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Abstract

The interactions between humans and microbes are intimately important to human health, with

both commensal and pathogenic bacteria affecting homeostasis and disease. Increasing concern

over antibiotic resistance in bacterial pathogens represents a significant threat to human health,

and use of traditional antibiotics to treat infections can be detrimental to commensal bacteria as

well as pathogens, demonstrating a need for more specific antibacterial reagents. RNA-guided

CRISPR nucleases, which can target and cleave genomes of interest, are a potential tool for spe-

cific bacterial targeting. A key limitation to the use of CRISPR antimicrobials is effective and

robust delivery to the target bacteria. My thesis addresses this key issue by functionalizing con-

jugative systems to deliver a CRISPR nuclease for bacterial killing. First, a plasmid containing

an arabinose-inducible TevCas9 nuclease that is mobilizable in-trans by an RK2-based conjuga-

tive system was constructed. Inclusion of the RK2-based conjugative system in-cis on the same

plasmid was shown to greatly increase the conjugation frequency over time. Furthermore, when

conjugating in liquid we observed that providing glass beads to increase surface area for biofilm

development and cell-cell contact significantly improved conjugation frequency. Crucially, con-

jugated TevCas9 was able to kill Salmonella enterica with up to 99% efficiency, depending on

the sgRNA provided. Next, to explore the importance of conjugative systems for delivery, a

database containing thousands of conjugative systems identified from gut metagenomic data was

constructed. From this database, a conjugative system of 54 kb native to the Citrobacter genus was

constructed de novo. This conjugative plasmid, p20298-15a, showed 30-fold increased conjuga-

tion frequency to Citrobacter rodentium than to Escherichia coli, and was capable of conjugation

to several additional Citrobacter strains. The p20298-15a plasmid was then functionalized to clone

the arabinose-inducible CRISPR-TevCas9 system, which was able to target and kill C. rodentium.

Importantly, the construction and engineering of p20298 shows that large genetic systems found in

metagenomic data sets can be synthesized and functionalized. Overall, this thesis demonstrates the

effective use of conjugative systems as a delivery mechanism for CRISPR-based antimicrobials for

the targeted killing of bacteria.

Keywords: Bacterial conjugation, CRISPR, TevCas9, microbiome, synthetic biology, functional
metagenomics
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Lay Summary

Bacteria are present in ecosystems throughout the world and are intimately linked to human

health. Many bacteria in the human body are beneficial and required for health, whereas other

bacteria are pathogenic. To conventionally treat infections of pathogenic bacteria, patients are

typically given antibiotics, however, a growing concern in medicine is the rise of antibiotic re-

sistant bacteria. Furthermore, these same antibiotics can have a detrimental impact on healthy,

commensal bacteria. To continue to treat pathogenic bacteria, novel methods of specific bacteria

killing are required. To address this problem, this thesis utilizes two key technologies. The first is

bacterial conjugation, which is a naturally occurring mechanism that bacteria use to share genetic

information. The second is CRISPR (clustered regularly interspaced short palindromic repeats)

technology, which allows for the targeting of genomes at specific DNA sequences. Importantly,

CRISPR nucleases are proteins that are guided towards the bacterial genome and cleave the DNA

leading to cell death.

First a plasmid was constructed that contained a CRISPR nuclease that could specifically target

bacterial DNA for cleavage. This plasmid was capable of being mobilized from a donor bacterial

strain to a recipient bacterial strain. Importantly, including the conjugative machinery on the same

plasmid allowed for better spread to recipient bacteria. A variety of plasmids were then constructed

to target Salmonella enterica and were capable of killing up to 99% of the recipient cells.

Next, new conjugative systems were identified computationally in a gut metagenomic data set.

These data represent the cumulative microbial DNA that is found in the human gut, from which

thousands of different conjugative systems were identified. I proceeded to construct one of these

conjugative systems synthetically to target a bacterium that the system was native to and showed

that it could be transferred between bacteria. The CRISPR nuclease was then added to the new

functional plasmid, and it was delivered to kill bacteria from the genus the original conjugative

system was identified from.

Overall, this thesis describes an approach for the delivery of CRISPR nucleases via bacterial

conjugation to target and kill specific bacteria of interest.
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Chapter 1

Introduction

1.1 Human health and the microbiome

1.1.1 On the interface of humans and microbes

The relationship between humans and microbes is a remarkable factor in our lives, and crucially

important for homeostasis. In fact, the human body is home to numerous diverse ecosystems of

microbes that have key roles in human health (3, 39, 135, 173). For instance, research on gut micro-

biome dysbiosis has suggested important involvement in diseases including obesity (166), cancer

(151) and inflammatory bowel disease (68). While the gut microbiome is perhaps the most ex-

tensively studied, other commensal microbial communities have critical health implications when

dysbiosis occurs including the oral (50), vaginal (30), and skin (23) microbiomes. With estimates

for the ratio of the number of bacterial to human cells in the body ranging between 10:1 (150) and

1:1 (153) it is evident that the human body is more than just one organism, highlighting the signif-

icance of our symbiosis with microbes. While healthy interactions between humans and microbes

are essential, not all of our relationships are symbiotic in nature. Throughout human history,

we have observed and been affected by the negative interactions that can exist between humans

and microbes, facing pandemics caused by bacterial agents such as the plague (Yersinia pestis)

(138), cholera (Vibrio cholera) (48), and tuberculosis (Mycobacterium tuberculosis) (145). While

modern medicine has allowed us to face the challenges associated with bacterial diseases through

the use of traditional antibiotics, we continue to face significant health consequences as a result

of bacterial infections and growing antimicrobial resistance (AMR) in pathogenic species (125).
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Taken together, the relationship between humans and bacteria is a delicate balance of symbiosis

and pathogenesis which has a critical impact on human health.

1.1.2 Bacterial pathogens and antimicrobial resistance

Bacterial pathogenesis is a major contributor to human disease. In fact, a recent study indicated

that globally in 2019, 7.7 million deaths were linked to infections from 33 clinically significant

pathogens (76). The majority of these deaths were caused by five bacteria: Staphylococcus aureus,

Escherichia coli, Streptococcus pneumoniae, Klebsiella pneumoniae, and Pseudomonas aerugi-

nosa. In addition to the risk of mortality, each of these bacteria demonstrated resistance to tra-

ditional antibiotic therapies (36, 56, 129, 133, 137). Furthermore, tuberculosis continues to be a

bacterial disease of concern. In 2019, 10 million people devloped tuberculosis, 1.4 million deaths

were associated with infection, and approximately 4.7% of patients were infected with multidrug-

resistant or rifampicin-resistant strains (57). The growing prevalence of resistance to antibiotics

is a major threat to human health that requires diverse solutions to generate effective treatments.

Generally, the development of AMR bacteria is somewhat paradoxical, as overuse of traditional

antibiotics selects for resistant variants (169). Therefore, the more we utilize life-saving antibi-

otics, the higher the risk of not being able to treat the same bacterial targets later on. Beyond

their use in healthcare, large-scale use of antibiotics in agriculture significantly contributes to the

generation of resistant bacteria (169, 181). These combined pressures continue to drive evolution

of new AMR strains of potential human pathogens, illustrating the need to develop novel and di-

verse solutions to target these strains. While methods for identifying new antibiotic compounds

continue to be explored (120, 158), the development of novel solutions to combat AMR is imper-

ative to diversify the ability to target bacteria of concern. One solution is phage therapy, which

utilizes bacteriophages that natively kill bacteria (96). Phage therapy is not a novel treatment idea,

having first been used a century ago, but growing concern over AMR has led to renewed interest

for targeting bacteria (72, 96). Furthermore, sequence-specific antimicrobials that take advantage

of modern biological tools to target bacterial DNA for cleavage also provoke significant interest

(17, 40, 64). The ability for phage therapy and sequence-specific antimicrobials to more precisely

target microbes is a potential advantage over many broad-range antibiotics. Ultimately, having
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diverse solutions to combat current and future AMR bacteria is necessary to help combat the con-

tinuing evolution of bacterial pathogens. While continued development of traditional therapies is

necessary, novel solutions are also required to diversify the way we target and treat these microbial

infections.

1.1.3 Microbiome dysbioses and human health

Beyond the challenges that are presented from pathogenic bacteria, dysbioses of native human

microbial ecosystems influence human health. Perhaps the most well studied microbiome with

respect to human health is the human gut microbiome. Although gut microbiomes contain diverse

bacteria, and can vary between different individuals (53), specific perturbations and balances of

normally commensal bacteria have been implicated in various diseases. Perhaps the most obvious

example of this occurs with gut diseases such as inflammatory bowel disease and ulcerative colitis,

which have both been linked with low gut microbiota diversity (107, 164). In fact, fecal microbiota

transplant (FMT) to restore a healthy microbiome has been demonstrated as a successful treatment

procedure for ulcerative colitis (44). The ability to fix diversity-related gut diseases with healthy

community replacement illustrates the importance of healthy and balanced microbial ecosystems

to human gut health.

