistance. While constant antibiotic 3 

application defeats the point of an antibiotic resensitisation treatment, this might 4 

be a useful approach in the laboratory to quickly ascertain whether, in general, 5 

target plasmid removal from a certain isolate could be achieved if a pKJK5::Cas 6 

selective pressure was present. 7 

For environmental and in-patient applications different selective pressures would 8 

need to be applied, for instance lytic bacteriophage (phage). Such a setup was 9 

trialled by Yosef et al., who employed an engineered non-replicating temperate 10 

phage as a CRISPR delivery tool. Alongside target plasmid clearance, the phage 11 

would lysogenise and provide its E. coli host with immunity against a lytic 12 

bacteriophage, applied afterwards. In this way, only target bacteria that had 13 

received the CRISPR treatment and were therefore sensitised to antibiotics 14 

survived the lytic phage infection (Yosef et al., 2015). 15 

Similarly, additional sgRNAs which target one or several lytic phage could be 16 

inserted onto pKJK5::Cas. Compared with pKJK5, phage have a very narrow 17 

host-range, which means that a broad cocktail of lytic phage would have to be 18 

applied. Pilot experiments could determine which community constituents 19 

struggle to take up and maintain pKJK5::Cas, or which community constituents 20 

are key pKJK5::Cas disseminators, and tailor the phage cocktail towards these. 21 

Alternatively, the entire CRISPR treatment could be targeted to specific cases of 22 

AMR plasmid uptake (e.g. Salmonella in the human gut, see above), in which 23 

case a lytic bacteriophage cocktail could be targeted towards certain strains. 24 

Compared with phage therapy alone, using pKJK5::Cas has the advantage that 25 

this treatment can reside in bacterial hosts for longer and protect from plasmid 26 

re-infection. Additionally, use of lytic phage in isolation is likely to change overall 27 

community structure by decreasing prevalence of a target strain, whereas 28 

pKJK5::Cas application and decrease of plasmid prevalence within the target 29 

bacteria does not necessarily change community structure.  30 

 31 

In summary, pKJK5::Cas design could be further improved by a number of 32 

modifications: multiplexing sgRNAs could see simultaneous removal of multiple 33 

target plasmids, or allow clearance of a family of divergent plasmids. The addition 34 



 138 

of TA systems would improve pKJK5::Cas stability and removal of TA-encoding 1 

target plasmids. Incompatible plasmid removal could be achieved by 2 

simultaneous use of a second CRISPR delivery tool. Transfer of pKJK5::Cas 3 

might be improved by application in environments with conjugation-stimulating 4 

compounds, or by designing a gene-drive like pKJK5::Cas variant with a mobile 5 

CRISPR-Cas9 cassette (Figure 6.3). Application of a selective pressure, for 6 

instance by application of lytic bacteriophage against which pKJK5::Cas provides 7 

immunity, would also improve pKJK5::Cas transfer as well as its maintenance.  8 

Concluding Remarks 9 

CRISPR delivery tools are a new addition to the arsenal against increasing 10 

antibiotic resistance and can be applied to clear target AMR plasmids from 11 

recipient bacteria. Here, I developed the broad host-range CRISPR delivery tool 12 

pKJK5::Cas and interrogated its ability to protect from AMR plasmid uptake, 13 

remove resident plasmids, and its transfer and maintenance in a model bacterial 14 

community. 15 

Data generated throughout this thesis allow predictions of pKJK5::Cas effectivity 16 

in different environments. Its successful application depends on appropriate 17 

donor selection and improved pKJK5::Cas stability; and different delivery 18 

strategies would have to be trialled to achieve protection from incompatible target 19 

plasmids.  20 

In real-life applications, pKJK5::Cas utility would depend on conjugation 21 

efficiency within the target environment, and on prevalence of incompatible 22 

plasmids and other target plasmids in the recipient community. In future research, 23 

pKJK5::Cas design could be improved by addition of toxin-antitoxin systems to 24 

promote stability, by the use of several sgRNAs to target multiple plasmids, by 25 

design of a mobile CRISPR-Cas9 cassette for dissemination beyond pKJK5, or 26 

by application of a selective pressure, e.g. using lytic bacteriophage. 27 

 28 

 29 

 30 

  31 
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Appendix 1: Supplementary Tables 1 

Table S1: Bacterial strains used throughout this thesis. 2 

Strain Shorthand 
Name 

Description Chap-
ters 

Reference 

E. coli DH5α DH5α  2, 3, 
4. 

laboratory 
strain 

Pseudomonas 
aeruginosa 
PA01::Cas9 

PA01::Cas9 Cas9 inserted 
downstream of glmS 

2 (Peters, 
unpublished) 

E. coli K12 
MG1655::mCherry 

K12::mCherry Chromosomal lacI, 
mCherry, Kanamycin 
resistance tags 

2, 3, 
4, 5. 

(Klümper et 
al., 2015) 

E. coli MFDpir MFDpir Auxotrophic (requires 
DAP), Erm resistance 

2,  (Ferrières et 
al., 2010) 

E. coli DH10β DH10β Chromosomal 
Streptomycin 
resistance tag 

2 laboratory 
strain 

Escherichia/Shigella 
pig gut isolate bhiF2 

bhiF2 Pig gut isolate, 16S-
typed as 
Escherichia/Shigella 

2 this study 

Coliform isolate 
C743E1 

C743E1 Human-associated 
isolate 

2 (Leonard et 
al., 2018) 

Coliform isolate  
TV1-2 

TV1-2 Environmental isolate 2 (Leonard et 
al., 2018) 

Coliform isolate  
6TB-1 

6TB-1 Environmental isolate 2 (Leonard et 
al., 2018) 

Pseudomonas 
aeruginosa PA14 

PA14  2 laboratory 
strain 

Pseudomonas 
fluorescens SBW25 

SBW25  2 laboratory 
strain 

E. coli K12 MG1655 K12  3 laboratory 
strain 

E. coli DH5α::CpR  Chromosomal 
chloramphenicol 
resistance (catR) tag 

4 This study 

Stenotrophomonas 
spp. 

S Soil isolate 4, 5 (Castledine 
et al., 2020) 

Pseudomonas spp. P Soil isolate 5 

Achromobacter spp. A Soil isolate 5 

Ochrobactrum spp. O Soil isolate 5 

Variovorax spp. V Soil isolate 5 

Pseudomonas (SmR) P(SmR) Chromosomal 
streptomycin 
resistance (aadB) tag 

5 This study 

Stenotrophomonas 
(GmR)  

S(GmR) Chromosomal 
gentamicin resistance 
(aacC1) tag 

5 This study 

Ochrobactrum (GmR) O(GmR) Chromosomal 
gentamicin resistance 
(aacC1) tag 

5 This study 

Variovorax (GmR) V(GmR) Chromosomal 
gentamicin resistance 
(aacC1) tag 

5 This study 

Variovorax (CpR) V(CpR) Chromosomal 
chloramphenicol 
resistance (catR) tag 

5 This study 

 3 
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Table S2: Plasmids used throughout this thesis. 1 

[target] indicates several variants with different sgRNA payloads. See 2 

appropriate chapters for target variants. 3 

Plasmid Relevant 
resistance 

Payload Chap-
ter 

Reference 

pMA-RQ_Cas[aacC1-72] / 
[nt] 

Ampicillin Cas9, sgRNA, 
GFP. 

2 This study. 

pCDF1b Streptomycin / 2 Novagen 
(EMD 
Millipore) 

pCDF1b_sgRNA Streptomycin sgRNA 2 This study. 

pgRNA (bacteria) Ampicillin   (Qi et al., 
2013) 

pHERD20T Ampicillin / 
Carbenicillin 

/ 2 (Qiu et al., 
2008) 

pHERD20T_sgRNA[target] Ampicillin / 
Carbenicillin 

sgRNA 2 This study 

pDOC-K Ampicillin, 
Kanamycin 

sacB 2, 3 (Lee et al., 
2009) 

pDOC Ampicillin sacB 2, 3 This study 

pDOC_Cas[target] Ampicillin sacB, 
CRISPR-
Cas9 cassette 

2, 3 This study 

pACBSCE Chloramphenicol I-SceI, λ-red 
proteins 

2, 3 (Lee et al., 
2009) 

pKJK5 Tetracycline, 
Trimethoprim 

Natural 
plasmid 

2 (Bahl et al., 
2007b) 

pKJK5::Cas[aacC1-72] / 
[nt] 

Tetracycline Cas9, sgRNA, 
GFP in dfrA 

2, 3 This study 

pHERD30T Gentamicin / 2, 3 (Qiu et al., 
2008) 

pKJK5::Cas[aphA99] / 
[nt2] 

Tetracycline, 
Trimethoprim 

Cas9, sgRNA, 
GFP in intI1 

3,  This study 

pHERD99 Gentamicin [aphA99] 
target 
sequence in 
MCS 

3, 4 This study 

pHERD99_par Gentamicin [aphA99] 
target 
sequence and  
parABCDE in 
MCS 

4 This study 

pOGG99 Kanamycin / 4 This study 

pOGG99_par Kanamycin parABCDE 4 This study 

RP4 Ampicillin, 
Kanamycin, 
Tetracycline 

Natural 
plasmid 

4 (Pansegrau 
et al., 1994) 

pOPS0378 Kanamycin parABCDE, 
mCherry 

4 Addgene 
133229 
(Mendoza-
Suárez et 
al., 2020) 

pACYCduet Chloramphenicol / 4 Novagen 

pACYC_Cas[aphA99]/[nt2] Chloramphenicol Cas9, sgRNA, 
GFP 

4, 5 This study 
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pBAM_Cp Ampicillin Tn5 
transposon 
with catR 

4 (Dimitriu et 
al., 2021) 

pBAM1-Gm Ampicillin Tn5 
transposon 
with aacC1 

5 (Martínez-
García et al., 
2011) 

pBAM1-Sm Ampicillin Tn5 
transposon 
with aadB 

5 (Martínez-
García et al., 
2011) 

 1 

  2 
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Table S3: Primers and oligonucleotides used throughout this thesis. 1 

Name Sequence (5’ → 3’) Purpose Chap-
ter 

Forward_27F AGAGTTTGATCMTGGCTCAG Amplification of 16S 
rRNA gene 

2 

Reverse_149
2R 

ACCTTGTTACGACTT 2 

sgRNA_amp
_fw 

TAACCATGGTTGACAGCTAGCTCAG
TCCTAGGT 

Amplification of 
sgRNA and insertion 
into an NcoI site. 

2 

sgRNA_amp
_rv 

TTCCCATGGAAGCTTCAAAAAAAGC
ACCG 

sgRNAxp_xx
_fw 

TATAATACTAGTNNNNNNNNNNNNN
NNNNNNNGTTTTAGAGCTAGAAATA
GCAAGTTAAA 

Exchange of sgRNA 
specificity on 
pCDF1b_sgRNA. The 
20nt-‘N’ stretch is 
replaced with each 
specificity from Table 
2.2. 

2 

dfrA_fw GTGAAACTATCACTAATGGTAG Checking of 
recombined 
pKJK5::Cas 

2 

dfrA_rv TTAACCCTTTTGCCAGATTT 2 

Cas9_bw ATGCTGTACTTCTTGTCCAT 2, 3 

GFPend_fw CATGGACGAACTGTATAAGT 2, 3 

N20_xx_top CTAGTNNNNNNNNNNNNNNNNNNN
NGTTTTAGAGCT 

Exchange of sgRNA 
specificity on pMA-
RQ_Cas. The 20nt-
‘N’ stretch is replaced 
with specificities 
listed in each chapter 

2, 3 

N20_xx_btm CTAAAACNNNNNNNNNNNNNNNNN
NNNA 

intI1_fw GCATTACAGCTTACGAACCG Checking of 
recombined 
pKJK5::Cas[nt2]/[aph
A99] 

3 

intI1_rv TAACATCAAGGCCCGATCCT 3 

Uphom_intI1
_fw 
  

CATAAGCTTACCTGAGCACCTCAGC
AGTTGCAAACCCTCACTGATCCGCA 

Amplify upper intI1 
homology region 

3 

Uphom_intI1
_rv 

GCTACTCGAGATGAAGTGGTTCGC
ATCCTCGGTTT 

3 

Lohom_intI1_
fw 

ATCGGATCCCGGGGTCAGCACCAC
CGGC 

Amplify lower intI1 
homology region 

3 

Lohom_intI1_
rv 

CCAGGAATTCCAATGACTTCGAACT
GTTCTTCTACGGCAAGGTGCTGTG
CAC 

3 

aphA99PAM_
HK_top 

AGCTTAAATGGGCGCGTGATAAGG
TTGGTAC 

Insert [aphA99] target 
sequence + PAM into 
pHERD30T 

3 

aphA99PAM_
HK_btm 

CAACCTTATCACGCGCCCATTTA 3 

par_fw TCGGTACCTGCATGAGCTTGTGGA
AGTG 

parABCDE 
amplification and 
KpnI insertion 

4 

par_rv CAGGTACCTGCTCAACAGGTTCGC
A 

4 

pOGG0_mut
_fw 

TGGGCGCGTGATAAGGTGGGTCAG
AGCGGC 

Site-directed 
mutagenesis to 
generate pOGG99 

4 

pOGG0_mut
_rv 

TTTATAGCCATACAGATCCGCATCC
ATGTTGCTGTTCAGACGC 

4 

pOGG0_sequ
ence 

TATTGGTGAGAATCCAGGCA Sequence pOGG99 
mutation 

4 

pOGG099_p
arRemoval_t
op 

TGAGCCAAGCTTGCATGCCTGCAG
GTCGACTCTAGAGGATCCCCGGGT
ACCGAGCTCGAATTCACTA 

Remove par genes 
from pOGG99_par 

4 
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pOGG099_p
arRemoval_b
tm 

GATCTAGTGAATTCGAGCTCGGTAC
CCGGGGATCCTCTAGAGTCGACCT
GCAGGCATGCAAGCTTGGC 

4 

Forward 27F
  

AGA GTT TGA TCM TGG CTC AG Amplify 16S rRNA for 
genus typing 

2, 5 

Reverse 
1492R 

ACC TTG TTA CGA CTT 2, 5 

aacC1_fw ATGTTACGCAGCAGCAACGA Amplify aacC1 5 

aacC1_rv TTAGGTGGCGGTACTTGGGT 5 

Cm_F AGACGGCATGATGAACCTGA Amplify cat 5 

Cm_R CGGTGAGCTGGTGATATGGG 5 

  1 



 144 

Appendix 2: Supplementary Methods 1 

Flow Cytometry-assessed pOGG99_par removal (Figure 6.3) 2 

I delivered pKJK5::Cas[aphA99]/[nt2] using an E. coli K12::mCherry donor to 3 

either E. coli DH5α or mixed PSAOV recipients by filter mating (as in Chapter 5; 4 

n=5). All recipients carried pOGG99_par, which is incompatible with pKJK5::Cas 5 

and encodes a parABCDE toxin-antitoxin (TA)-system (see Chapter 4 methods). 6 

After mating, recovered cells were analysed by flow cytometry, utilising the 7 

chromosomal mCherry fluorophore in donors and GFP on pKJK5::Cas 8 

(repressed in K12::mCherry donors; Figure 6.3A). Approximate GFP positivity 9 

rates of 5 replicates reveal that overall dynamics when delivering pKJK5::Cas to 10 

PSAOV recipients were similar to delivering pKJK5::Cas to E. coli (Figure 6.3B; 11 

more transconjugants generated for targeting than for non-targeting variant; due 12 

to incompatibility exclusion (Chapter 4)). Sorting GFP+ events (transient 13 

transconjugants) onto non-selective (KB agar) and selective plates (KB+50µg/mL 14 

Kanamycin) revealed that almost all pKJK5::Cas[aphA99] transconjugants are 15 

non-viable, which is likely due to cell death upon pOGG99_par loss (Figure 6.3C). 16 

Overall, this indicates that pOGG99_par incompatibility and TA presence protect 17 

the target plasmid from pKJK5::Cas[aphA99]-mediated removal in PSAOV the 18 

same way as in E. coli, and that this effect was mediated by toxicity after 19 

pKJK5::Cas uptake. 20 

  21 
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Appendix 3: Plasmid sequences 1 

All plasmid sequences are available below in Genbank format, or in fully 2 

annotated and interactive form in a folder on Benchling here:  3 

https://benchling.com/davvi36/f_/6jFvhQBU-david-walker-sunderhauf-phd-4 

thesis-supplement/ 5 

pMA-RQ_Cas[aacC1-164] 6 

The CRISPR-Cas9 cassette was generated in silico and delivered by 7 

 hermoFisher’s Gene Art service on this plasmid.  efore use in any experiments, 8 

sgRNA specificity was exchanged to [aacC1-72] (Chapter 2). 9 

pMA-RQ_Cas[aacC1-164] can be directly accessed here:  10 

https://benchling.com/s/seq-yGpYnXprPBGtzII3tru1?m=slm-11 

yuOrrt2tJ0c3qyZ7Zjmk 12 

LOCUS       pMA-RQ_Cas[aacC1-164]   8063 bp ds-DNA     circular     14-DEC-2021 13 
DEFINITION  . 14 
KEYWORDS    "Name:pMA-RQ_Cas[GmR164]" "Name of Depositor" "Type"                15 
            "Incompatibility (origin backbone)" "Resistance:Ampicillin" 16 
            "Confirmed by Sequencing:Yes" "Parent plasmid" "Harboured in 17 
                  :E.      d 5α" "C      y" "  x         " "  x" 18 
FEATURES             Location/Qualifiers 19 
     CDS               370..6091 20 
                       /label="CRISPR-Cas9 cassette" 21 
     misc_feature      392..491 22 
                       /label="upstream homology" 23 
     feature           497..529 24 
                       /label="upstream mini-MCS" 25 
     misc_feature      530..4793 26 
                       /label="Cas9 module" 27 
     regulatory        536..564 28 
                       /label="AmpR_promoter" 29 
     misc_feature      536..605 30 
                       /label="Ampicillin upstream region [pBAM1]" 31 
     misc_feature      606..4712 32 
                       /label="SpyCas9 (pKJK5 optimised; RS removed)" 33 
     CDS               606..4712 34 
                       /label="Translation 606-4712" 35 
     misc_feature      4713..4766 36 
                       /label="AmpR downstream (pBAM1)" 37 
     misc_feature      4713..4766 38 
                       /label="Ampicillin downstream region [pBAM1]" 39 
     misc_feature      4765..4793 40 
                       /label="Cas9 barcode" 41 
     misc_feature      4771..4790 42 
                       /label="N20b" 43 
     feature           4800..4834 44 
                       /label="J23199 promoter (SpeI)" 45 
     misc_feature      4800..4937 46 
                       /label="sgRNA module (pgRNA)" 47 
     misc_feature      4835..4854 48 
                       /label="gRNA spacer [aacC1-164]" 49 
     feature           4855..4930 50 
                       /label="gRNA scaffold (SacI)" 51 
     depositor comment 4901..4937 52 
                       /label="Streptococcus pyogenes tracrRNA terminator" 53 
     misc_feature      4946..4982 54 
                       /label="sgRNA MCS" 55 
     regulatory        4983..5061 56 
                       /label="PA1/04/03" 57 
     misc_feature      4983..5094 58 
                       /label="ecfp-upstream region from pUC18T-mini-Tn7T-Gm-ecfp" 59 
     misc_feature      4983..5849 60 
                       /label="GFP module" 61 
     CDS               5095..5814 62 
                       /label="GFPmut3b (pKJK5 optimised, RS removed)" 63 
     CDS               5095..5814 64 
                       /label="Translation 5095-5814" 65 
     misc_feature      5815..5843 66 
                       /label="neo downstream region (pBAM1)" 67 