Another example of the role of the gut microbiome in disease is with obesity. Two studies

showed that genetically obese mice have an increased abundance of Bacteroidetes and a corre-

sponding decreased abundance of Firmicutes (108, 167), although these conclusions have been

criticized in future analyses (162). Nevertheless, literature suggests an association may exist be-

tween microbiome composition and obesity related-factors, even if the link is not yet completely

clear (166). It has also recently been suggested that the human gut microbiome impacts the effi-

cacy of immune checkpoint inhibitor therapy treatment for cancer (106, 184), although the precise

differences are not fully understood and appear to vary greatly between individuals. Interestingly,

co-treatment with FMT from healthy donors was shown to improve immune checkpoint inhibitor-

associated colitis (174), further supporting the link between gut microbiome health and treatment

efficacy. Overall, while yet to be fully understood, it is evident that gut microbiome health is

intricately related to the health of the human host in a symbiotic manner.
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While the gut microbiome is essential to human health, other microbial communities use the

human body as a host, and dysbioses in these systems have also been implicated in disease. For ex-

ample, dysbiosis of the human skin microbiome has been associated with atopic dermatitis (180),

a chronic inflammatory skin disorder. Likewise, the vaginal microbiome appears to have differ-

ent compositional changes when affected by various diseases (30), indicating important relation-

ships between microbes and vaginal health. Additionally, the oral microbiome is another complex

ecosystem where overabundance of certain pathogens has been linked to oral disease (50). Poor

oral hygiene has also been associated with cardiovascular health, suggesting the possibility of a

deeper interaction between the oral microbiome and general human health (86). Ultimately, though

there remains much left to be understood about the relationship between humans and our bacterial

symbiotes, it is evident that this relationship is vital to human health.

1.2 Metagenomics

1.2.1 Metagenomes and Metagenome-assembled genomes (MAGs)

The study of the functional impact that microbial communities have on both human health and the

environment has been advanced by the development and innovation of molecular biology and DNA

sequencing technologies. These advances made way for the study of metagenomes, which were

first described as the collection of genomes in a microbial community, originally being applied to

soil microflora (69). The field of metagenomics has since expanded to encompass the study of

microbial systems across environmental and health-related samples. In particular, the evolution of

next-generation sequencing technology has enabled the shotgun metagenomics approach to rapidly

generate data from complex microbial communities (141). Furthermore, long-read sequencing

technologies such as the Oxford Nanopore MinION can be used to study low-complexity microbial

populations (101). Combining long-read and short-read sequencing data for hybrid metagenomic

assemblies can also enable higher resolution assembly of metagenomes (15).

Studying microbial communities by analyzing their metagenomes is particularly useful as it

can generate functional information for both culturable and non-culturable organisms (51). This

is important as traditional microbiological techniques limit functional study to bacteria that can
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be readily isolated. Advanced methodologies for binning metagenomic data allow for genomes

to be recovered from the information, known as metagenome-assembled genomes (MAGs) (2,

149). This strategy has been applied to metagenomic data where it was used to recover microbial

genomes from public metagenome data, greatly increasing the known diversity of archaeal and

bacterial genome trees by more than 30% (131). Furthermore, it has been specifically applied

to gut microbiome data to generate a genomic blueprint of the gut microbiome by constructing

MAGs, including those from nearly 2000 uncultured candidate bacteria (3). MAGs are generally

less complete and lower quality than isolate genomes (119), although circularized genomes can be

recovered from long-read sequencing metagenomic data (47). A further limitation with MAGs is

that plasmids are generally under-represented in the binned sequences. This under-representation

occurs due to difficulty in successfully recovering and binning plasmid sequences (1). Overall,

metagenomic sequencing expands the ability to study both taxonomy and function of microbes in

diverse communities.

1.2.2 Functionalizing biological systems from microbial communities

An important function of metagenomic data is the ability to identify key functional systems from

diverse microbial communities (1). Functional metagenomics can identify genes and systems with

interesting activities in microbial ecosystems. This method typically uses DNA isolated from mi-

crobial communities which is then used to generate a library of genetic material in host cloning

vectors (99). These libraries can then be screened to identify desired functions of interest from the

community and clones that exhibit desired activities can then be sequenced and analyzed further.

Functional metagenomics can help elucidate the unique functions of complex microbial commu-

nities. For instance, functional metagenomics can be used to study extremophiles in harsh en-

vironments (121) and antibiotic resistance in environmental samples (165). In human samples,

antibiotic resistance has been further studied to identify novel resistance genes in the human gut

microbiome (35).

Importantly, using functional metagenomics to identify genes and systems can be exploited

to identify biological activities with applications in biotechnology. Through functional metage-

nomics, various novel enzymes have been isolated including thermostable polymerases (124), Cas9
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inhibitors (55), and genes for napthalene degradation (175). From human microbiome data, genes

for bile salt hydrolase activity have also been identified (84). Additionally, systems that generate

antimicrobial molecules have been identified through functional studies (113). Ultimately, func-

tional metagenomics is capable of identifying genes and systems from microbial communities

which would be difficult or impossible to discover by isolate-based approaches. Importantly, ad-

vancements in DNA synthesis technologies have made DNA synthesis from sequence possible at

scale (97). While functional metagenomics traditionally uses a function-to-sequence approach to

identify genetic systems, these advancements provide the groundwork for a sequence-to-function

approach for the synthetic construction of genes and pathways that are identified directly from

metagenomic sequencing data. For example, libraries of bacterial regulatory elements have been

constructed from metagenomic data (82, 157) and enzyme sequences have been used to design

primers for PCR amplification of genes from isolated metagenomic DNA (185).

1.3 Bacterial conjugation

1.3.1 Methods of horizontal gene transfer in bacteria

One of the principal mechanisms that drives evolution in bacteria is horizontal gene transfer (HGT)

(22, 98). HGT is the lateral movement of genetic information between organisms, and has been

observed in bacteria, archaea, and eukaryotes (89, 98, 170). In bacteria there are three major

natural processes by which HGT occurs: transformation, transduction and conjugation (Figure

1.1). Furthermore, HGT is a causative mechanism in the development of antimicrobial resistance

(25, 118). Importantly, these mechanisms of DNA transfer can be readily exploited for molecular

biology and synthetic biology applications.

The first of these three methods of HGT to be discovered was transformation (Figure 1.1a),

which was identified serendipitously by Frederick Griffith in 1928 when he observed that mixing

non-virulent strains of Streptococcus pneumoniae with heat-killed virulent strains of S. pneumo-

niae, caused non-virulent strains to be ”transformed” into the virulent type (65). Bacterial trans-

formation involves the direct uptake of exogenous DNA from the environment by the bacterial

cell (33). In the case of natural transformation, uptake of DNA is an active process which utilizes
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enzymes to facilitate the transfer of DNA across cell membranes (33). Artificial transformation

is often used in laboratories and uses either chemical preparation, or electroporation to force the

transfer of DNA through pores in the membrane (6). In either case, transformation is a popular

tool for introducing exogenous DNA into a bacterial cell, and has been crucial in the advancement

of molecular and synthetic biology.

The second major process by which HGT occurs in bacteria is through bacteriophage transduc-

tion (Figure 1.1c). Bacteriophages (phages) are viruses that target and infect bacteria. Lysogenic

phages are capable of inserting themselves into the host chromosome, becoming prophages (26).

Under certain conditions, prophages are able to excise themselves from the chromosome, some-

times taking portions of the host DNA with them (26). When host DNA is repackaged into a new

virion, it can then be transferred to a new cell upon subsequent infection. Generalized transduction

has also been observed where fragments of the host chromosome, not immediately adjacent to the

prophage, are packaged into new phage particles and can be mobilized (21, 26). The multiple

mechanisms by which host DNA can be packaged into virions and transferred to a new cell high-

lights how phages facilitate the transfer of genetic material between bacteria. Bacteriophages have

been a noted cause of HGT, such as in the case of Vibrio cholerae where the cholera toxin itself is

phage-encoded (171). Additionally, antibiotic resistance genes have been found in collected bac-

teriophage samples (42), and the transfer of resistance genes from bacteriophages to host bacteria

has been observed (117, 179). The ability for phages to introduce foreign DNA into new cells has

made them a desirable delivery tool in synthetic biology across a range of applications (152).

The final HGT process to discuss is bacterial conjugation (Figure 1.1b), which involves the

cell-to-cell transfer of genetic material in bacteria (25). Typically bacterial conjugative systems

encode for two key processes: DNA relaxation caused by strand nicking at the origin of transfer

(oriT) by a DNA relaxase, and a type IV secretion system (T4SS) which facilitates the transfer

of DNA between cells (25). Generally, these systems are found encoded either as a conjugative

plasmid, or on the bacterial chromosome itself as an integrated conjugative element (ICE) (25,

183). Bacterial conjugative systems are perhaps the most common method of HGT transfer within

microbial communities, and frequently carry genes that confer antimicrobial resistance (25, 118).

For this reason, a significant amount of research has aimed to study the persistence and evolution

of these plasmids (10, 52, 54, 146). Furthermore, their ability to carry large genetic loads (102)
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makes conjugative plasmids of great interest for synthetic biology.

1.3.2 Conjugation - a history

The process of bacterial conjugation was discovered throughout a series of papers from Joshua

Lederberg and his collaborators (29, 103–105), for which he would ultimately be awarded the No-

bel prize in 1958 (123). Lederberg’s work with Edward Tatum identified a “sexual process” in E.

coli when mixing cultures of different mutants (104), which would later be recognized as bacte-

rial conjugation. Eventually, this work alongside other key scientists including Esther Lederberg,

and Luigi Luca Cavalli-Sforza would lead to the discovery of a fertility factor or “F” (105), later

identified as the F conjugative plasmid (29, 103). At this time, very little was understood about

the underlying molecular mechanisms of the transfer, beyond the idea that extra-chromosomal ele-

ments were involved, and that cell-to-cell contact seemed necessary for transfer (29). Overall, this

series of experiments was foundational for understanding the biology of bacterial conjugation.

1.3.3 Biology of conjugative systems

Bacterial conjugation is perhaps most easily understood as a two-step process that unites the sys-

tem for rolling-circle DNA replication with secretion of DNA through a T4SS (111) (Figure 1.2).

Rolling-circle replication of plasmids is initiated by the nicking of a plasmid DNA strand at the

origin of replication (90). In the same manner, initiation of conjugation occurs when the conjuga-

tive relaxase nicks a single strand of the plasmid (known as the transferred strand, or T-strand) at

the origin of transfer (oriT) (111). A protein complex known as the relaxosome, which includes

the conjugative relaxase, is formed on the DNA substrate where the nick occurs (25). A nucle-

ophilic tyrosine residue in the relaxase attacks a 5′ phosphate on the T-strand causing nicking of

the plasmid. This reaction results in the relaxase being covalently bound to the T-strand of the

DNA substrate (25, 66). The second step in the conjugative process is the transfer of the T-strand

through a type 4 secretion system (T4SS) (111). Type 4 secretion systems are versatile, and known

to serve several functions in bacterial cells including conjugation, DNA-exchange with the en-

vironment, and secretion of effector proteins (28). In the case of bacterial conjugation systems,

T4SS are composed of mating pair formation proteins which generate a conjugative pilus and a
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Figure 1.1: Mechanisms of horizontal gene transfer in bacteria. a. Transformation. Bacteria take up DNA from the ex-
tracellular environment. b. Conjugation. DNA is transferred cell-to-cell using a type 4 secretion system. Conjugation
can be initiated by either an integrative conjugative element or a conjugative plasmid. c. Transduction. Bacteriophage
transduction can result in horizontal gene transfer when prophages excise themselves from the chromosome of a host.
Assembled bacteriophage virions are then able to infect new hosts and integrate into their chromosome.
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transenvelope complex that facilitates the transfer of the T-strand to the recipient cell (25, 28). The

important molecular link between DNA relaxation and secretion from the T4SS is the interaction

with a coupling protein (T4CP), which associates with both the relaxosome and the T4SS, and is

required to mobilize the relaxosome complex to the T4SS (4, 24, 28, 111). While this view simpli-

fies conjugation to two key functional systems, conjugative DNA transfer requires the coordination

of a multitude of proteins to successfully mobilize a plasmid. In the case of the IncPα conjugative

plasmids, which includes the RK2/RP4 conjugative system, this organization has been studied and

reviewed in great detail (130). This system has conjugative machinery encoded in two separate

gene clusters, identified as Tra1 and Tra2, which together encode at least 27 genes that are respon-

sible for mating pair formation and DNA transfer and replication (130). More specifically, genes in

the Tra1 region encode products that are required for DNA transfer and replication function, such

as relaxosome formation, whereas genes in Tra2 are required for mating pair functions, which im-

portantly includes the formation of the conjugative pilus (130). This conjugative system has been

of particular interest as it is capable of conjugation to a diverse range of gram-negative bacteria,

which has led to various attempts to improve its conjugative frequency and minimize its coding size

through genetic engineering, including the generation of plasmids such as pTA-Mob and pTA-Mob

2.0 (8, 156, 159). The RK2/RP4 conjugative system is an example of a well-studied conjugative

system, although several others have also been well-characterized including the aforementioned F

plasmid (95).

1.3.4 Diversity and classification of conjugative systems

Conjugative systems are diverse and their classification can be approached from a number of direc-

tions. A primary method of classifying conjugative systems sorts conjugative relaxases into MOB

families based upon relaxase homology (31, 59, 60). Most relaxase MOB families are cation-

dependent HUH (histidine-hydrophobe-histidine) endonucleases which have a conserved active

site motif containing two histidine residues separated by a hydrophobic residue. This family of

endonucleases uses a catalytic tyrosine to cleave single-stranded DNA, and result in a covalent

phosphotyrosine bond forming between the HUH endonuclease and the DNA strand, as is the case

with conjugative relaxases (31, 59). Three of the MOB relaxase super families (MOBT, MOBC,
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Figure 1.2: Mechanism of bacterial conjugation of plasmid DNA in bacteria. Conjugation is initiated by donor pilus
attachment to a potential recipient cell. A DNA relaxase nicks a single strand of the plasmid at the oriT and becomes
covalently bound to the strand (the T-strand). The relaxase-T-strand complex is coupled to the T4SS by a T4CP where
it is transferred to the recipient cell. Once in the recipient, re-ligation and second strand synthesis of the plasmid
occurs.
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and MOBM) appear to engage in alternative biochemical processes to the HUH endonuclease MOB

families. MOBT conjugative relaxases utilize a rep trans rolling circle replication mechanism with-

out an HUH motif, MOBC contain a C-terminal catalytic domain similar to PD-(D/E)XK restric-

tion endonucleases, and MOBM are most similar to tyrosine recombinases (59). Furthermore, some

members of the MOBV family appear to use a catalytic histidine for the nucleophilic attack of the

DNA strand at the oriT instead of a catalytic tyrosine (59, 136). These varying mechanisms of

catalysis demonstrate the diversity of how conjugative systems have evolved to function.

Ultimately, MOB-type classification sorts conjugative relaxases into 9 superfamilies (Table

1.1), from which further phylogenetic analysis has been performed (59). This classification system

is effective for sorting and providing a basic phylogeny of conjugative systems. A comprehen-

sive review suggests it to be a useful means of classification, as much can be understood about

a conjugative system simply by sequencing the relaxase gene (60). It is perhaps a more applica-

ble method of separating conjugative systems into clades than by incompatibility groups, which

is another way conjugative plasmids are commonly sorted. Although, incompatibility groups still

provide critical information regarding plasmid division and replication (127), they do not directly

address the conjugative system. However, incompatibility groups do seem to often cluster into re-

laxase clades (60). Ultimately, conjugative systems are widespread and can be readily separated on

the basis of relaxase homology, providing a basis for considering the evolution and classification

of conjugative systems.

1.3.5 Applications of bacterial conjugative systems

The use of conjugative systems in molecular biology and biotechnology has been diverse and in-

novative. For instance, one of the earliest applications of conjugative systems involved utilizing

interrupted conjugative mating to effectively map the location of genes on bacterial chromosomes

(9). Critically, conjugation is a useful tool for delivering plasmids to bacteria that are difficult to

transform by other methods, such as Deinococcus radiodurans (20) and Lactobacillus spp. (148).

Beyond this, the use of bacterial conjugation as a delivery mechanism for sequence-specific an-

timicrobials has been explored (40, 126), a concept that will be discussed in greater detail later on

in this chapter.
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Table 1.1: Conjugative relaxase MOB types and their mechanisms of catalyzing relaxation and joining at the conjuga-
tive oriT.

Mob Type Endonuclease superfamily Notes
MOBP HUH endonuclease Includes the RK2/RP4 conjugative

system
MOBB HUH endonuclease
MOBF HUH endonuclease Includes the F and R1 plasmids
MOBQ HUH endonuclease
MOBV HUH endonuclease Some members (pMV158) utilize a

catalytic histidine instead of tyro-
sine for the nicking and joining re-
action

MOBH HUH endonuclease
MOBT Rep trans RCR
MOBC PD(D/E)XK restriction endonucle-

ase
MOBM Tyr recombinase

Additionally, trans-kingdom conjugation has been observed in a number of situations between

bacteria and eukaryotes. An example of this observed in nature is transfer of the Ti plasmid from

Agrobacterium tumefacians to dicotyledonous plants, resulting in the formation of crown gall tu-

mors (38). Furthermore, conjugation between bacteria and mammalian cells has been observed

(176), indicating the potential for this to occur both naturally, and be applied to synthetic biology.

Together, these provide evidence for the potential versatility of conjugative systems outside of

classic bacterium-to-bacterium transfer providing new potential applications for conjugation tech-

nology. For example, bacterial conjugation has been demonstrated between bacteria and several

fungal species with the intent to serve as an antifungal reagent (41). It has also proven to be an ef-

fective tool in the delivery of DNA to microalgae, providing improved methods for biotechnology

applications (88, 154). Overall, this highlights the vast potential of bacterial conjugation as a tool

in biotechnology.
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1.4 Plasmids

1.4.1 What is a plasmid?

The term ”plasmid” was first conceived by Joshua Lederberg as ”any extra-chromosomal hered-

itary determinant” after his co-discovery of the F plasmid (103). A modern definition describes

plasmids as DNA elements that can replicate autonomously in the host cell, and are typically cir-

cular and double-stranded (45). Plasmids are extremely diverse and can be found across most

prokaryotic phyla (146). Plasmids are a well established vessel for HGT, including the spread of

AMR genes (146), and can be introduced into bacteria by various mechanisms including bacte-

rial conjugation (25) and transformation (33). Furthermore, phagemids contain the the required

plasmid replication and selection machinery, however, can be introduced to cells via transduction

(178). The diversity and abundance of plasmids in nature makes them of great interest to study

due to the impact they have on host cells. The ability to engineer them and easily introduce them

to bacterial cells by multiple mechanisms makes them a fundamental tool in molecular biology.