https://benchling.com/davvi36/f_/6jFvhQBU-david-walker-sunderhauf-phd-thesis-supplement/
https://benchling.com/davvi36/f_/6jFvhQBU-david-walker-sunderhauf-phd-thesis-supplement/
https://benchling.com/s/seq-yGpYnXprPBGtzII3tru1?m=slm-yuOrrt2tJ0c3qyZ7Zjmk
https://benchling.com/s/seq-yGpYnXprPBGtzII3tru1?m=slm-yuOrrt2tJ0c3qyZ7Zjmk
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     misc_feature      5850..5929 1 
                       /label="MCS pBAM1 (mutated and truncated)" 2 
     misc_feature      5930..5967 3 
                       /label="downstream mini-MCS" 4 
     misc_feature      5973..6072 5 
                       /label="downstream homology" 6 
     rep_origin        complement(6260..6927) 7 
                       /label="Col\E1\origin" 8 
     CDS               complement(7075..7935) 9 
                       /label="AmpR" 10 
     misc_feature      complement(7936..8005) 11 
                       /label="AmpR upstream (pBAM1)" 12 
     regulatory        complement(7977..8005) 13 
                       /label="AmpR_promoter" 14 
ORIGIN 15 
        1 CTAAATTGTA AGCGTTAATA TTTTGTTAAA ATTCGCGTTA AATTTTTGTT AAATCAGCTC 16 
       61 ATTTTTTAAC CAATAGGCCG AAATCGGCAA AATCCCTTAT AAATCAAAAG AATAGACCGA 17 
      121 GATAGGGTTG AGTGGCCGCT ACAGGGCGCT CCCATTCGCC ATTCAGGCTG CGCAACTGTT 18 
      181 GGGAAGGGCG TTTCGGTGCG GGCCTCTTCG CTATTACGCC AGCTGGCGAA AGGGGGATGT 19 
      241 GCTGCAAGGC GATTAAGTTG GGTAACGCCA GGGTTTTCCC AGTCACGACG TTGTAAAACG 20 
      301 ACGGCCAGTG AGCGCGACGT AATACGACTC ACTATAGGGC GAATTGGCGG AAGGCCGTCA 21 
      361 AGGCCGCATA AGCTTACCTG AGCACCTCAG CGAGTGCCAA AGGTGAACAG CTCCTGTTTA 22 
      421 AAGCTATTAC CTATAACCAA TGGCTGTTGG TTGGACGCAA GACTTTTGAA TCAATGGGAG 23 
      481 CATTACCCAA CTCGAGTAGC CAGATGCATT GCCTTAGATC TTGGTCATAA CGCGTTTCAA 24 
      541 ATATGTATCC GCTCATGAGA CAATAACCCT GATAAATGCT TCAATAATAT TGAAAAAGGA 25 
      601 AGACCATGGA CAAGAAGTAC AGCATCGGCC TGGACATCGG CACCAACAGC GTGGGTTGGG 26 
      661 CCGTGATCAC CGACGAATAC AAGGTGCCGA GCAAGAAGTT CAAGGTGTTG GGCAACACCG 27 
      721 ACCGCCACAG CATCAAGAAG AACCTGATCG GTGCCCTGCT GTTCGACAGC GGCGAAACCG 28 
      781 CCGAAGCCAC CCGCCTGAAG CGCACCGCCC GCCGCCGCTA CACCCGCCGC AAGAACCGCA 29 
      841 TCTGCTACCT GCAAGAAATC TTCAGCAACG AAATGGCCAA GGTGGACGAC AGCTTCTTCC 30 
      901 ACCGCCTGGA AGAATCGTTC CTGGTGGAAG AAGACAAGAA GCACGAACGC CACCCGATCT 31 
      961 TCGGCAACAT CGTGGACGAA GTGGCCTACC ACGAAAAGTA CCCGACCATC TACCACCTGC 32 
     1021 GCAAGAAGCT GGTGGACAGC ACCGACAAGG CCGACCTGCG CCTGATCTAC CTGGCCCTGG 33 
     1081 CCCACATGAT CAAGTTCCGG GGCCACTTCC TGATCGAAGG CGACCTGAAC CCGGACAACA 34 
     1141 GCGACGTGGA CAAGCTGTTC ATCCAGCTGG TGCAGACCTA CAACCAGCTG TTTGAAGAAA 35 
     1201 ACCCGATCAA CGCCAGCGGC GTGGACGCCA AGGCCATCCT GAGCGCCCGC CTGAGCAAGA 36 
     1261 GCCGCCGCCT GGAAAACCTG ATCGCCCAAC TGCCGGGCGA AAAGAAGAAC GGCCTGTTCG 37 
     1321 GCAACCTGAT CGCCCTGAGC CTGGGCCTGA CCCCGAACTT CAAGAGCAAC TTCGACCTGG 38 
     1381 CCGAAGACGC CAAGCTGCAA CTGAGCAAGG ACACCTACGA CGACGACCTG GACAACCTGC 39 
     1441 TGGCCCAGAT CGGCGACCAG TACGCCGACC TGTTCCTGGC CGCCAAGAAC CTGAGCGACG 40 
     1501 CCATCCTGCT GAGCGACATC CTGCGCGTGA ACACCGAAAT CACCAAGGCC CCGCTGAGCG 41 
     1561 CCAGCATGAT CAAGCGCTAC GACGAACACC ACCAGGACCT GACCCTGCTG AAGGCCCTGG 42 
     1621 TGCGCCAGCA GCTGCCGGAA AAGTACAAGG AAATCTTCTT CGACCAGAGC AAGAACGGCT 43 
     1681 ACGCGGGCTA CATCGACGGC GGTGCCAGCC AGGAAGAGTT CTACAAGTTC ATCAAGCCGA 44 
     1741 TCCTGGAAAA GATGGACGGC ACCGAAGAAC TGCTGGTGAA GCTGAACCGC GAAGACCTGC 45 
     1801 TGCGCAAGCA GCGCACCTTC GACAACGGCA GCATCCCGCA CCAGATCCAC CTGGGCGAAC 46 
     1861 TGCACGCCAT CCTGCGCCGC CAGGAAGACT TCTACCCGTT CCTGAAGGAC AACCGCGAAA 47 
     1921 AGATCGAAAA GATCCTGACC TTCCGCATCC CGTACTACGT GGGCCCGCTG GCACGCGGCA 48 
     1981 ACAGCCGCTT CGCCTGGATG ACCCGCAAGA GCGAAGAAAC CATCACCCCG TGGAACTTCG 49 
     2041 AGGAAGTGGT GGACAAGGGC GCGAGCGCCC AGAGCTTCAT CGAACGCATG ACCAACTTCG 50 
     2101 ACAAGAACCT GCCGAACGAA AAGGTGCTGC CGAAGCACAG CCTGCTGTAC GAATACTTCA 51 
     2161 CCGTCTACAA CGAACTGACC AAGGTGAAGT ACGTGACCGA AGGTATGCGC AAGCCCGCCT 52 
     2221 TCCTGAGCGG CGAACAGAAG AAGGCCATCG TGGACCTGCT GTTCAAGACC AACCGCAAGG 53 
     2281 TGACCGTGAA GCAGCTGAAG GAAGACTACT TCAAGAAGAT CGAATGCTTC GACAGCGTGG 54 
     2341 AAATCAGCGG CGTGGAAGAC CGCTTCAACG CCAGCCTGGG CACCTACCAC GACCTGCTGA 55 
     2401 AGATCATCAA GGACAAGGAC TTCCTGGACA ACGAAGAAAA CGAAGACATC CTGGAAGACA 56 
     2461 TCGTGCTGAC CCTGACCCTG TTCGAGGACC GCGAAATGAT CGAAGAACGC CTGAAGACCT 57 
     2521 ACGCCCACCT GTTCGACGAC AAGGTGATGA AGCAGCTGAA GCGCCGCCGC TACACCGGGT 58 
     2581 GGGGCCGCCT GAGCCGCAAG CTGATCAACG GCATCCGCGA CAAGCAGAGC GGCAAGACCA 59 
     2641 TCCTGGACTT CCTGAAGAGC GACGGCTTCG CCAACCGCAA CTTCATGCAG CTGATCCACG 60 
     2701 ACGACAGCCT GACCTTCAAG GAAGACATCC AGAAGGCCCA GGTGAGCGGC CAGGGCGACA 61 
     2761 GCCTGCACGA ACACATCGCC AACCTGGCCG GTAGCCCGGC CATCAAGAAG GGCATCCTGC 62 
     2821 AAACCGTGAA GGTGGTGGAC GAACTGGTGA AGGTGATGGG CCGCCACAAG CCGGAAAACA 63 
     2881 TCGTGATCGA AATGGCCCGC GAAAACCAGA CCACCCAGAA GGGCCAGAAG AACAGCCGCG 64 
     2941 AACGCATGAA GCGCATCGAA GAAGGCATCA AGGAACTGGG CAGCCAGATC CTGAAGGAAC 65 
     3001 ACCCGGTGGA AAACACGCAG TTGCAGAACG AAAAGCTGTA CCTGTACTAC TTGCAGAACG 66 
     3061 GTCGCGATAT GTACGTGGAC CAGGAACTGG ACATCAACCG CCTGAGCGAC TACGACGTGG 67 
     3121 ACCACATCGT GCCGCAGAGC TTCCTGAAGG ACGACAGCAT CGACAACAAG GTGCTGACCC 68 
     3181 GCAGCGACAA GAACCGGGGC AAGAGCGACA ACGTGCCGAG CGAAGAAGTG GTGAAGAAGA 69 
     3241 TGAAGAACTA CTGGCGGCAG CTGCTGAACG CCAAGCTGAT CACGCAGCGC AAGTTCGACA 70 
     3301 ACCTGACCAA GGCCGAACGC GGCGGCCTGA GCGAACTGGA CAAGGCGGGC TTCATCAAGC 71 
     3361 GCCAGCTGGT GGAAACCCGC CAGATCACCA AGCACGTGGC CCAGATCCTG GACAGCCGCA 72 
     3421 TGAACACCAA GTACGACGAA AACGACAAGC TGATCCGCGA AGTGAAGGTG ATCACCCTGA 73 
     3481 AGAGCAAGCT GGTGAGCGAC TTCCGCAAGG ACTTCCAGTT CTACAAGGTG CGCGAAATCA 74 
     3541 ACAACTACCA CCACGCCCAC GACGCCTACC TGAACGCCGT GGTGGGCACC GCCCTGATCA 75 
     3601 AGAAGTACCC GAAGCTGGAA AGCGAGTTCG TGTACGGCGA CTACAAGGTG TACGACGTGC 76 
     3661 GCAAGATGAT CGCCAAGAGC GAACAGGAAA TCGGCAAGGC CACCGCCAAG TACTTCTTCT 77 
     3721 ACAGCAACAT CATGAACTTC TTCAAGACCG AAATCACCCT GGCCAACGGC GAAATCCGCA 78 
     3781 AGCGCCCGCT GATCGAAACC AACGGCGAAA CCGGCGAAAT CGTGTGGGAC AAGGGCCGCG 79 
     3841 ACTTCGCCAC CGTGCGCAAG GTGCTGAGTA TGCCGCAGGT GAACATCGTG AAGAAGACCG 80 
     3901 AAGTGCAGAC CGGCGGCTTC AGCAAGGAAA GCATCCTGCC GAAGCGCAAC AGCGACAAGC 81 
     3961 TGATCGCCCG CAAGAAGGAC TGGGACCCGA AGAAGTACGG CGGCTTCGAC AGCCCGACCG 82 
     4021 TGGCCTACAG CGTGCTGGTG GTGGCCAAGG TGGAAAAGGG CAAGAGCAAG AAGCTGAAGA 83 
     4081 GCGTGAAGGA ACTGTTGGGC ATCACCATCA TGGAACGCAG CAGCTTCGAG AAGAACCCCA 84 
     4141 TCGACTTCCT GGAAGCCAAG GGCTACAAGG AAGTGAAGAA GGACCTGATC ATCAAGCTGC 85 
     4201 CGAAGTACAG CCTGTTCGAG CTGGAAAATG GCCGCAAGCG GATGCTGGCC AGCGCGGGCG 86 
     4261 AACTGCAAAA GGGCAACGAA CTGGCCCTGC CGAGCAAGTA CGTGAACTTC CTGTACCTGG 87 
     4321 CCAGCCACTA CGAAAAGCTG AAGGGCAGCC CGGAAGACAA CGAACAGAAG CAGCTGTTCG 88 
     4381 TGGAACAGCA CAAGCACTAC CTGGACGAAA TCATCGAACA GATCAGCGAG TTCAGCAAGC 89 
     4441 GCGTGATCCT GGCCGACGCC AACCTGGACA AGGTGCTGAG CGCCTACAAC AAGCACCGCG 90 
     4501 ACAAGCCGAT CCGCGAACAG GCCGAAAACA TCATCCACCT GTTCACCCTG ACCAACCTGG 91 
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     4561 GTGCCCCGGC GGCCTTCAAG TACTTCGACA CCACCATCGA CCGCAAGCGC TACACCAGCA 1 
     4621 CCAAGGAAGT GCTGGACGCC ACCCTGATCC ACCAGAGCAT CACCGGCCTG TACGAAACCC 2 
     4681 GCATCGACCT GAGCCAGTTG GGCGGCGACT AAACCGATAC AATTAAAGGC TCCTTTTGGA 3 
     4741 GCCTTTTTTT TTGGACGACC CTTGTCATGA GATTGACACG GTTTAGCAGA TGGGGTACCT 4 
     4801 TGACAGCTAG CTCAGTCCTA GGTATAATAC TAGTCGGCTG ATGTTGGGAG TAGGGTTTTA 5 
     4861 GAGCTCGAAA GAGCAAGTTA AAATAAGGCT AGTCCGTTAT CAACTTGAAA AAGTGGCACC 6 
     4921 GAGTCGGTGC TTTTTTTGCG GCCGCCCTAG GCGGAACGTT CCTTAGCCGC GGCCTTATCG 7 
     4981 ATGAAAATTT ATCAAAAAGA GTGTTGACTT GTGAGCGGAT AACAATGATA CTTAGATTCA 8 
     5041 ATTGTGAGCG GATAACAATT TCACACATCT AGAATTAAAG AGGAGAAATT AAGAATGCGC 9 
     5101 AAGGGCGAAG AACTGTTCAC CGGCGTGGTG CCGATCCTGG TGGAACTGGA CGGCGACGTG 10 
     5161 AACGGCCACA AGTTCAGCGT GAGCGGCGAA GGCGAAGGCG ACGCCACCTA CGGCAAGCTG 11 
     5221 ACCCTGAAGT TCATCTGCAC CACCGGCAAG CTGCCGGTGC CGTGGCCGAC CCTGGTGACC 12 
     5281 ACCTTCGGCT ACGGCGTGCA GTGCTTCGCC CGCTACCCGG ACCACATGAA GCAGCACGAC 13 
     5341 TTCTTCAAGA GCGCCATGCC GGAAGGCTAC GTGCAGGAAC GCACCATCTT CTTCAAGGAC 14 
     5401 GACGGCAACT ACAAGACCCG CGCCGAAGTG AAGTTCGAGG GCGACACCCT GGTGAACCGC 15 
     5461 ATCGAACTGA AGGGCATCGA CTTCAAGGAA GACGGCAACA TCCTGGGCCA CAAGCTGGAA 16 
     5521 TACAACTACA ACAGCCACAA CGTCTACATC ATGGCCGACA AGCAGAAGAA CGGCATCAAG 17 
     5581 GTGAACTTCA AGATCCGCCA CAACATCGAA GACGGCAGCG TGCAGCTGGC CGACCACTAC 18 
     5641 CAGCAGAACA CCCCGATTGG CGACGGCCCG GTGCTGCTGC CGGACAACCA CTACCTGAGC 19 
     5701 ACCCAGAGCG CCCTGAGCAA GGACCCGAAC GAAAAGCGCG ACCACATGGT GCTGCTGGAG 20 
     5761 TTCGTGACCG CCGCCGGTAT CACCCACGGC ATGGACGAAC TGTATAAGTA ATAATAATTA 21 
     5821 ATTGGGGACC CTAGAGGTCC CCCACCGGTG ACACTGCAGG ACCTGTCGAC ATCCGATCGG 22 
     5881 CCTCACCTTA AGATTGAGCC CCGGGTACGT ACGCATGCAG TCGGCGCGCT TGTAGTTGTA 23 
     5941 CATTCAGTGG CCGGCTTGAC CTAGATCGGA TCCGAAAGTA TGCGGTCGTA ACACGTTCAA 24 
     6001 GTTTTACATC TGACAATGAG AACGTATTGA TCTTTCCATC AATTAAAGAT GCTTTAACCA 25 
     6061 ACCTAAAGAA AATTCGAAGT CATTGGAATT CCTGGGCCTC ATGGGCCTTC CGCTCACTGC 26 
     6121 CCGCTTTCCA GTCGGGAAAC CTGTCGTGCC AGCTGCATTA ACATGGTCAT AGCTGTTTCC 27 
     6181 TTGCGTATTG GGCGCTCTCC GCTTCCTCGC TCACTGACTC GCTGCGCTCG GTCGTTCGGG 28 
     6241 TAAAGCCTGG GGTGCCTAAT GAGCAAAAGG CCAGCAAAAG GCCAGGAACC GTAAAAAGGC 29 
     6301 CGCGTTGCTG GCGTTTTTCC ATAGGCTCCG CCCCCCTGAC GAGCATCACA AAAATCGACG 30 
     6361 CTCAAGTCAG AGGTGGCGAA ACCCGACAGG ACTATAAAGA TACCAGGCGT TTCCCCCTGG 31 
     6421 AAGCTCCCTC GTGCGCTCTC CTGTTCCGAC CCTGCCGCTT ACCGGATACC TGTCCGCCTT 32 
     6481 TCTCCCTTCG GGAAGCGTGG CGCTTTCTCA TAGCTCACGC TGTAGGTATC TCAGTTCGGT 33 
     6541 GTAGGTCGTT CGCTCCAAGC TGGGCTGTGT GCACGAACCC CCCGTTCAGC CCGACCGCTG 34 
     6601 CGCCTTATCC GGTAACTATC GTCTTGAGTC CAACCCGGTA AGACACGACT TATCGCCACT 35 
     6661 GGCAGCAGCC ACTGGTAACA GGATTAGCAG AGCGAGGTAT GTAGGCGGTG CTACAGAGTT 36 
     6721 CTTGAAGTGG TGGCCTAACT ACGGCTACAC TAGAAGAACA GTATTTGGTA TCTGCGCTCT 37 
     6781 GCTGAAGCCA GTTACCTTCG GAAAAAGAGT TGGTAGCTCT TGATCCGGCA AACAAACCAC 38 
     6841 CGCTGGTAGC GGTGGTTTTT TTGTTTGCAA GCAGCAGATT ACGCGCAGAA AAAAAGGATC 39 
     6901 TCAAGAAGAT CCTTTGATCT TTTCTACGGG GTCTGACGCT CAGTGGAACG AAAACTCACG 40 
     6961 TTAAGGGATT TTGGTCATGA GATTATCAAA AAGGATCTTC ACCTAGATCC TTTTAAATTA 41 
     7021 AAAATGAAGT TTTAAATCAA TCTAAAGTAT ATATGAGTAA ACTTGGTCTG ACAGTTACCA 42 
     7081 ATGCTTAATC AGTGAGGCAC CTATCTCAGC GATCTGTCTA TTTCGTTCAT CCATAGTTGC 43 
     7141 CTGACTCCCC GTCGTGTAGA TAACTACGAT ACGGGAGGGC TTACCATCTG GCCCCAGTGC 44 
     7201 TGCAATGATA CCGCGAGAAC CACGCTCACC GGCTCCAGAT TTATCAGCAA TAAACCAGCC 45 
     7261 AGCCGGAAGG GCCGAGCGCA GAAGTGGTCC TGCAACTTTA TCCGCCTCCA TCCAGTCTAT 46 
     7321 TAATTGTTGC CGGGAAGCTA GAGTAAGTAG TTCGCCAGTT AATAGTTTGC GCAACGTTGT 47 
     7381 TGCCATTGCT ACAGGCATCG TGGTGTCACG CTCGTCGTTT GGTATGGCTT CATTCAGCTC 48 
     7441 CGGTTCCCAA CGATCAAGGC GAGTTACATG ATCCCCCATG TTGTGCAAAA AAGCGGTTAG 49 
     7501 CTCCTTCGGT CCTCCGATCG TTGTCAGAAG TAAGTTGGCC GCAGTGTTAT CACTCATGGT 50 
     7561 TATGGCAGCA CTGCATAATT CTCTTACTGT CATGCCATCC GTAAGATGCT TTTCTGTGAC 51 
     7621 TGGTGAGTAC TCAACCAAGT CATTCTGAGA ATAGTGTATG CGGCGACCGA GTTGCTCTTG 52 
     7681 CCCGGCGTCA ATACGGGATA ATACCGCGCC ACATAGCAGA ACTTTAAAAG TGCTCATCAT 53 
     7741 TGGAAAACGT TCTTCGGGGC GAAAACTCTC AAGGATCTTA CCGCTGTTGA GATCCAGTTC 54 
     7801 GATGTAACCC ACTCGTGCAC CCAACTGATC TTCAGCATCT TTTACTTTCA CCAGCGTTTC 55 
     7861 TGGGTGAGCA AAAACAGGAA GGCAAAATGC CGCAAAAAAG GGAATAAGGG CGACACGGAA 56 
     7921 ATGTTGAATA CTCATACTCT TCCTTTTTCA ATATTATTGA AGCATTTATC AGGGTTATTG 57 
     7981 TCTCATGAGC GGATACATAT TTGAATGTAT TTAGAAAAAT AAACAAATAG GGGTTCCGCG 58 
     8041 CACATTTCCC CGAAAAGTGC CAC 59 
// 60 