1.4.2 Plasmid replication

When utilizing plasmids in molecular and synthetic biology, it is crucial to consider the mecha-

nism of replication for several reasons. In general, plasmids replicate either through rolling-circle

replication (RCR) (90) or theta replication (110), the latter of which has multiple subtypes. Copy

number of plasmids is regulated through multiple mechanisms including iteron sequences, anti-

sense RNAs, and protein inhibitors in conjunction with antisense RNAs (49). As bacterial plas-

mids replicate autonomously from the chromosome, copy number varies plasmid to plasmid. Copy

control as plasmids replicate is important to consider, not just due to its impact on gene dosage,

but also due to its impact on plasmid partitioning, the mechanism by which plasmid copies are

separated to daughter cells during cell division (7). While high copy plasmids can generally suc-

cessfully partition to both daughter cells during replication by diffusion in the cell, lower copy

plasmids require more complex partitioning systems to ensure successful passage to both daughter

cells during division (7). Plasmid partitioning is therefore important for the overall stability of

plasmid existence in a bacterial cell lineage, particularly for low copy plasmids.
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The stable separation of plasmid copies to two daughter cells during replication is also vital

for plasmid incompatibility - the inability for two plasmids to be stabily inherited as bacterial cells

divide (127). Generally speaking, when two plasmids share the same origins and mechanisms of

plasmid partitioning, they are likely to be incompatible with each other (127), meaning that as

bacteria divide, both plasmids are unlikely to be maintained through generations. Plasmid incom-

patibility has been a common method of sorting and identifying plasmids, as grouping can easily

be identified by PCR-based replicon typing (27). Plasmid incompatibility is a critical consideration

for synthetic biology, as any engineered plasmid needs to be compatible with native plasmids in

the bacterial strain of interest, as well as with other engineered plasmids in the system.

1.4.3 Plasmid genetics

Beyond the scope of replication and partitioning, there are other major genetic features that plas-

mids may have. Of course, one of the most established of these features is their conjugative ma-

chinery which allows them to spread between different cells. While this affects the evolution of

host strains, it also contributes towards evolution of the plasmid itself, often in a co-evolutionary

manner (70). Another key set of elements that plasmids often include are addiction systems. For

example, the ccdA/ccdB system from the F plasmid (128) and the hok/sok system from the R1

plasmid (163), which prevent survival of daughter cells that do not successfully retain the plasmid

during segregation. These systems ensures that the plasmid is successfully maintained through-

out a bacterial cell line, as any cells that do not successfully obtain a copy of the plasmid during

division will die. Plasmids have also been shown to encode for genes that alter the extracellu-

lar environment, for instance by increasing the formation of biofilms (63), and stabilizing mating

pair formation during conjugation (112). They also often carry genes that increase virulence in

many pathogens including E. coli (83), Salmonella spp. (147) and Yersinia spp. (43). This di-

rect impact of pathogenesis on human health makes plasmids an area of consequential research

interest. Further contributing to plasmid impact on human health is their demonstrated ability to

carry and spread antibiotic resistance genes (13), facilitating the development of AMR bacteria.

The diversity of genes encoded by plasmids makes them a key consideration in disease, but also

demonstrates the capacity to carry genetic cargo that can be readily exploited for the development
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of plasmid-based delivery tools.

1.5 CRISPR-based antimicrobials

1.5.1 Clustered regularly interspaced short palindromic repeats (CRISPR)

systems

Where humans are in a constant evolutionary battle with pathogenic bacteria, bacteria themselves

are in an ongoing evolutionary arms race with bacteriophages that can infect and kill them (177).

One of the primary methods of defense against bacteriophages used by bacteria is CRISPR (clus-

tered regularly interspaced short palindromic repeats), a form of bacterial adaptive immune system

(73, 94).

The discovery of CRISPR systems in microbial genomes dates back to 1987 when researchers

identified the unusual repetitive sequence when attempting to sequence the iap gene in E. coli,

although, at the time they did not understand what precisely they were observing (77). CRISPR

systems would eventually be observed in diverse bacteria and archaea, although their function was

yet to be discovered (79). CRISPR systems were indicated by their characteristic direct repeats

which are separated by unique spacer sequences and importantly, CRISPR-associated genes (cas

genes) were found to be present in these prokaryotes (79). It was eventually recognized that spacer

sequences were derived from bacteriophage DNA and other extra-chromosomal elements (18) and

proven that DNA spacers were being inserted into the CRISPR array as a result of bacteriophage

challenge (12). The CRISPR locus is expressed as an RNA molecule that is processed into small

CRISPR RNAs which guide the targeting of foreign DNA in prokaryotes (19). Crucially, it was

found that Cas effectors in S. thermophilus cleaved both plasmid and bacteriophage DNA through

endonucleolytic activity of effector Cas proteins at the site of the protospacer (the foreign sequence

matching the spacer in the CRISPR array) (61). Additionally, a protospacer adjacent motif (PAM)

in the target sequence is required for immune function (61, 74, 122). Furthermore, CRISPR ef-

fector proteins have been shown to cleave both RNA and single-stranded DNA targets (109, 160).

Taken together, these observations indicate the nature of CRISPR systems as bacterial adaptive

immune systems which acquire and integrate foreign spacers into their arrays, and utilize Cas ef-
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fector proteins to cleave the foreign DNA on subsequent infection. CRISPR systems are diverse

and widespread in nature, and can be generally classified into two classes. Class 1 CRISPR sys-

tems utilize multi-protein effector complexes, whereas class 2 systems utilize single, multi-domain

effector proteins. Systems are further classified into types 1-6 based on phylogeny of Cas effector

proteins and genetic architecture of the CRISPR systems (94).

1.5.2 CRISPR-Cas9 - a programmable endonuclease

The utilization of the Cas9 effector protein from the S. pyogenes CRISPR system as a programmable

RNA-guided DNA endonuclease (81) had immediate implications in genetic engineering. Coming

from a class 2 CRISPR system, Cas9 can function as an endonuclease in the absence of other Cas

proteins. Crucially, Jinek et al. engineered the single guide RNA (sgRNA), which can be easily

programmed to target sequences of interest provided that a PAM motif is present (81). This was

revolutionary for genome engineering as previous tools including homing endonucleases (HEs)

(67), zinc finger nucleases (ZFNs) (168), and transcription activator-like effector nucleases (TAL-

ENSs) (87) required more laborious engineering to target specific sequences. It was quickly shown

that Cas9 could be readily programmed to facilitate editing at specific sites in both bacterial (80)

and human genomes (116, 143). Alternative Cas proteins from other class 2 systems were also

adapted to expand sequence targeting and grow the CRISPR-Cas toolbox, such as Staphylococ-

cus aureus Cas9 (144) and Cas12a/Cpf1 (34). Rational mutations were made to Cas9 proteins

to enable high specificity of cleavage against the desired target site with fewer off target effects

(93, 155). This is crucial, in particular, for genome editing applications where off-target effects are

detrimental to effective and desired outcomes.

The development of the sgRNA (81) for the Streptococcus pyogenes Cas9 (SpCas9) facilitated

the ability to rapidly generate and clone sgRNAs against specific target sites in the genome. This

specificity is dictated by both the targeted protospacer and the PAM. Without the presence of a

PAM, Cas9 is unable to cleave. Significant engineering of Cas9 has been done to expand the

library of PAM motifs to broaden the range of potential target sites (91, 92, 172). Provided there is

a PAM motif, the targeting of the ∼20nt protospacer by Cas9 provides the site-directed specificity,

although mismatches are tolerated to a degree, particularly when they are distal to the PAM (5,
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75, 132). For SpCas9 protospacers, the 7-12 nt proximal region to the PAM where mismatches

are less tolerated is referred to as the seed region. If a perfectly matched sequence is recognized,

Cas9 generates a double-strand break of the DNA through two separate nuclease domains, each of

which cleaves a strand (81).

The nature of the separate nuclease domains in SpCas9 allows for the generation of Cas9 nick-

ase variants which cut only one strand of the target site through inactivation of either the HNH

or the RuvC nuclease domains (115, 142). Inactivation of both catalytic nuclease domains of

Cas9 generates dCas9, which associates with the DNA target but can not catalyze cleavage (100).

When properly targeted towards genes of interest, this can be used to cause transcriptional inter-

ference, facilitating RNA-guided targeted knockdown of gene expression (CRISPRi) (100, 139).

Furthermore, Cas9 can be modified by the addition of other protein domains to provide additional

functions. Fusion of transcription activation domains to dCas9 can generate transcriptional gene

activator variants (CRISPRa) (114). Additionally, fusion of deaminases to dCas9 can be used to

generate CRISPR base editors, capable of directed base pair sequence conversion (62).

Importantly for this thesis, the fusion of additional nuclease domains to Cas9 can generate

dual-endonucleases which are capable of generating multiple DNA cleavage events at the target

site simultaneously (182). TevCas9 is a fusion of the I-TevI nuclease domain and linker region

to the N-terminus of the SpCas9 molecule (Figure 1.3). This dual-endonuclease can be readily

targeted to DNA substrates by an sgRNA, where both nuclease domains are capable of catalyzing

a double-stranded break on the target molecule. Importantly, if both the Cas9 and I-TevI nuclease

domains successfully cleave, TevCas9 generates a 33-36 bp deletion at the target and generates

non-compatible overhangs, challenging DNA repair (182).

1.5.3 CRISPR as a sequence-specific antimicrobial

While the initial applications for CRISPR-Cas9 were focused towards genome editing, alterna-

tive applications for easily-programmable endonucleases were quickly explored. Applying Cas9

as a sequence-specific antimicrobial was an innovation of the technology that yielded significant

promise in addressing the issue of antibiotic resistance, and was rapidly shown by multiple groups

(17, 40, 64), each contributing significant information to the field. Gomma et al. found that
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Figure 1.3: Targeted cleavage of DNA by TevCas9. TevCas9 is a dual endonuclease fusing the I-TevI nuclease and
linker domains to S. pyogenes Cas9. TevCas9 can cleave at both the I-TevI and Cas9 cleavage sites facilitating a 33-35
bp deletion with non-compatible overhangs.
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targeting anywhere on the E. coli chromosome was sufficient to kill E. coli, and simultaneously

demonstrated that sgRNAs were specific enough to distinguish between bacterial strains (64). Bac-

terial death as a result of chromosomal targeting by Cas9 is likely a consequence of the inability

for bacteria to successfully undergo homologous recombination while all chromosomal copies are

actively being attacked by Cas9 in the cell (46).

Delivery of CRISPR nucleases is a limiting factor to the success of CRISPR-based systems for

targeted removal of bacteria. Citorik et al. attempted delivery using both conjugative plasmids

and bacteriophage transduction (40). In their particular system, they observed low efficiency of

conjugation, and preferred the bacteriophage method of delivery for its higher observed delivery

efficiency. Bikard et al. also utilized phage transduction for delivery with a phagemid contain-

ing the CRISPR system (17). Both bacterial conjugation and phage transduction have their own

strengths and limitations for delivery of genetic material to bacteria. Bacteriophages are limited by

the host-range of bacteria they can infect, and by acquired resistance in the targeted bacteria (32).

Furthermore, native gut flora may have other protective characteristics that protect bacteria against

phage infection (37). Phages tend to have a much lower carrying capacity than plasmids (102),

limiting the ability to package genetic cargo on specific phages. Conjugative plasmids have their

own limitations to consider, including host-range of replicative origins, incompatibility with host

plasmids, and entry exclusion in different recipients (14, 58, 78). Conjugative plasmids, however,

can carry sizeable genetic loads (11), which greatly improves their utility for encoding additional

genetic elements. In conclusion, the diversity of conjugative systems provides a plethora of poten-

tial delivery vessels to different bacteria (60).

1.5.4 Alternative applications of CRISPR in bacteria

While using Cas9 as a sequence-specific antimicrobial is an attractive use of the technology, it is

far from the only utility in bacteria. CRISPRi is an attractive tool for gene regulation in bacteria,

initially being shown possible in E. coli (16, 139), although many other examples have since been

explored. For instance, CRISPRi has been used to repress a virulence gene in Pseudomonas aerug-

inosa, attenuating the virulence in a murine model (140), and for targeting glucuronide-utilization

enzymes (GUS) in Gammaproteobacteria (134). CRISPRi has also been used in bacteria to help
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tune biosynthetic pathways in E. coli by regulating gene expression to help increase product yield

of 5-aminolevulinic acid (5-ALA), an intermediate in the production of heme (161). Beyond re-

pression, dCas9 fusions can be used in E. coli to activate gene expression. Examples of this include

fusing the omega subunit of RNA polymerase (RNAP) to dCas9 (16), and fusing of phage protein

AsiA to dCas9 (71), generating transcriptional activator variants. These examples demonstrate the

vast and diverse potential for CRISPR technology in bacteria. Importantly, the successful imple-

mentation of all of these technologies is reliant upon robust and efficient delivery tools.

1.6 Scope of the thesis

The focus of this thesis is on utilizing conjugative plasmids as delivery vectors for the targeted

killing of bacteria with the TevCas9 nuclease. Bacterial conjugation is a robust method of DNA

delivery that naturally occurs in bacteria. Conjugative plasmids in particular are widespread in

nature and have been found to carry a vast range of genetic material that they spread throughout

microbial communities. I initially hypothesized that conjugative systems could be optimized for

the efficient delivery of cargo to bacteria of interest. Furthermore, I hypothesized that a TevCas9

dual-endonuclease system would be an effective tool for targeted bacterial elimination. Together

these concepts present an efficient method for the targeted killing of bacteria.

The first objective of this thesis, presented in chapter 2, is to utilize an established conjugative

system to deliver an inducible TevCas9 nuclease to Salmonella enterica LT2, and subsequently kill

the recipient. The first challenge in this was optimizing the conjugative delivery of the plasmid,

as I quickly identified that in-trans mobilization of the pNuc plasmid was highly inefficient. I

proceeded to construct a version of the plasmid that could self-mobilize, which yielded a large in-

crease in conjugation frequency. I also identified that conjugation of this plasmid in a liquid-phase

was improved by providing additional surface area to facilitate increased biofilm formation. While

optimizing the conjugation of this plasmid, we simultaneously designed and tested 65 sgRNAs and

demonstrated that they were able to kill the targeted Salmonella enterica with varying effective-

ness, with some sgRNAs approaching 100% killing efficiency. Ultimately, this system presented

critical evidence that bacterial conjugation could be used as an effective delivery tool for a TevCas9

nuclease, and that targeted elimination was possible.
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The second objective of this thesis, presented in chapter 3, focuses on identifying native con-

jugative systems in metagenomic data, and engineering them to target bacteria of interest. This

takes advantage of a database constructed by Dr. Benjamin Joris (85), which contains thousands

of conjugative systems identified in metagenomic data from the human gut microbiome. This

represents a ”sequence-to-synthesis” approach to functional metagenomics based on our founda-

tional understanding of conjugative systems. Within this database, we identified a contig sourced

from a Citrobacter isolate that appeared to encode a complete conjugative system. I proceeded to

have the conjugative portion of this contig synthesized in fragments, and assembled it into a plas-

mid (p20298-AGE). The first iteration of this plasmid was non-conjugative, and non-replicative in

Citrobacter rodentium. To approach this challenge, we re-assembled the plasmid into a new back-

bone which was known to replicate in C. rodentium, while simultaneously repairing mutations that

occurred during the original synthesis of the plasmid, generating p20298-15a. Successful conju-

gation of this plasmid proved that we could synthesize functional conjugative systems identified in

microbiome data. I proceeded to functionalize this plasmid to allow for rapid cloning of TevCas9

with different sgRNAs. I subsequently tested multiple sgRNAs to prove that p20298-15a could

successfully deliver a TevCas9 nuclease for the targeted elimination of C. rodentium. These results

demonstrate that conjugative systems can be identified from metagenomic data sets, and subse-

quently functionalized for the delivery of cargo to bacteria of interest. Perhaps more importantly,

it serves as a proof-of-principle for the functionalization of large genetic systems in metagenomic

data for use in synthetic biology through a DNA synthesis based approach.

Overall this thesis covers two key concepts that are crucial for the targeted elimination of

bacteria in communities (Figure 1.2). Firstly, it addresses the problem of targeted delivery via

conjugation. Second, it shows that conjugative plasmids can be functionalized to kill by adding

a TevCas9 system as cargo. Together, this demonstrates the power of conjugative plasmids as a

delivery vector for targeted nucleases to kill bacteria.
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Figure 1.4: Process of constructing and functionalizing conjugative plasmids. The first component is identifying and
constructing conjugative systems. The second component is functionalizing conjugative systems for applications, such
as engineering plasmids to deliver CRISPR systems to target and kill bacteria.
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Chapter 2

Efficient inter-species conjugative transfer
of a CRISPR nuclease for targeted bacterial
killing

The work presented in this chapter is adapted from:

Thomas A. Hamilton, Gregory M Pellegrino, Jasmine A Therrien, Dalton T Ham, Peter C

Bartlett, Bogumil J Karas, Gregory B Gloor, and David R Edgell. Efficient inter-species con-

jugative transfer of a CRISPR nuclease for targeted bacterial killing. Nature Communications.

10:4544, 2019.

2.1 Introduction

Microbial ecosystems are essential for human health and proper development, and disturbances

of the ecosystem correlate with a multitude of diseases (9, 12, 15, 33, 38, 47, 49, 52). A central

problem is the lack of specific tools to selectively control pathogenic species, or to otherwise alter

the composition of the human microbiome and other microbial communities. Traditional methods

such as antibiotic treatment suffer from a number of limitations that preclude selective control

in a defined and efficient manner, and are becoming less effective because of overuse and the

development of multi-drug resistant bacteria (48). Phage-based therapy is limited by host range

and the rapid development of phage-resistant bacteria (8). Probiotics and prebiotics are effective

but of use in only a few defined conditions (40). Stool transplants are effective treatments for

gastrointestinal dysbioses, but can result in wide-spread alterations in the composition of the gut
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microbiome with unknown long-term effects (26, 30, 37). These limitations highlight an increasing

need for effective and selective tools for the targeted modulation of microbiomes.