 61 

pHERD99 62 

pHERD99 is based on pHERD30T (Qiu et al., 2008) and was constructed and 63 

used throughout Chapters 3-4. 64 

pHERD99 can be directly accessed here: https://benchling.com/s/seq-65 

wBMQaLaKpQpX5keVW4Te?m=slm-rMmmdh8N4gUGCjMA40sP 66 

LOCUS       pHERD99                 5204 bp ds-DNA     circular     14-DEC-2021 67 
DEFINITION  . 68 
FEATURES             Location/Qualifiers 69 
     misc_feature    696..701 70 
                     /label="EagI site" 71 
     gene            complement(730..1263) 72 
                     /label="aacC1 gene" 73 
     CDS             complement(730..1263) 74 
                     /label="aacC1 CDS (gentamycin resistance marker)" 75 
     misc_feature    1338..1343 76 
                     /label="BsrGI site" 77 
     rep_origin      1485..1885 78 
                     /label="ori_pRO1600" 79 

https://benchling.com/s/seq-wBMQaLaKpQpX5keVW4Te?m=slm-rMmmdh8N4gUGCjMA40sP
https://benchling.com/s/seq-wBMQaLaKpQpX5keVW4Te?m=slm-rMmmdh8N4gUGCjMA40sP
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     CDS             1886..2719 1 
                     /label="rep CDS (Rep)" 2 
     gene            1886..2719 3 
                     /label="rep gene" 4 
     CDS             complement(2716..2900) 5 
                     /label="lacZalpha CDS (LacZalpha)" 6 
     gene            complement(2716..2900) 7 
                     /label="lacZalpha gene" 8 
     misc_feature    complement(2900..2900) 9 
                     /label="multiple cloning site" 10 
     misc_feature    2906..2925 11 
                     /label="aphA99 target sequence" 12 
     misc_feature    complement(2928..2944) 13 
                     /label="multiple cloning site" 14 
     CDS             complement(2928..2958) 15 
                     /label="lacZalpha CDS (LacZalpha)" 16 
     gene            complement(2928..2958) 17 
                     /label="lacZalpha gene" 18 
     regulatory      complement(3027..3054) 19 
                     /label="araBAD promoter" 20 
     CDS             3330..4208 21 
                     /label="araC CDS (AraC)" 22 
     gene            3330..4208 23 
                     /label="araC gene" 24 
     oriT            4212..4480 25 
                     /label="oriT" 26 
     rep_origin      4530..5149 27 
                     /label="ori_pBR322" 28 
ORIGIN 29 
        1 catgagatta tcaaaaagga tcttcaccta gatcctttta aattaaaaat gaagttttaa 30 
       61 atcaatctaa agtatatatg agtaaacttg gtctgacagt taccaatgct taatcagtga 31 
      121 ggcacctatc tcagcgatct gtctatttcg ttcatccata gttgcctgac tccccgtcgt 32 
      181 gtagataact acgatacggg agggcttacc atctggcccc agtgctgcaa tgataccgcg 33 
      241 agacccacgc tcaccggctc cagatttatc agcaataaac cagccagccg gaagggccga 34 
      301 gcgcagaagt ggtcctgcaa ctttatccgc ctccatccag tctattaatt gttgccggga 35 
      361 agctagagta agtagttcgc cagttaatag tttgcgcaac gttgttgcca ttgctacagg 36 
      421 catcgtggtg tcacgctcgt cgtttggtat ggcttcattc agctccggtt cccaacgatc 37 
      481 aaggcgagtt acatgatccc ccatgttgtg caaaaaagcg gttagctcct tcggtcctcc 38 
      541 gatcgttgtc agaagtaagt tggccgcagt gttatcactc atggttatgg cagcactgca 39 
      601 taattctctt actgtcatgc catccgtaag atgcttttct gtgactggtg agtcgaattg 40 
      661 gccgcggcgt tgtgacaatt taccgaacaa ctccgcggcc gggaagccga tctcggcttg 41 
      721 aacgaattgt taggtggcgg tacttgggtc gatatcaaag tgcatcactt cttcccgtat 42 
      781 gcccaacttt gtatagagag ccactgcggg atcgtcaccg taatctgctt gcacgtagat 43 
      841 cacataagca ccaagcgcgt tggcctcatg cttgaggaga ttgatgagcg cggtggcaat 44 
      901 gccctgcctc cggtgctcgc cggagactgc gagatcatag atatagatct cactacgcgg 45 
      961 ctgctcaaac ctgggcagaa cgtaagccgc gagagcgcca acaaccgctt cttggtcgaa 46 
     1021 ggcagcaagc gcgatgaatg tcttactacg gagcaagttc ccgaggtaat cggagtccgg 47 
     1081 ctgatgttgg gagtaggtgg ctacgtctcc gaactcacga ccgaaaagat caagagcagc 48 
     1141 ccgcatggat ttgacttggt cagggccgag cctacatgtg cgaatgatgc ccatacttga 49 
     1201 gccacctaac tttgttttag ggcgactgcc ctgctgcgta acatcgttgc tgctgcgtaa 50 
     1261 catcgttgct gctccataac atcaaacatc gacccacggc gtaacgcgct tgctgcttgg 51 
     1321 atgcccgagg catagactgt acaaaaaaac agtcataaca agccatgaaa accgccactg 52 
     1381 cgccgttacc accgctgcgt tcggtcaagg ttctggacca gttgcgtgag cgcatacgct 53 
     1441 acttgcatta cagtttacga accgaacagg cttatgtcaa ttcgcgccgc tggtgccgct 54 
     1501 ggttggacgc caagggtgaa tccgcctcga taccctgatt actcgcttcc tgcgccctct 55 
     1561 caggcggcga taggggactg gtaaaacggg gattgcccag acgcctcccc cgccccttca 56 
     1621 ggggcacaaa tgcggcccca acggggccac gtagtggtgc gttttttgcg tttccaccct 57 
     1681 tttcttcctt ttccctttta aaccttttag gacgtctaca ggccacgtaa tccgtggcct 58 
     1741 gtagagttta aaaagggacg gatttgttgc cattaaggga cggatttgtt gttaagaagg 59 
     1801 gacggatttg ttgttgtaaa gggacggatt tgttgtattg tgggacgcag atacagtgtc 60 
     1861 cccttataca caaggaatgt cgaacgtggc ctcaccccca atggtttaca aaagcaatgc 61 
     1921 cctggtcgag gccgcgtatc gcctcagtgt tcaggaacag cggatcgttc tggcctgtat 62 
     1981 tagccaggtg aagaggagcg agcctgtcac cgatgaagtg atgtattcag tgacggcgga 63 
     2041 ggacatagcg acgatggcgg gtgtccctat cgaatcttcc tacaaccagc tcaaagaagc 64 
     2101 ggccctgcgc ctgaaacggc gggaagtccg gttaacccaa gagcccaatg gcaaggggaa 65 
     2161 aagaccgagt gtgatgatta ccggctgggt gcaaacaatc atctaccggg agggtgaggg 66 
     2221 ccgtgtagaa ctcaggttca ccaaagacat gctgccgtac ctgacggaac tcaccaaaca 67 
     2281 gttcaccaaa tacgccttgg ctgacgtggc caagatggac agcacccacg cgatcaggct 68 
     2341 ttacgagctg ctcatgcaat gggacagcat cggccagcgc gaaatagaaa ttgaccagct 69 
     2401 gcgaaagtgg tttcaactgg aaggccggta tccctcgatc aaggacttca agttgcgagt 70 
     2461 gcttgatcca gccgtgacgc agatcaacga gcacagcccg ctacaggtgg agtgggcgca 71 
     2521 gcgaaagacc gggcgcaagg tcacacatct gttgttcagt tttggaccga agaagcccgc 72 
     2581 caaggcggtg ggtaaggccc cagcgaagcg caaggccggg aagatttcag atgctgagat 73 
     2641 cgcgaaacag gctcgccctg gtgagacatg ggaagcggcc cgcgctcgac taacccagat 74 
     2701 gccgctggat ctggcctaga ggccgtggcc accacggccc ggcctgcctt tcaggctgcg 75 
     2761 caactgttgg gaagggcgat cggtgcgggc ctcttcgcta ttacgccagc tggcgaaagg 76 
     2821 gggatgtgct gcaaggcgat taagttgggt aacgccaggg ttttcccagt cacgacgttg 77 
     2881 taaaacgacg gccagtgcca AGCTTaaatg ggcgcgtgat aaggttGgta ccgagctcga 78 
     2941 attcttatca gatcccatgg gtatgtatat ctccttctta aagttaaaca aaattatttc 79 
     3001 tagcccaaaa aaacgggtat ggagaaacag tagagagttg cgataaaaag cgtcaggtag 80 
     3061 gatccgctaa tcttatggat aaaaatgcta tggcatagca aagtgtgacg ccgtgcaaat 81 
     3121 aatcaatgtg gacttttctg ccgtgattat agacactttt gttacgcgtt tttgtcatgg 82 
     3181 ctttggtccc gctttgttac agaatgcttt taataagcgg ggttaccggt ttggttagcg 83 
     3241 agaagagcca gtaaaagacg cagtgacggc aatgtctgat gcaatatgga caattggttt 84 
     3301 cttctctgaa tggcgggagt atgaaaagta tggctgaagc gcaaaatgat cccctgctgc 85 
     3361 cgggatactc gtttaatgcc catctggtgg cgggtttaac gccgattgag gccaacggtt 86 
     3421 atctcgattt ttttatcgac cgaccgctgg gaatgaaagg ttatattctc aatctcacca 87 
     3481 ttcgcggtca gggggtggtg aaaaatcagg gacgagaatt tgtttgccga ccgggtgata 88 
     3541 ttttgctgtt cccgccagga gagattcatc actacggtcg tcatccggag gctcgcgaat 89 
     3601 ggtatcacca gtgggtttac tttcgtccgc gcgcctactg gcatgaatgg cttaactggc 90 
     3661 cgtcaatatt tgccaatacg gggttctttc gcccggatga agcgcaccag ccgcatttca 91 
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     3721 gcgacctgtt tgggcaaatc attaacgccg ggcaagggga agggcgctat tcggagctgc 1 
     3781 tggcgataaa tctgcttgag caattgttac tgcggcgcat ggaagcgatt aacgagtcgc 2 
     3841 tccatccacc gatggataat cgggtacgcg aggcttgtca gtacatcagc gatcacctgg 3 
     3901 cagacagcaa ttttgatatc gccagcgtcg cacagcatgt ttgcttgtcg ccgtcgcgtc 4 
     3961 tgtcacatct tttccgccag cagttaggga ttagcgtctt aagctggcgc gaggaccaac 5 
     4021 gtatcagcca ggcgaagctg cttttgagca ccacccggat gcctatcgcc accgtcggtc 6 
     4081 gcaatgttgg ttttgacgat caactctatt tctcgcgggt atttaaaaaa tgcaccgggg 7 
     4141 ccagcccgag cgagttccgt gccggttgtg aagaaaaagt gaatgatgta gccgtcaagt 8 
     4201 tgtcataatt tggggattcc ttaaggtata ctttccgctg cataaccctg cttcggggtc 9 
     4261 attatagcga ttttttcggt atatccatcc tttttcgcac gatatacagg attttgccaa 10 
     4321 agggttcgtg tagactttcc ttggtgtatc caacggcgtc agccgggcag gataggtgaa 11 
     4381 gtaggcccac ccgcgagcgg gtgttccttc ttcactgtcc cttattcgca cctggcggtg 12 
     4441 ctcaacggga atcctgctct gcgaggctgg ccgataagct agcttatgtg agcaaaaggc 13 
     4501 cagcaaaagg ccaggaaccg taaaaaggcc gcgttgctgg cgtttttcca taggctccgc 14 
     4561 ccccctgacg agcatcacaa aaatcgacgc tcaagtcaga ggtggcgaaa cccgacagga 15 
     4621 ctataaagat accaggcgtt tccccctgga agctccctcg tgcgctctcc tgttccgacc 16 
     4681 ctgccgctta ccggatacct gtccgccttt ctcccttcgg gaagcgtggc gctttctcat 17 
     4741 agctcacgct gtaggtatct cagttcggtg taggtcgttc gctccaagct gggctgtgtg 18 
     4801 cacgaacccc ccgttcagcc cgaccgctgc gccttatccg gtaactatcg tcttgagtcc 19 
     4861 aacccggtaa gacacgactt atcgccactg gcagcagcca ctggtaacag gattagcaga 20 
     4921 gcgaggtatg taggcggtgc tacagagttc ttgaagtggt ggcctaacta cggctacact 21 
     4981 agaaggacag tatttggtat ctgcgctctg ctgaagccag ttaccttcgg aaaaagagtt 22 
     5041 ggtagctctt gatccggcaa acaaaccacc gctggtagcg gtggtttttt tgtttgcaag 23 
     5101 cagcagatta cgcgcagaaa aaaaggatct caagaagatc ctttgatctt ttctacgggg 24 
     5161 tctgacgctc agtggaacga aaactcacgt taagggattt tggt 25 
// 26 