The CRISPR (clustered regularly interspaced short palindromic repeats) system is a bacte-

rial immune system that targets invading DNA for elimination (2, 13, 14, 23). The Cas9 protein

(CRISPR-associated protein 9) has been adapted for genome-editing applications in a wide range

of organisms (24). Cas9 and related proteins can also be used as anti-microbial agents because

the sequence of the guide RNA can be changed to target Cas9 to specific sequences in bacterial

genomes. The introduction of double-strand breaks in bacterial chromosomes by Cas9 causes repli-

cation fork collapse and subsequent cell death(3, 10, 18). A critical component of studies adapting

CRISPR as sequence-specific antimicrobial was the testing of different delivery vectors, includ-

ing well-studied conjugation systems that would mobilize CRISPR-containing plasmids. How-

ever, the low frequency of conjugation was found to be a limiting factor in CRISPR-mediated

killing, whereas phagemid- or bacteriophage-mediated delivery was found to be much more effi-

cient. Nonetheless, conjugative plasmid delivery of CRISPR nucleases remains an attractive option

because conjugative plasmids have broad-host ranges (22), are resistant to restriction-modification

systems (32), are easy to engineer with large coding capacities (44), and do not require a cellular

receptor (35) that would provide a facile mechanism for bacterial resistance. Conjugative plasmids

are known to encode factors that promote biofilm formation (16) presumably because enhanced

cell-to-cell contact increases rates of conjugative plasmid transfer (21). Conjugative plasmids may

thus be well suited for delivery of molecular tools for modulating composition of human microbial

communities (5, 29, 36, 42), many of which exist as biofilms.

Here, we show that conjugative plasmids are an efficient delivery system to deliver CRISPR

nucleases to bacteria. We develop a cis-conjugative system where the plasmid encodes both the

conjugative machinery and CRISPR nuclease (51), as opposed to previously tested trans setups

where the conjugative machinery and nuclease were encoded on separate DNA molecules (10)

(Figure 2.2). Bacteria that receive the cis-conjugative plasmid become potential donors for sub-

sequent rounds of conjugation, potentially leading to exponentially increasing numbers of con-

jugative donor bacteria in the population. We test the cis-conjugative plasmid in a two-species

co-culture system, finding high frequency of conjugative transfer of plasmids from Escherichia

coli to Salmonella enterica under conditions that enhance cell-to-cell contact. Our results high-
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light the promise of conjugative delivery of CRISPR nucleases as an effective tool for modification

of microbiomes.
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2.2 Methods

2.2.1 Bacterial and yeast strains

Escherichia coli EPI300 (F′ λ- mcrA ∆(mrr-hsdRMS-mcrBC) ϕ80dlacZ∆M15 ∆(lac)X74 recA1

endA1 araD139 ∆(ara, leu)7697 galU galK rpsL (StrR) nupG trfA dhfr) (Epicentre) was used

for cloning and as a conjugative donor. Salmonella typhimurium sub. species enterica LT2

(∆hilA::KanR) (acquired from Dr. David Haniford at Western University) was used as a conjuga-

tive recipient strain. Saccharomyces cerevisiae VL6-48 cells (MATa, his3∆200, trp∆1, ura3-52,

ade2-101, lys2, psi+cir◦) was used for yeast assembly of conjugative plasmids.

2.2.2 Plasmid construction

Plasmids were constructed using a modified yeast assembly(17, 31). A detailed protocol can be

found below and a list of primers in Appendix A. Briefly, the pNuc-trans plasmid was constructed

by PCR amplifying fragments with 60-120 bp homology overlaps from pre-existing plasmids.

The oriT fragment was amplified from pPtGE30(43) using primers DE-3302 and DE-3303. The

p15A origin, chloramphenicol acetyl-transferase gene, and sgRNA cassette was amplified using

primers DE-3308 and DE-3309 from a modified pX458 plasmid containing the TevCas9 coding

region (51). The TevCas9 gene was amplified from the modified pX458 plasmid using primers

DE-3306 and DE-3307. The araC gene and pBAD promoter were amplified from pBAD-24 (20)

using primers DE-3304 and DE-3305. The CEN6-ARSH4-HIS3 yeast element was amplified from

pPtGE30(43) using primers DE-3316 and DE-3317. S. cerevisiae VL6-48 was grown from a sin-

gle colony to an OD600 of 2.5-3, centrifuged at 2500 xg for 10 mins and washed in 50 mL sterile

ddH20 and centrifuged. Cells were resuspended in 50 mL of 1 M sorbitol, centrifuged, and sphero-

plasting initiated by resuspending the pellet in 20 mL SPE solution (1 M sorbitol, 10 mM sodium

phosphate buffer pH 7, 10 mM Na2EDTA pH 7.5) and by adding 30 µL 12M 2-mercaptoethanol

and 40 µL zymolyase 20T solution (200 mg zymolyase 20 T (USB), 9 mL H2O, 1 mL 1 M Tris

pH 7.5, 10 mL 50% glycerol) and incubated at 30◦C with shaking at 75 RPM. The yeast was con-

sidered spheroplasted once the ratio of the OD600 in sorbitol to the A600 of yeast in ddH20 reached

1.8-2. Spheroplasts were centrifuged at 1000 xg for 5 mins before being gently resuspended in
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50 mL 1 M sorbitol, and centrifuged again. Spheroplasts were then resuspended in 2 mL STC

solution (1 M sorbitol, 10 mM Tris-HCl pH 7, 10 mM CaCl2) and incubated at room temperature

for 10 minutes. Pooled DNA fragments at equimolar ratio for each plasmid assembly were gently

mixed with 200 µL of spheroplasted yeast and incubated at room temperature for 10 minutes. A

volume of 1 mL of PEG-8000/CaCl2 solution (20% (w/v) PEG 8000, 10 mM CaCl2, 10 mM Tris-

HCl, pH 7.5) was added and incubated at room temperature for 20 mins before being centrifuged

at 1500 xg for 7 mins. Yeast was resuspended in 1 mL of SOS solution (1 M sorbitol, 6.5 mM

CaCl2, 0.25% (w/v) yeast extract, 0.5% (w/v) peptone) and incubated at 30◦C for 30 mins. The

spheroplast solution was added to 8 mL of histidine-deficient regenerative agar (Teknova), poured

into a petri dish, and incubated overnight at 30◦C. A volume of 8 mL histidine-deficient liquid

regenerative media was then added on top of the solidified regenerative agar and grown at 30◦C

for 2-5 days. Total DNA was isolated from 1.5-3 mL S. cerevisiae using 250 µL buffer P1 (50 mM

Tris-HCl pH 8.0, 10 mM EDTA, 100 µg/mL RNase A), 12.5 µL zymolyase 20T solution and 0.25

µL 12 M 2-mercaptoethanol and incubated at 37 ◦C for 1 hr. 250 µL buffer P2 (200 mM NaOH,

1% SDS) was added, incubated at room temperature for 10 mins, followed by 250 µL buffer P3

(3.0 M CH3CO2K pH 5.5) was added. DNA was precipitated with 700 µL ice-cold isopropanol,

washed with 70% ethanol, briefly dried and resuspended in 50 µL sddH2O. The plasmid pool was

subsequently electroporated into E. coli EPI300. Individual colonies were screened by diagnos-

tic digest (Figure 2.10) and sequencing, and one clone for each sgRNA selected for further use.

TevSpCas9 sgRNAs targeting S. enterica genes were predicted as previously described (51). A

TevSpCas9 site consists of (in the 5′ to 3′ direction) an I-TevI cleavage motif (5′-CNNNG-3′), a

DNA spacer region of 14-19 bp separating the I-TevI cleavage site and the SpCas9 sgRNA binding

site, and a SpCas9 PAM site (5′-NGG-3′). Putative sites in the S. enterica LT2 genome were ranked

according to the predicted activity of the identified I-TevI cleavage site (relative to the I-TevI cog-

nate 5′-CAACG-3′ cleavage site) and the fit of the DNA spacer region to nucleotide tolerances

of I-TevI. Oligonucleotides corresponding to the guide RNA were cloned into a BsaI cassette site

present in pNuc-trans. To construct the pNuc-cis plasmid, the oriT, araC, TevCas9, sgRNA, and

CEN6-ARSH4-HIS3 elements were amplified from pNuc-trans using primers DE-3024 and DE-

3025 that possessed 60 bp homology to both sides of the AvrII restriction site in pTA-Mob. The

pTA-Mob plasmid was linearized by AvrII (New England Biolabs), combined with the PCR am-
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plified fragment from pNuc-trans and transformed into S. cerevisiae VL6-48 spheroplasts. Correct

pNuc-cis clones were identified as above for pNuc-trans. Both pNuc-trans and pNuc-cis were

completely sequenced to confirm assembly. A detailed plasmid map of each plasmid is found in

Figure 2.1.

2.2.3 Quantitative PCR

E. coli EPI300 donors and S. enterica transconjugants harbouring pNuc-trans and pTA-Mob (trans

helper plasmid) or pNuc-cis were grown overnight under selection. sgRNAs were absent from the

cis and trans plasmids. Overnight cultures were diluted 1:50 in selective media and grown to an

A600 of ∼0.5. Each culture was diluted, plated on selective LSLB plates (10 g/L tryptone, 5 g/L

yeast extract, and 5 g/L sodium chloride, 1% agar), and grown overnight. Colonies were counted

manually to determine the CFUs/mL of each culture. At the same time, 500 µL of each culture

was pelleted and resuspended in 500 µL 1x PBS and incubated at 95 ◦C for 10 minutes before

immediate transfer to -20 ◦C. Quantitative real-time PCR was performed on boil-lysed samples

using SYBR Select Master Mix (Applied Biosystems) using primers DE-4635 and DE-4636 that

amplified a DNA fragment present on both pNuc-trans and pNuc-cis. Purified pNuc-trans was

used as a copy number standard.

2.2.4 Filter mating conjugation

Saturated cultures of donor E. coli EPI300 and recipient S. enterica LT2 were diluted 1:50 into 50

mL non-selective LSLB media. The diluted cultures were grown to an A600 of ∼0.5 and concen-

trated 100-fold by centrifugation at 4000xg for 10 minutes. A volume of 200 µL of concentrated

donors were mixed with 200 µL concentrated recipients on polycarbonate filters adhered to conju-

gation plates (LSLB supplemented with 1.5% agar). Conjugation proceeded at 37 ◦C from 5 min-

utes to 24 hours. Following conjugation, filters were placed in conical tubes containing 30 mL of

1x phosphate buffer saline (PBS) (8 g/L NaCl. 0.2 g/L KCl, 1.42 g/L Na2HPO4, 0.24 g/L KH2PO4)

and vortexed for 1 minute to remove the bacteria from the filter. The supernatant was serially di-

luted and plated on LSLB plates with selection for donor E. coli EPI300 (gentamicin 40 µg/mL for

the cis setup and gentamicin 40 µg/mL, chloramphenicol 25 µg/mL for the trans setup), recipient S.
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enterica LT2 (kanamycin 50 µg/mL), and transconjugants (kanamycin 50 µg/mL, chloramphenicol

25 µg/mL, 0.2% d-glucose for for pNuc-trans transconjugants or kanamycin 50 µg/mL, gentamicin

40 µg/mL, 0.2% d-glucose for pNuc-cis transconjugants). d-glucose represses the expression of

TevCas9 in transconjugants. Plates were incubated overnight at 37 ◦C for 16-20 hours. Colonies

were counted manually.

2.2.5 S. enterica to S. enterica conjugation

S. enterica LT2 transconjugants harbouring pNuc-cis or pNuc-trans with no sgRNA encoded were

obtained from plate conjugation experiments described in detail below. Transconjugant colonies

were grown overnight in LSLB supplemented with kanamycin 50 µg/mL, gentamicin 40 µg/mL

and 0.2% d-glucose for pNuc-cis, or kanamycin 50 µg/mL, chloramphenicol 25 µg/mL and 0.2%

d-glucose for pNuc-trans. S. enterica LT2 was transformed with pUC19 to confer ampicillin resis-

tance for use as a recipient and was grown overnight in LSLB supplemented with kanamycin 50

µg/mL and ampicillin 100 µg/mL. All donor and recipient S. enterica cultures were diluted 1:50

into LSLB and grown to an A600 of 0.5 before spreading 200 µL of each on a conjugation plate

supplemented with 0.2% w/v d-glucose to repress TevCas9 expression. Conjugations proceeded

for 2 hours at 37 ◦C before cells were scraped into 500 µL SOC with a cell spreader. Resulting cell

suspensions were serially diluted and plated to select for donors (kanamycin 50 µg/mL, gentamicin

25 µg/mL for pNuc-cis or kanamycin 50 µg/mL, chloramphenicol 25 µg/mL for pNuc-trans), re-

cipient (kanamycin 50 µg/mL, ampicillin 100 µg/mL), and transconjugant (kanamycin 50 µg/mL,

gentamicin 40 µg/mL, ampicillin 100 µg/mL for pNuc-cis, chloramphenicol 25 µg/mL, ampicillin

100 µg/mL for pNuc-trans). Plates were incubated at 37 ◦C for 16-20 hours and colonies were

counted manually.

2.2.6 Liquid and bead-supplemented conjugation assays

E. coli EPI300 and recipient S. enterica LT2 were grown overnight to saturation. Tubes containing

5 mL LSLB supplemented with 0.2 % d-glucose were inoculated with 180 µL saturated E. coli and

18 µL saturated S. enterica. Bead-supplemented conjugations were prepared similarly with the

addition of 1 mL soda lime glass beads (0.5 mm diameter). Conjugations proceeded by incubating
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at 37 ◦C with 0 or 60 RPM agitation for 72 hours. Cultures were homogenized by vortexing, seri-

ally diluted and spot-plated in 10 µL spots on plates containing appropriate antibiotic selection for

donors, recipients and transconjugants. Plates were incubated at 37 ◦C for 16-20 hours. Colonies

were counted manually. Alterations to this protocol were made to determine the effect of donor

to recipient ratio (50:1, 10:1, 1:1, 1:10, 1:50), NaCl concentration (2.5 g/L, 5 g/L, 10 g/L) and

shaking speed (0 RPM, 60 RPM, 120 RPM) on conjugation frequency.

2.2.7 Killing efficiency assays

Saturated cultures of E. coli EPI300 donors habouring pNuc-trans plasmids encoding sgRNAs

and recipient S. enterica LT2 were diluted 1:50 into LSLB supplemented with 0.2 % d-glucose.

The diluted cultures were grown to an A600 of ∼0.5. 200 µL of each donor was mixed with 200

µL of recipient on a conjugation plate supplemented with 0.2 % d-glucose to repress expression

of TevCas9. Conjugations proceeded for 1 hour at 37 ◦C before cells were scraped into 500 µL

SOC (20 g/L tryptone, 5 g/L yeast extract, 0.5 g/L NaCl, 2.5 mM KCl, 10 mM MgCl2, and 20

mM d-glucose) with a cell spreader. Resulting cell suspensions were serially diluted and plated on

selection for donors and recipients in addition to selection for transconjugants with CRISPR re-

pression (kanamycin 50 µg/mL, chloramphenicol 25 µg/mL, 0.2 % d-glucose) and transconjugants

with CRISPR activation (kanamycin 50 µg/mL, chloramphenicol 25 µg/mL, 0.2 % L-arabinose).

Plates were incubated overnight at 37 ◦C for 16-20 hours. Killing efficiency is the ratio of cells on

selective to non-selective plates.

2.2.8 Escape mutant analyses

Escape mutant colonies were picked from plates selecting for exconjugant S. enterica cells with

TevSpCas9 activated after conjugation. These colonies were grown overnight to saturation and

plasmids were extracted using the BioBasic miniprep kit. The isolated plasmids were then trans-

formed into E. coli EPI300 cells to increase plasmid expression for analysis and re-isolated for

analysis. The plasmids were analyzed by diagnostic restriction digest with FspI and MsiI, and by

multiplex PCR for the chloramphenicol resistance marker, and a TevSpCas9 gene fragment. Total

DNA was isolated using a standard alkaline lysis protocol followed by isopropanol precipitation
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of the DNA. Potential target sites were PCR amplified from the total DNA sample using Amplitaq

360 (Thermofisher Scientific) and subsequently sequenced.

2.2.9 sgRNA off-target predictions in E. coli

To predict sgRNA off-target sites, we searched the E. coli genome for sites with less than 6 mis-

matches to each sgRNA using a Perl script with an XOR bit search. A mismatch score was calcu-

lated that indicates the likelihood of a stable sgRNA/DNA heteroduplex using the formula:

mm score =
∑

mismatch

0.5non seed + 1.2seed

where non seed is a mismatch in the non-seed region of the sgRNA (positions 1-12 from the

5′ end of the target site) and seed is a mismatch in the seed regions (positions 13-20 from the 5′

end of the target site). By this method, mismatches in the 5′ end of sgRNA/DNA heteroduplex

are more tolerated than mismatches closer to the PAM sequence. For each sgRNA, we also added

a correction for if the adjacent three nucleotides matched the consensus SpCas9 PAM sequence

5′-NGG-3′. Off-target sites with perfect match PAMs were given more weight than off-target sites

with 1 or 2 mismatches.

2.2.10 Modelling S. enterica killing efficiency

To model sgRNA parameters that were predictive of S. enterica killing efficiency, we used a gen-

eralized linear model in the R statistical language with the formula:

sgRNAKE ∼ sgRNAscore + sgRNAtargetstrand + sgRNArepstrand + sgRNAgene f unc + sgRNAreldist

where sgRNAKE is the average killing efficiency for a given sgRNA, sgRNAscore is the predicted

sgRNA activity score using the algorithm of Guo et al., sgRNAtargetstrand is the transcription strand
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targeted by the sgRNA (sense or anti-sense), sgRNArepstrand is whether the sgRNA targets the lead-

ing or lagging strand,sgRNAgenefunc is whether the sgRNA targets an essential or non-essential gene

in S. enterica, and sgRNAreldist is the position of the sgRNA relative to the AUG codon of the tar-

geted gene. A summary table and graphical output of the model parameters is shown in Figure

2.9.
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2.3 Results

2.3.1 Increased conjugation frequency with a cis-conjugative plasmid

We constructed a conjugative plasmid, pNuc, based on the IncP RK2 (46) plasmid to examine

parameters that contributed to conjugation (Figure 2.2a). The pNuc plasmid encoded the TevSp-

Cas9 nuclease (I-TevI nuclease domain fused to Streptococcus pyogenes Cas9) controlled by an

arabinose-inducible pBAD promoter (20), and a single guide RNA (sgRNA) cassette driven by a

constitutive promoter derived from the tetracycline resistance gene (pTet) into which we cloned

oligonucleotides corresponding to predicted target sites in the S. enterica genome (Figure 2.2b).