 27 

pHERD99_par 28 

pHERD99_par is based on pHERD99 and was constructed and used throughout 29 

Chapter 4. 30 

pHERD99_par can be directly accessed here: https://benchling.com/s/seq-31 

hT7baVvn3aNWsbWWzPix?m=slm-PbURlhYIdYrWyosVYqJw 32 

LOCUS       pHERD99_par             7607 bp ds-DNA     circular     14-DEC-2021 33 
DEFINITION  . 34 
FEATURES             Location/Qualifiers 35 
     gene            complement(730..1263) 36 
                     /label="aacC1 gene" 37 
     CDS             complement(730..1263) 38 
                     /label="aacC1 CDS (gentamycin resistance marker)" 39 
     misc_feature    complement(1190..1194) 40 
                     /label="inmutable stretch" 41 
     misc_feature    complement(1193..1212) 42 
                     /label="N20_aacC1-72" 43 
     rep_origin      1485..1885 44 
                     /label="ori_pRO1600" 45 
     CDS             1886..2719 46 
                     /label="rep CDS (Rep)" 47 
     gene            1886..2719 48 
                     /label="rep gene" 49 
     CDS             complement(2716..2900) 50 
                     /label="lacZalpha CDS (LacZalpha)" 51 
     gene            complement(2716..2900) 52 
                     /label="lacZalpha gene" 53 
     misc_feature    complement(2900..2900) 54 
                     /label="multiple cloning site" 55 
     misc_feature    2906..2925 56 
                     /label="aphA99 target sequence" 57 
     misc_feature    complement(2932..5329) 58 
                     /label="pOGG012 module (parABCDE)" 59 
     gene            complement(3069..3728) 60 
                     /label="parA gene" 61 
     CDS             complement(3069..3728) 62 
                     /label="parA CDS" 63 
     CDS             complement(4219..4512) 64 
                     /label="parB CDS" 65 
     gene            4605..4914 66 
                     /label="parD gene" 67 
     mRNA            4640..5270 68 
                     /label="parD and parE genes" 69 
     CDS             4663..4914 70 
                     /label="parD CDS" 71 
     gene            4663..4914 72 
                     /label="parD gene" 73 
     CDS             4911..5222 74 
                     /label="parE CDS" 75 
     gene            4911..5222 76 
                     /label="parE gene" 77 
     misc_feature    complement(5331..5347) 78 
                     /label="multiple cloning site" 79 

https://benchling.com/s/seq-hT7baVvn3aNWsbWWzPix?m=slm-PbURlhYIdYrWyosVYqJw
https://benchling.com/s/seq-hT7baVvn3aNWsbWWzPix?m=slm-PbURlhYIdYrWyosVYqJw
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     CDS             complement(5331..5361) 1 
                     /label="lacZalpha CDS (LacZalpha)" 2 
     gene            complement(5331..5361) 3 
                     /label="lacZalpha gene" 4 
     regulatory      complement(5430..5457) 5 
                     /label="araBAD promoter" 6 
     gene            5733..6611 7 
                     /label="araC gene" 8 
     CDS             5733..6611 9 
                     /label="araC CDS (AraC)" 10 
     oriT            6615..6883 11 
                     /label="oriT" 12 
     rep_origin      6933..7552 13 
                     /label="ori_pBR322" 14 
ORIGIN 15 
        1 catgagatta tcaaaaagga tcttcaccta gatcctttta aattaaaaat gaagttttaa 16 
       61 atcaatctaa agtatatatg agtaaacttg gtctgacagt taccaatgct taatcagtga 17 
      121 ggcacctatc tcagcgatct gtctatttcg ttcatccata gttgcctgac tccccgtcgt 18 
      181 gtagataact acgatacggg agggcttacc atctggcccc agtgctgcaa tgataccgcg 19 
      241 agacccacgc tcaccggctc cagatttatc agcaataaac cagccagccg gaagggccga 20 
      301 gcgcagaagt ggtcctgcaa ctttatccgc ctccatccag tctattaatt gttgccggga 21 
      361 agctagagta agtagttcgc cagttaatag tttgcgcaac gttgttgcca ttgctacagg 22 
      421 catcgtggtg tcacgctcgt cgtttggtat ggcttcattc agctccggtt cccaacgatc 23 
      481 aaggcgagtt acatgatccc ccatgttgtg caaaaaagcg gttagctcct tcggtcctcc 24 
      541 gatcgttgtc agaagtaagt tggccgcagt gttatcactc atggttatgg cagcactgca 25 
      601 taattctctt actgtcatgc catccgtaag atgcttttct gtgactggtg agtcgaattg 26 
      661 gccgcggcgt tgtgacaatt taccgaacaa ctccgcggcc gggaagccga tctcggcttg 27 
      721 aacgaattgt taggtggcgg tacttgggtc gatatcaaag tgcatcactt cttcccgtat 28 
      781 gcccaacttt gtatagagag ccactgcggg atcgtcaccg taatctgctt gcacgtagat 29 
      841 cacataagca ccaagcgcgt tggcctcatg cttgaggaga ttgatgagcg cggtggcaat 30 
      901 gccctgcctc cggtgctcgc cggagactgc gagatcatag atatagatct cactacgcgg 31 
      961 ctgctcaaac ctgggcagaa cgtaagccgc gagagcgcca acaaccgctt cttggtcgaa 32 
     1021 ggcagcaagc gcgatgaatg tcttactacg gagcaagttc ccgaggtaat cggagtccgg 33 
     1081 ctgatgttgg gagtaggtgg ctacgtctcc gaactcacga ccgaaaagat caagagcagc 34 
     1141 ccgcatggat ttgacttggt cagggccgag cctacatgtg cgaatgatgc ccatGCTtga 35 
     1201 gccacctaac tttgttttag ggcgactgcc ctgctgcgta acatcgttgc tgctgcgtaa 36 
     1261 catcgttgct gctccataac atcaaacatc gacccacggc gtaacgcgct tgctgcttgg 37 
     1321 atgcccgagg catagactgt acaaaaaaac agtcataaca agccatgaaa accgccactg 38 
     1381 cgccgttacc accgctgcgt tcggtcaagg ttctggacca gttgcgtgag cgcatacgct 39 
     1441 acttgcatta cagtttacga accgaacagg cttatgtcaa ttcgcgccgc tggtgccgct 40 
     1501 ggttggacgc caagggtgaa tccgcctcga taccctgatt actcgcttcc tgcgccctct 41 
     1561 caggcggcga taggggactg gtaaaacggg gattgcccag acgcctcccc cgccccttca 42 
     1621 ggggcacaaa tgcggcccca acggggccac gtagtggtgc gttttttgcg tttccaccct 43 
     1681 tttcttcctt ttccctttta aaccttttag gacgtctaca ggccacgtaa tccgtggcct 44 
     1741 gtagagttta aaaagggacg gatttgttgc cattaaggga cggatttgtt gttaagaagg 45 
     1801 gacggatttg ttgttgtaaa gggacggatt tgttgtattg tgggacgcag atacagtgtc 46 
     1861 cccttataca caaggaatgt cgaacgtggc ctcaccccca atggtttaca aaagcaatgc 47 
     1921 cctggtcgag gccgcgtatc gcctcagtgt tcaggaacag cggatcgttc tggcctgtat 48 
     1981 tagccaggtg aagaggagcg agcctgtcac cgatgaagtg atgtattcag tgacggcgga 49 
     2041 ggacatagcg acgatggcgg gtgtccctat cgaatcttcc tacaaccagc tcaaagaagc 50 
     2101 ggccctgcgc ctgaaacggc gggaagtccg gttaacccaa gagcccaatg gcaaggggaa 51 
     2161 aagaccgagt gtgatgatta ccggctgggt gcaaacaatc atctaccggg agggtgaggg 52 
     2221 ccgtgtagaa ctcaggttca ccaaagacat gctgccgtac ctgacggaac tcaccaaaca 53 
     2281 gttcaccaaa tacgccttgg ctgacgtggc caagatggac agcacccacg cgatcaggct 54 
     2341 ttacgagctg ctcatgcaat gggacagcat cggccagcgc gaaatagaaa ttgaccagct 55 
     2401 gcgaaagtgg tttcaactgg aaggccggta tccctcgatc aaggacttca agttgcgagt 56 
     2461 gcttgatcca gccgtgacgc agatcaacga gcacagcccg ctacaggtgg agtgggcgca 57 
     2521 gcgaaagacc gggcgcaagg tcacacatct gttgttcagt tttggaccga agaagcccgc 58 
     2581 caaggcggtg ggtaaggccc cagcgaagcg caaggccggg aagatttcag atgctgagat 59 
     2641 cgcgaaacag gctcgccctg gtgagacatg ggaagcggcc cgcgctcgac taacccagat 60 
     2701 gccgctggat ctggcctaga ggccgtggcc accacggccc ggcctgcctt tcaggctgcg 61 
     2761 caactgttgg gaagggcgat cggtgcgggc ctcttcgcta ttacgccagc tggcgaaagg 62 
     2821 gggatgtgct gcaaggcgat taagttgggt aacgccaggg ttttcccagt cacgacgttg 63 
     2881 taaaacgacg gccagtgcca AGCTTaaatg ggcgcgtgat aaggttGgta cctgctcaac 64 
     2941 aggttcgcat ccgcgccctt cgtgccctgg ccggactaca ccgaggggga aagcgaggat 65 
     3001 ctaggtaggg cgctcgcagc ggccctgcgg gacgcgaaaa ggtgagaaaa gccgggcact 66 
     3061 gcccggcttt atttttgctg ctgcgcgttc caggccgccc acactcgttt gacctggctc 67 
     3121 gggctgcatc cgaccagctt ggccgtcttg gcaatgctcg atccgccgga gcgaagcgtg 68 
     3181 atgatgcggt cgtgcatgcc ggcgtcacgt ttgcggccgg tgtagcggcc ggcggccttc 69 
     3241 gccaactgga caccctgacg ttgacgctcg cgccgatcct cgtagtcgtc gcgggccatc 70 
     3301 tgcaaggcga gcttcaaaag catgtcctgg acggattcca gaacgatttt cgccactccg 71 
     3361 ttcgcctcgg cggccagctc cgacaggtcc accacgccag gcacggccag cttggcccct 72 
     3421 ttggcccgga tcgacgcaac caggcgctcg gcctcggcca acggcaagcg gctgatgcgg 73 
     3481 tcgatcttct ccgcaacgac gacttcacca ggttgcaggt ccgcgatcat gcgcagcagc 74 
     3541 tcgggccggt cggcgcgtgc gccggacgcc ttctcgcggt agatgccggc gacgtagtac 75 
     3601 ccggcggccc gcgtggccgc tacaaggctc tcctggcgtt caagattctg ctcgtccgta 76 
     3661 ctggcgcgca ggtagatgcg ggcgaccttc aaccttcgtc cctccggttg ttgctctcgc 77 
     3721 gtcgccattt ccacggctcg acggcgtgcg gatcggacca gaggccgacg cgcttgcctc 78 
     3781 gcgcctcctg ttcgagccgc agcatttcag ggtcggccgc gcggccgtgg aagcgatagg 79 
     3841 cccacgccat gccctggtga accatcgcgg cgttgacgtt gcgcggctgc ggcggccggc 80 
     3901 tggccagctc catgttgacc cagacggtgc ccagcgtgcg gccgtaacgg tcggtgtcct 81 
     3961 tctcgtcgac caggacgtgc cggcggaaca ccatgccggc cagcgcctgg cgcgcacgtt 82 
     4021 cgccgaaggc ttgccgcttt tccggcgcgt caatgtccac caggcgcacg cgcaccggct 83 
     4081 gcttgtctac cagcacgtcg atggtgtcgc cgtcgatgat gcgcacgacc tcgccgcgca 84 
     4141 gctcggccca tgccggcgag gcaacgacca ggacggccag cgcggcagcg gcgcgcagca 85 
     4201 tggcgtagct tcggcgcttc atgcgtggcc ccattgctga tgatcggggt acgccaggtg 86 
     4261 cagcactgca tcgaaattgg ccttgcagta gccgtccagc gccacccgcg agccgaacgc 87 
     4321 cggcgaaagg tactcgacca ggccgggccg gtcgcggacc tcgcgcccca ggacgtggat 88 
     4381 gcgccggccg cgtgtgccgt cgggtccagg cacgaaggcc agcgcctcga tgttgaagtc 89 
     4441 gatggataga agttgtcggt agtgcttggc cgccctcatc gcgtccccct tggtcaaatt 90 
     4501 gggtataccc atttgggcct agtctagccg gcatggcgca ttacagcaat acgcaattta 91 
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     4561 aatgcgccta gcgcattttc ccgaccttaa tgcgcctcgc gctgtagcct cacgcccaca 1 
     4621 tatgtgctaa tgtggttacg tgtattttat ggaggttatc caatgagccg cctgacaatc 2 
     4681 gacatgacgg accagcagca ccagagcctg aaagccctgg ccgccttgca gggcaagacc 3 
     4741 attaagcaat acgccctcga acgtctgttc cccggtgacg ctgatgccga tcaggcatgg 4 
     4801 caggaactga aaaccatgct ggggaaccgc atcaacgatg ggcttgccgg caaggtgtcc 5 
     4861 accaagagcg tcggcgaaat tcttgatgaa gaactcagcg gggatcgcgc ttgacggcct 6 
     4921 acatcctcac ggctgaggcc gaagccgatc tacgcggcat catccgctac acgcgccggg 7 
     4981 agtggggcgc ggcgcaggtg cgccgctata tcgctaagct ggaacagggc atagccaggc 8 
     5041 ttgccgccgg cgaaggcccg tttaaggaca tgagcgaact ctttcccgcg ctgcggatgg 9 
     5101 cccgctgcga acaccactac gttttttgcc tgccgcgtgc gggcgaaccc gcgttggtcg 10 
     5161 tggcgatcct gcatgagcgc atggacctca tgacgcgact tgccgacagg ctcaagggct 11 
     5221 gatttcagcc gctaaaaatc gcgccactca caacgtcctg atggcgtact tacccaaaga 12 
     5281 acagctagga gaatcattta tgctcagcac acttccacaa gctcatgcaG gtaccgagct 13 
     5341 cgaattctta tcagatccca tgggtatgta tatctccttc ttaaagttaa acaaaattat 14 
     5401 ttctagccca aaaaaacggg tatggagaaa cagtagagag ttgcgataaa aagcgtcagg 15 
     5461 taggatccgc taatcttatg gataaaaatg ctatggcata gcaaagtgtg acgccgtgca 16 
     5521 aataatcaat gtggactttt ctgccgtgat tatagacact tttgttacgc gtttttgtca 17 
     5581 tggctttggt cccgctttgt tacagaatgc ttttaataag cggggttacc ggtttggtta 18 
     5641 gcgagaagag ccagtaaaag acgcagtgac ggcaatgtct gatgcaatat ggacaattgg 19 
     5701 tttcttctct gaatggcggg agtatgaaaa gtatggctga agcgcaaaat gatcccctgc 20 
     5761 tgccgggata ctcgtttaat gcccatctgg tggcgggttt aacgccgatt gaggccaacg 21 
     5821 gttatctcga tttttttatc gaccgaccgc tgggaatgaa aggttatatt ctcaatctca 22 
     5881 ccattcgcgg tcagggggtg gtgaaaaatc agggacgaga atttgtttgc cgaccgggtg 23 
     5941 atattttgct gttcccgcca ggagagattc atcactacgg tcgtcatccg gaggctcgcg 24 
     6001 aatggtatca ccagtgggtt tactttcgtc cgcgcgccta ctggcatgaa tggcttaact 25 
     6061 ggccgtcaat atttgccaat acggggttct ttcgcccgga tgaagcgcac cagccgcatt 26 
     6121 tcagcgacct gtttgggcaa atcattaacg ccgggcaagg ggaagggcgc tattcggagc 27 
     6181 tgctggcgat aaatctgctt gagcaattgt tactgcggcg catggaagcg attaacgagt 28 
     6241 cgctccatcc accgatggat aatcgggtac gcgaggcttg tcagtacatc agcgatcacc 29 
     6301 tggcagacag caattttgat atcgccagcg tcgcacagca tgtttgcttg tcgccgtcgc 30 
     6361 gtctgtcaca tcttttccgc cagcagttag ggattagcgt cttaagctgg cgcgaggacc 31 
     6421 aacgtatcag ccaggcgaag ctgcttttga gcaccacccg gatgcctatc gccaccgtcg 32 
     6481 gtcgcaatgt tggttttgac gatcaactct atttctcgcg ggtatttaaa aaatgcaccg 33 
     6541 gggccagccc gagcgagttc cgtgccggtt gtgaagaaaa agtgaatgat gtagccgtca 34 
     6601 agttgtcata atttggggat tccttaaggt atactttccg ctgcataacc ctgcttcggg 35 
     6661 gtcattatag cgattttttc ggtatatcca tcctttttcg cacgatatac aggattttgc 36 
     6721 caaagggttc gtgtagactt tccttggtgt atccaacggc gtcagccggg caggataggt 37 
     6781 gaagtaggcc cacccgcgag cgggtgttcc ttcttcactg tcccttattc gcacctggcg 38 
     6841 gtgctcaacg ggaatcctgc tctgcgaggc tggccgataa gctagcttat gtgagcaaaa 39 
     6901 ggccagcaaa aggccaggaa ccgtaaaaag gccgcgttgc tggcgttttt ccataggctc 40 
     6961 cgcccccctg acgagcatca caaaaatcga cgctcaagtc agaggtggcg aaacccgaca 41 
     7021 ggactataaa gataccaggc gtttccccct ggaagctccc tcgtgcgctc tcctgttccg 42 
     7081 accctgccgc ttaccggata cctgtccgcc tttctccctt cgggaagcgt ggcgctttct 43 
     7141 catagctcac gctgtaggta tctcagttcg gtgtaggtcg ttcgctccaa gctgggctgt 44 
     7201 gtgcacgaac cccccgttca gcccgaccgc tgcgccttat ccggtaacta tcgtcttgag 45 
     7261 tccaacccgg taagacacga cttatcgcca ctggcagcag ccactggtaa caggattagc 46 
     7321 agagcgaggt atgtaggcgg tgctacagag ttcttgaagt ggtggcctaa ctacggctac 47 
     7381 actagaagga cagtatttgg tatctgcgct ctgctgaagc cagttacctt cggaaaaaga 48 
     7441 gttggtagct cttgatccgg caaacaaacc accgctggta gcggtggttt ttttgtttgc 49 
     7501 aagcagcaga ttacgcgcag aaaaaaagga tctcaagaag atcctttgat cttttctacg 50 
     7561 gggtctgacg ctcagtggaa cgaaaactca cgttaaggga ttttggt 51 
// 52 
 53 
 54 

pOGG99 55 

pOGG99 was constructed and used throughout Chapters 4. 56 

poGG99 can be directly accessed here: https://benchling.com/s/seq-57 

zf78siekTtdzv0RHeV0Z?m=slm-KVtaK6aSnxWENSdaOtMh 58 

 59 
LOCUS       pOGG99                  3731 bp ds-DNA     circular     14-DEC-2021 60 
DEFINITION  . 61 
KEYWORDS    "Name:pOGG99" "Name of Depositor" "Type" "Incompatibility (origin   62 
            backbone):IncP1" "Resistance:Kanamycin" "Confirmed by Sequencing" 63 
            "           m d" "H       d          :E.      d 5α" "C      y" "  x 64 
            location" "Box" 65 
FEATURES             Location/Qualifiers 66 
     terminator      14..108 67 
                     /label="lambda t0 terminator" 68 
     CDS             218..1033 69 
                     /label="aphA" 70 
     misc_feature    313..313 71 
                     /label="mutated base" 72 
     oriT            1184..1292 73 
                     /label="oriT" 74 
     CDS             complement(1353..2501) 75 
                     /label="trfA" 76 
     rep_origin      2894..3425 77 
                     /label="IncP oriV" 78 
     misc_feature    3530..3552 79 
                     /label="pOGG012 module (parABCDE)" 80 
     misc_feature    3556..3619 81 
                     /label="pOGG004 fragment" 82 
     CDS             3558..3619 83 

https://benchling.com/s/seq-zf78siekTtdzv0RHeV0Z?m=slm-KVtaK6aSnxWENSdaOtMh
https://benchling.com/s/seq-zf78siekTtdzv0RHeV0Z?m=slm-KVtaK6aSnxWENSdaOtMh
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                     /label="lacZ-alpha" 1 
     misc_feature    3559..3615 2 
                     /label="MCS" 3 
     primer_bind     complement(3616..3618) 4 
                     /label="M13 fwd" 5 
     terminator      3635..3721 6 
                     /label="rrnB T1 terminator" 7 
ORIGIN 8 
        1 aattccgctc ttggactcct gttgatagat ccagtaatga cctcagaact ccatctggat 9 
       61 ttgttcagaa cgctcggttg ccgccgggcg ttttttattg gtgagaatcc aggcaattgt 10 
      121 gtctcaaaat ctctgatgtt acattgcaca agataaaaat atatcatcat gaacaataaa 11 
      181 actgtctgct tacataaaca gtaatacaag gggtgttatg agccatattc agcgtgaaac 12 
      241 gagctgtagc cgtccgcgtc tgaacagcaa catggatgcg gatctgtatg gctataaatg 13 
      301 ggcgcgtgat aaGgtgggtc agagcggcgc gaccatttat cgtctgtatg gcaaaccgga 14 
      361 tgcgccggaa ctgtttctga aacatggcaa aggcagcgtg gcgaacgatg tgaccgatga 15 
      421 aatggtgcgt ctgaactggc tgaccgaatt tatgccgctg ccgaccatta aacattttat 16 
      481 tcgcaccccg gatgatgcgt ggctgctgac caccgcgatt ccgggcaaaa ccgcgtttca 17 
      541 ggtgctggaa gaatatccgg atagcggcga aaacattgtg gatgcgctgg ccgtgtttct 18 
      601 gcgtcgtctg catagcattc cggtgtgcaa ctgcccgttt aacagcgatc gtgtgtttcg 19 
      661 tctggcccag gcgcagagcc gtatgaacaa cggcctggtg gatgcgagcg attttgatga 20 
      721 tgaacgtaac ggctggccgg tggaacaggt gtggaaagaa atgcataaac tgctgccgtt 21 
      781 tagcccggat agcgtggtga cccacggcga ttttagcctg gataacctga ttttcgatga 22 
      841 aggcaaactg attggctgca ttgatgtggg ccgtgtgggc attgcggatc gttatcagga 23 
      901 tctggccatt ctgtggaact gcctgggcga atttagcccg agcctgcaaa aacgtctgtt 24 
      961 tcagaaatat ggcattgata atccggatat gaacaaactg caatttcatc tgatgctgga 25 
     1021 tgaatttttc taataattaa ttgaactact tttccgctgc ataaccctgc ttcggggtca 26 
     1081 ttatagcgat tttttcggta tatccatcct ttttcgcacg atatacagga ttttgccaaa 27 
     1141 gggttcgtgt agactttcct tggtgtatcc aacggcgtca gccgggcagg ataggtgaag 28 
     1201 taggcccacc cgcgagcggg tgttccttct tcactgtccc ttattcgcac ctggcggtgc 29 
     1261 tcaacgggaa tcctgctctg cgaggctggc cgtaggccgg ccgcgatgca ggtggctgct 30 
     1321 gaacccccag ccggaactga ccccacaagg ccctagcgtt tgcaatgcac caggtcatca 31 
     1381 ttgacccagg cgtgttccac caggccgctg cctcgcaact cttcgcaggc ttcgccgacc 32 
     1441 tgctcgcgcc acttcttcac gcgggtggaa tccgatccgc acatgaggcg gaaggtttcc 33 
     1501 agcttgagcg ggtacggctc ccggtgcgag ctgaaatagt cgaacatccg tcgggccgtc 34 
     1561 ggcgacagct tgcggtactt ctcccatatg aatttcgtgt agtggtcgcc agcaaacagc 35 
     1621 acgacgattt cctcgtcgat caggacctgg caacgggacg ttttcttgcc acggtccagg 36 
     1681 acgcggaagc ggtgcagcag cgacaccgat tccaggtgcc caacgcggtc ggacgtgaag 37 
     1741 cccatcgccg tcgcctgtag gcgcgacagg cattcctcgg ccttcgtgta ataccggcca 38 
     1801 ttgatcgacc agcccaggtc ctggcaaagc tcgtagaacg tgaaggtgat cggctcgccg 39 
     1861 ataggggtgc gcttcgcgta ctccaacacc tgctgccaca ccagttcgtc atcgtcggcc 40 
     1921 cgcagctcga cgccggtgta ggtgatcttc acgtccttgt tgacgtggaa aatgaccttg 41 
     1981 ttttgcagcg cctcgcgcgg gattttcttg ttgcgcgtgg tgaacagggc agagcgggcc 42 
     2041 gtgtcgtttg gcatcgctcg catcgtgtcc ggccacggcg caatatcgaa caaggaaagc 43 
     2101 tgcatttcct tgatctgctg cttcgtgtgt ttcagcaacg cggcctgctt ggcttcgctg 44 
     2161 acctgttttg ccaggtcctc gccggcggtt tttcgcttct tggtcgtcat agttcctcgc 45 
     2221 gtgtcgatgg tcatcgactt cgccaaacct gccgcctcct gttcgagccg acgcgaacgc 46 
     2281 tccacggcgg ccgatggcgc gggcagggca gggggagcca gttgcacgct gtcgcgctcg 47 
     2341 atcttggccg tagcttgctg gactatcgag ccgacggact ggaaggtttc gcggggcgca 48 
     2401 cgcatgacgg tgcggcttgc gatggtttcg gcatcctcgg cggaaaaccc cgcgtcgatc 49 
     2461 agttcttgcc tgtatgcctt ccggtcaaac gtccgattca ttcaccctcc ttgcgggatt 50 
     2521 gccccggaat taattccccg gatcgatccg tcgatcttga tcccctgcgc catcagatcc 51 
     2581 ttggcggcaa gaaagccatc cagtttactt tgcagggctt cccaacctta ccagagggcg 52 
     2641 ccccagctgg caattccggt tcgcttgctg tccataaaac cgcccagtct agctatcgcc 53 
     2701 atgtaagccc actgcaagct acctgctttc tctttgcgct tgcgttttcc cttgtccaga 54 
     2761 tagcccagta gctgacattc atccggggtc agcaccgttt ctgcggactg gctttctacg 55 
     2821 tggctgccat ttttggggtg aggccgttcg cggccgaggg gcgcagcccc tggggggatg 56 
     2881 ggaggcccgc gttagcgggc cgggagggtt cgagaagggg gggcaccccc cttcggcgtg 57 
     2941 cgcggtcacg cgcacagggc gcagccctgg ttaaaaacaa ggtttataaa tattggttta 58 
     3001 aaagcaggtt aaaagacagg ttagcggtgg ccgaaaaacg ggcggaaacc cttgcaaatg 59 
     3061 ctggattttc tgcctgtgga cagcccctca aatgtcaata ggtgcgcccc tcatctgtca 60 
     3121 gcactctgcc cctcaagtgt caaggatcgc gcccctcatc tgtcagtagt cgcgcccctc 61 
     3181 aagtgtcaat accgcagggc acttatcccc aggcttgtcc acatcatctg tgggaaactc 62 
     3241 gcgtaaaatc aggcgttttc gccgatttgc gaggctggcc agctccacgt cgccggccga 63 
     3301 aatcgagcct gcccctcatc tgtcaacgcc gcgccgggtg agtcggcccc tcaagtgtca 64 
     3361 acgtccgccc ctcatctgtc agtgagggcc aagttttccg cgaggtatcc acaacgccgg 65 
     3421 cggccctaca tggctctgct gtagtgagtg ggttgcgctc cggcagcggt cctgatcccc 66 
     3481 cgcagaaaaa aaggatctca agaagatcct ttgatctttt ctacattact gcatgagctt 67 
     3541 gtggaagtgt gcTGAgccaa gcttgcatgc ctgcaggtcg actctagagg atccccgggt 68 
     3601 accgagctcg aattcactag atctagggcg gcggatttgt cctactcagg agagcgttca 69 
     3661 ccgacaaaca acagataaaa cgaaaggccc agtctttcga ctgagccttt cgttttattt 70 
     3721 gatgcctgcc g 71 
//  72 
 73 

pOGG99_par 74 

pOGG99_par is based on pOGG99 and was constructed and used throughout 75 

Chapters 4. 76 

poGG99_par can be directly accessed here: https://benchling.com/s/seq-77 

Qe4Yij8EAFTMo5ugOMfu?m=slm-5Uhz8m53hsBTex4QeLeG 78 

 79 
LOCUS       pOGG99_par              6043 bp ds-DNA     circular     14-DEC-2021 80 
DEFINITION  . 81 

https://benchling.com/s/seq-Qe4Yij8EAFTMo5ugOMfu?m=slm-5Uhz8m53hsBTex4QeLeG
https://benchling.com/s/seq-Qe4Yij8EAFTMo5ugOMfu?m=slm-5Uhz8m53hsBTex4QeLeG
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KEYWORDS    "Name" "Name of Depositor" "Type" "Incompatibility (origin          1 
            backbone)" "Resistance" "Confirmed by Sequencing" "Parent plasmid" 2 
            "Harboured in strain" "Category" "Box location" "Box" 3 
FEATURES             Location/Qualifiers 4 
     terminator      14..108 5 
                     /label="lambda t0 terminator" 6 
     CDS             218..1033 7 
                     /label="aphA" 8 
     misc_feature    313..313 9 
                     /label="mutated base" 10 
     oriT            1184..1292 11 
                     /label="oriT" 12 
     CDS             complement(1353..2501) 13 
                     /label="trfA" 14 
     rep_origin      2894..3425 15 
                     /label="IncP oriV" 16 
     misc_feature    3530..5929 17 
                     /label="pOGG012 module (parABCDE)" 18 
     mRNA            complement(3589..4219) 19 
                     /label="parD and parE genes" 20 
     CDS             complement(3637..3948) 21 
                     /label="parE CDS" 22 
     gene            complement(3637..3948) 23 
                     /label="parE gene" 24 
     CDS             complement(3945..4196) 25 
                     /label="parD CDS" 26 
     gene            complement(3945..4196) 27 
                     /label="parD gene" 28 
     gene            complement(3945..4254) 29 
                     /label="parD gene" 30 
     CDS             4347..4640 31 
                     /label="parB CDS" 32 
     misc_feature    4936..4936 33 
                     /label="C -> G on RP4" 34 
     gene            5131..5790 35 
                     /label="parA gene" 36 
     CDS             5131..5790 37 
                     /label="parA CDS" 38 
     terminator      5947..6033 39 
                     /label="rrnB T1 terminator" 40 
ORIGIN 41 
        1 aattccgctc ttggactcct gttgatagat ccagtaatga cctcagaact ccatctggat 42 
       61 ttgttcagaa cgctcggttg ccgccgggcg ttttttattg gtgagaatcc aggcaattgt 43 
      121 gtctcaaaat ctctgatgtt acattgcaca agataaaaat atatcatcat gaacaataaa 44 
      181 actgtctgct tacataaaca gtaatacaag gggtgttatg agccatattc agcgtgaaac 45 
      241 gagctgtagc cgtccgcgtc tgaacagcaa catggatgcg gatctgtatg gctataaatg 46 
      301 ggcgcgtgat aaGgtgggtc agagcggcgc gaccatttat cgtctgtatg gcaaaccgga 47 
      361 tgcgccggaa ctgtttctga aacatggcaa aggcagcgtg gcgaacgatg tgaccgatga 48 
      421 aatggtgcgt ctgaactggc tgaccgaatt tatgccgctg ccgaccatta aacattttat 49 
      481 tcgcaccccg gatgatgcgt ggctgctgac caccgcgatt ccgggcaaaa ccgcgtttca 50 
      541 ggtgctggaa gaatatccgg atagcggcga aaacattgtg gatgcgctgg ccgtgtttct 51 
      601 gcgtcgtctg catagcattc cggtgtgcaa ctgcccgttt aacagcgatc gtgtgtttcg 52 
      661 tctggcccag gcgcagagcc gtatgaacaa cggcctggtg gatgcgagcg attttgatga 53 
      721 tgaacgtaac ggctggccgg tggaacaggt gtggaaagaa atgcataaac tgctgccgtt 54 
      781 tagcccggat agcgtggtga cccacggcga ttttagcctg gataacctga ttttcgatga 55 
      841 aggcaaactg attggctgca ttgatgtggg ccgtgtgggc attgcggatc gttatcagga 56 
      901 tctggccatt ctgtggaact gcctgggcga atttagcccg agcctgcaaa aacgtctgtt 57 
      961 tcagaaatat ggcattgata atccggatat gaacaaactg caatttcatc tgatgctgga 58 
     1021 tgaatttttc taataattaa ttgaactact tttccgctgc ataaccctgc ttcggggtca 59 
     1081 ttatagcgat tttttcggta tatccatcct ttttcgcacg atatacagga ttttgccaaa 60 
     1141 gggttcgtgt agactttcct tggtgtatcc aacggcgtca gccgggcagg ataggtgaag 61 
     1201 taggcccacc cgcgagcggg tgttccttct tcactgtccc ttattcgcac ctggcggtgc 62 
     1261 tcaacgggaa tcctgctctg cgaggctggc cgtaggccgg ccgcgatgca ggtggctgct 63 
     1321 gaacccccag ccggaactga ccccacaagg ccctagcgtt tgcaatgcac caggtcatca 64 
     1381 ttgacccagg cgtgttccac caggccgctg cctcgcaact cttcgcaggc ttcgccgacc 65 
     1441 tgctcgcgcc acttcttcac gcgggtggaa tccgatccgc acatgaggcg gaaggtttcc 66 
     1501 agcttgagcg ggtacggctc ccggtgcgag ctgaaatagt cgaacatccg tcgggccgtc 67 
     1561 ggcgacagct tgcggtactt ctcccatatg aatttcgtgt agtggtcgcc agcaaacagc 68 
     1621 acgacgattt cctcgtcgat caggacctgg caacgggacg ttttcttgcc acggtccagg 69 
     1681 acgcggaagc ggtgcagcag cgacaccgat tccaggtgcc caacgcggtc ggacgtgaag 70 
     1741 cccatcgccg tcgcctgtag gcgcgacagg cattcctcgg ccttcgtgta ataccggcca 71 
     1801 ttgatcgacc agcccaggtc ctggcaaagc tcgtagaacg tgaaggtgat cggctcgccg 72 
     1861 ataggggtgc gcttcgcgta ctccaacacc tgctgccaca ccagttcgtc atcgtcggcc 73 
     1921 cgcagctcga cgccggtgta ggtgatcttc acgtccttgt tgacgtggaa aatgaccttg 74 
     1981 ttttgcagcg cctcgcgcgg gattttcttg ttgcgcgtgg tgaacagggc agagcgggcc 75 
     2041 gtgtcgtttg gcatcgctcg catcgtgtcc ggccacggcg caatatcgaa caaggaaagc 76 
     2101 tgcatttcct tgatctgctg cttcgtgtgt ttcagcaacg cggcctgctt ggcttcgctg 77 
     2161 acctgttttg ccaggtcctc gccggcggtt tttcgcttct tggtcgtcat agttcctcgc 78 
     2221 gtgtcgatgg tcatcgactt cgccaaacct gccgcctcct gttcgagccg acgcgaacgc 79 
     2281 tccacggcgg ccgatggcgc gggcagggca gggggagcca gttgcacgct gtcgcgctcg 80 
     2341 atcttggccg tagcttgctg gactatcgag ccgacggact ggaaggtttc gcggggcgca 81 
     2401 cgcatgacgg tgcggcttgc gatggtttcg gcatcctcgg cggaaaaccc cgcgtcgatc 82 
     2461 agttcttgcc tgtatgcctt ccggtcaaac gtccgattca ttcaccctcc ttgcgggatt 83 
     2521 gccccggaat taattccccg gatcgatccg tcgatcttga tcccctgcgc catcagatcc 84 
     2581 ttggcggcaa gaaagccatc cagtttactt tgcagggctt cccaacctta ccagagggcg 85 
     2641 ccccagctgg caattccggt tcgcttgctg tccataaaac cgcccagtct agctatcgcc 86 
     2701 atgtaagccc actgcaagct acctgctttc tctttgcgct tgcgttttcc cttgtccaga 87 
     2761 tagcccagta gctgacattc atccggggtc agcaccgttt ctgcggactg gctttctacg 88 
     2821 tggctgccat ttttggggtg aggccgttcg cggccgaggg gcgcagcccc tggggggatg 89 
     2881 ggaggcccgc gttagcgggc cgggagggtt cgagaagggg gggcaccccc cttcggcgtg 90 
     2941 cgcggtcacg cgcacagggc gcagccctgg ttaaaaacaa ggtttataaa tattggttta 91 
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     3001 aaagcaggtt aaaagacagg ttagcggtgg ccgaaaaacg ggcggaaacc cttgcaaatg 1 
     3061 ctggattttc tgcctgtgga cagcccctca aatgtcaata ggtgcgcccc tcatctgtca 2 
     3121 gcactctgcc cctcaagtgt caaggatcgc gcccctcatc tgtcagtagt cgcgcccctc 3 
     3181 aagtgtcaat accgcagggc acttatcccc aggcttgtcc acatcatctg tgggaaactc 4 
     3241 gcgtaaaatc aggcgttttc gccgatttgc gaggctggcc agctccacgt cgccggccga 5 
     3301 aatcgagcct gcccctcatc tgtcaacgcc gcgccgggtg agtcggcccc tcaagtgtca 6 
     3361 acgtccgccc ctcatctgtc agtgagggcc aagttttccg cgaggtatcc acaacgccgg 7 
     3421 cggccctaca tggctctgct gtagtgagtg ggttgcgctc cggcagcggt cctgatcccc 8 
     3481 cgcagaaaaa aaggatctca agaagatcct ttgatctttt ctacattact gcatgagctt 9 
     3541 gtggaagtgt gctgagcata aatgattctc ctagctgttc tttgggtaag tacgccatca 10 
     3601 ggacgttgtg agtggcgcga tttttagcgg ctgaaatcag cccttgagcc tgtcggcaag 11 
     3661 tcgcgtcatg aggtccatgc gctcatgcag gatcgccacg accaacgcgg gttcgcccgc 12 
     3721 acgcggcagg caaaaaacgt agtggtgttc gcagcgggcc atccgcagcg cgggaaagag 13 
     3781 ttcgctcatg tccttaaacg ggccttcgcc ggcggcaagc ctggctatgc cctgttccag 14 
     3841 cttagcgata tagcggcgca cctgcgccgc gccccactcc cggcgcgtgt agcggatgat 15 
     3901 gccgcgtaga tcggcttcgg cctcagccgt gaggatgtag gccgtcaagc gcgatccccg 16 
     3961 ctgagttctt catcaagaat ttcgccgacg ctcttggtgg acaccttgcc ggcaagccca 17 
     4021 tcgttgatgc ggttccccag catggttttc agttcctgcc atgcctgatc ggcatcagcg 18 
     4081 tcaccgggga acagacgttc gagggcgtat tgcttaatgg tcttgccctg caaggcggcc 19 
     4141 agggctttca ggctctggtg ctgctggtcc gtcatgtcga ttgtcaggcg gctcattgga 20 
     4201 taacctccat aaaatacacg taaccacatt agcacatatg tgggcgtgag gctacagcgc 21 
     4261 gaggcgcatt aaggtcggga aaatgcgcta ggcgcattta aattgcgtat tgctgtaatg 22 
     4321 cgccatgccg gctagactag gcccaaatgg gtatacccaa tttgaccaag ggggacgcga 23 
     4381 tgagggcggc caagcactac cgacaacttc tatccatcga cttcaacatc gaggcgctgg 24 
     4441 ccttcgtgcc tggacccgac ggcacacgcg gccggcgcat ccacgtcctg gggcgcgagg 25 
     4501 tccgcgaccg gcccggcctg gtcgagtacc tttcgccggc gttcggctcg cgggtggcgc 26 
     4561 tggacggcta ctgcaaggcc aatttcgatg cagtgctgca cctggcgtac cccgatcatc 27 
     4621 agcaatgggg ccacgcatga agcgccgaag ctacgccatg ctgcgcgccg ctgccgcgct 28 
     4681 ggccgtcctg gtcgttgcct cgccggcatg ggccgagctg cgcggcgagg tcgtgcgcat 29 
     4741 catcgacggc gacaccatcg acgtgctggt agacaagcag ccggtgcgcg tgcgcctggt 30 
     4801 ggacattgac gcgccggaaa agcggcaagc cttcggcgaa cgtgcgcgcc aggcgctggc 31 
     4861 cggcatggtg ttccgccggc acgtcctggt cgacgagaag gacaccgacc gttacggccg 32 
     4921 cacgctgggc accgtctggg tcaacatgga gctggccagc cggccgccgc agccgcgcaa 33 
     4981 cgtcaacgcc gcgatggttc accagggcat ggcgtgggcc tatcgcttcc acggccgcgc 34 
     5041 ggccgaccct gaaatgctgc ggctcgaaca ggaggcgcga ggcaagcgcg tcggcctctg 35 
     5101 gtccgatccg cacgccgtcg agccgtggaa atggcgacgc gagagcaaca accggaggga 36 
     5161 cgaaggttga aggtcgcccg catctacctg cgcgccagta cggacgagca gaatcttgaa 37 
     5221 cgccaggaga gccttgtagc ggccacgcgg gccgccgggt actacgtcgc cggcatctac 38 
     5281 cgcgagaagg cgtccggcgc acgcgccgac cggcccgagc tgctgcgcat gatcgcggac 39 
     5341 ctgcaacctg gtgaagtcgt cgttgcggag aagatcgacc gcatcagccg cttgccgttg 40 
     5401 gccgaggccg agcgcctggt tgcgtcgatc cgggccaaag gggccaagct ggccgtgcct 41 
     5461 ggcgtggtgg acctgtcgga gctggccgcc gaggcgaacg gagtggcgaa aatcgttctg 42 
     5521 gaatccgtcc aggacatgct tttgaagctc gccttgcaga tggcccgcga cgactacgag 43 
     5581 gatcggcgcg agcgtcaacg tcagggtgtc cagttggcga aggccgccgg ccgctacacc 44 
     5641 ggccgcaaac gtgacgccgg catgcacgac cgcatcatca cgcttcgctc cggcggatcg 45 
     5701 agcattgcca agacggccaa gctggtcgga tgcagcccga gccaggtcaa acgagtgtgg 46 
     5761 gcggcctgga acgcgcagca gcaaaaataa agccgggcag tgcccggctt ttctcacctt 47 
     5821 ttcgcgtccc gcagggccgc tgcgagcgcc ctacctagat cctcgctttc cccctcggtg 48 
     5881 tagtccggcc agggcacgaa gggcgcggat gcgaacctgt tgagcaggtc agatctaggg 49 
     5941 cggcggattt gtcctactca ggagagcgtt caccgacaaa caacagataa aacgaaaggc 50 
     6001 ccagtctttc gactgagcct ttcgttttat ttgatgcctg ccg 51 
//    52 
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