Two forms of the plasmid were constructed (Figure 2.1, Figure 2.2a). First, a cis configuration

(pNuc-cis) where the origin of transfer (oriT) and CRISPR system were cloned into the pTA-Mob

backbone that encodes the genes necessary for conjugation (46). The second setup employed a

plasmid trans configuration (pNuc-trans) that included only the CRISPR system, oriT and chlo-

ramphenicol resistance. The oriT sequence on pNuc-trans is recognized by the relaxase expressed

in trans from the pTA-Mob helper plasmid to facilitate conjugation. The pNuc-trans setup mimics

the plasmids used in previous studies that examined conjugative delivery of CRISPR nucleases in

an E. coli donor/recipient system (3, 10, 18).

We used the pNuc-cis and pNuc-trans plasmids to test the hypothesis that the cis setup would

support higher levels of conjugation relative to the trans setup in a time-course filter-mating assay

using E. coli as the donor and S. enterica as the recipient (Figure 2.2c). As shown in Figure 2.2d,

conjugation frequency (transconjugants/total recipients) for pNuc-cis continually increased over

the time of the experiment reaching a maximum of 1x10-2 by 24 hrs. In contrast, conjugation fre-

quency for pNuc-trans peaked at early time points with a maximal frequency of ∼1x10-3, declining

to ∼1x10-5 by 24 hrs. We isolated 5 S. enterica transconjugants each from experiments with the

pNuc-cis or pNuc-trans plasmids and showed that the transconjugants were viable donors for sub-

sequent conjugation of the pNuc-cis plasmid to naive recipients, but not for the pNuc-trans plasmid

(Figure 2.2e). Furthermore, higher frequency conjugation of pNuc-cis was not due to higher copy

number relative to pNuc-trans in the E. coli donor or S. enterica transconjugants (Figure 2.2f), or

because pNuc-cis was significantly more stable than pNuc-trans (Figure 2.2g).
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Figure 2.2: Impact of cis or trans localization of conjugative machinery on conjugation frequency. a. Schematic view
of the pNuc-cis and pNuc-trans plasmids. oriT, conjugative origin of transfer; oriV, vegetative plasmid origin; GmR,
gentamicin resistance gene; CmR, chloramphenicol resistance gene; TevSpCas9/sgRNA, coding region for TevSpCas9
nuclease gene and sgRNA; Conjugative machinery, genes required for conjugation derived from the IncP RK2 con-
jugative system. b.(Top) The TevSpCas9 and sgRNA cassette (not to scale) highlighting the arabinose regulated pBAD
and constitutive pTet promoters. (Below) The modular TevSpCas9 protein and DNA-binding site. Interactions of the
functional TevSpCas9 domains with the corresponding region of substrate are indicated. c. Model of pNuc spread
after conjugation with the cis and trans setups. Cell growth overtime will account for increase of pNuc-trans. d. Filter
mating assays performed over 24 hr demonstrate that pNuc-cis has a higher conjugation frequency than pNuc-trans.
Points represent independent experimental replicates, and the 95% confidence intervals are indicated as the shaded
areas. Conjugation frequency is reported as the number of transconjugants (GmR, KanR) per total recipient S. enterica
cells (KanR). e. Conjugation frequency of S. enterica transconjugants harbouring either pNuc-cis or pNuc-trans to
naive S. enterica recipients. Data are shown as boxplots with points representing individual replicate experiments f.
pNuc-cis and pNuc-trans copy number determined by quantitative PCR in either E. coli or S. enterica. Data are shown
as boxplots with solid lines indicating the median of the data, the rectangle the interquartile bounds, and the wiskers
the range of the data. Points are individual experiments. g. pNuc-cis and pNuc-trans stability in E. coli or S. enterica
determined as the ratio of cells harbouring the plasmid after 24 hrs growth without antibiotic selection over total cells.
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To determine if longer incubation times resulted in higher conjugation frequency with the pNuc-cis

system, we used a liquid conjugation assay consisting of low salt LB (LSLB) media into which

varying ratios of donor E. coli and recipient S. enterica cells were added. After 72 hrs incubation

at 37 ◦C with mild agitation at 60 RPM, we found that high donor to recipient ratios (1:1, 10:1 and

50:1) yielded more transconjugants per recipient than experiments with lower donor to recipient

ratios (1:5 or 1:10) (Figure 2.3a). We also showed that decreasing the NaCl concentration of the

media to 0.25% w/v resulted in an increased conjugation frequency at a 10:1 donor:recipient ratio

(Figure 2.3b). Using the 10:1 donor:recipient ratio, and 0.25% NaCl LSLB media, we examined

the effect of culture agitation on conjugation, finding that both 0 RPM and 60 RPM resulted in

similar conjugation frequencies while a higher 120 RPM resulted in lower conjugation frequency

(Figure 2.3c).

Collectively, these data show that pNuc-cis is ∼1000-fold has a higher conjugation frequency than

the pNuc-trans system at 24 hrs post-mixing because bacteria that receive pNuc-cis become donors

for subsequent rounds of conjugation. This would lead to exponentially increasing numbers of

conjugative donors in the population. Thus, our data differs significantly from previous studies

that concluded that conjugation frequency with a trans system was a limiting factor for CRISPR

delivery (10).

2.3.2 Cell-to-cell contact significantly increases conjugation

The previous experiments demonstrated that pNuc-cis was more efficient at conjugation in a filter

mating assay on solid media. To test whether liquid culture conditions that enhanced cell-to-cell

contact through biofilm formation resulted in increased conjugation with pNuc-cis, we included

0.5 mm glass beads in liquid cultures that would provide a solid surface for cell-to-cell contact

(11, 28, 45) and observed conjugation frequencies as high as 100% with pNuc-cis (Figure 2.4a,b).

This conjugation frequency represents a ∼500-1000 fold enhancement compared to the solution

or filter-based pNuc-cis assays. Increasing culture agitation to 60 RPM had no discernible effects

on conjugation frequency with pNuc-cis. With the pNuc-trans plasmid, conjugation frequency

ranged from 1x10-8 to 1x10-4 (Figure 2.4c), supporting the hypothesis that gains in conjugation

frequency with the pNuc-cis system resulted from exponentially increasing number of cells that
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become donors for subsequent rounds of conjugation after receiving the plasmid.

Interestingly, we observed a reduction in conjugation frequency when a S. enterica specific sgRNA

was cloned onto pNuc-cis (the + guide condition) (Fig. 2.4b). We postulate that a proportion of

S. enterica are killed immediately post-conjugation. We attribute this killing to leaky expression

of the TevSpCas9 nuclease from the pBAD promoter under repressive culture conditions (+ 0.2%

glucose).

2.3.3 S. enterica killing by conjugative delivery of Cas9 and sgRNAs

To demonstrate that the TevSpCas9 nuclease could be delivered by conjugation to eliminate spe-

cific bacterial species, we designed 65 total sgRNAs targeting 38 essential genes, 23 non-essential

genes, and 4 genes with unresolved phenotypes (Figure 2.8a). The 65 sgRNA sites were arrayed

around the S. enterica chromosome (Figure 2.8b), differed in their relative position within each

gene, and what strand was being targeted. We assessed the efficacy of each sgRNA in killing S.

enterica by comparing the ratio of S. enterica colony counts under conditions where TevSpCas9

expression from the pBAD promoter was induced with arabinose or repressed with glucose. Using

E. coli as the conjugative donor, we found a range of S. enterica killing efficiencies between 1 and

100% (Figure 2.8a). To demonstrate that the I-TevI nuclease domain could function in the con-

text of other Cas9 orthologs, we fused the I-TevI nuclease domain to SaCas9 from Staphylococcus

aureus to create TevSaCas9. SaCas9 differs from SpCas9 in possessing a longer PAM require-

ment (39). With TevSaCas9 we observed high killing efficiency (93±8%, mean±standard error)

when TevSaCas9 was targeted to the fepB gene of S. enterica (Figure 2.5). sgRNAs expressed

as pairs from separate promoters also yielded high killing efficiencies (Figure 2.6), demonstrat-

ing the potential for multiplexing guides to overcome mutational inactivation of individual guides.

Sampling S. enterica colonies resistant to killing from experiments with different sgRNAs revealed

three types of escape mutants: nucleotide polymorphisms in the chromosome target site that would

weaken sgRNA-DNA interactions, transposable element insertions that inactivated sgRNA expres-

sion, and rearrangements of pNuc-cis that impacted TevSpCas9 function (Figure 2.7) (25).
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Figure 2.7: Examples of S. enterica escape mutants. a. Nucleotide sequence of the TevSpCas9 target site in the Gifsy
prophage. Nucleotide substitutions in the seed region of the sgRNA are indicated and underlined. b. Example of
an agarose gel of pNuc DNA isolated from EM30 or from wild-type pNuc (+ve) incubated with (+) or without (-) a
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We considered a number of variables that would influence sgRNA killing efficiency in S. enterica

including predicted sgRNA activity according to an optimized prokaryotic model (19), targeting of

the sense or anti-sense strands for transcription, the relative position of the sgRNA in the targeted

gene, targeting of the leading or lagging replicative strands, and the essentiality of the targeted

gene. Taken independently, no single variable was strongly correlated with sgRNA killing effi-

ciency (Figure 2.11, Figure 2.9). A generalized linear model was used to assess the significance of

each variable on sgRNA killing efficiency, revealing that sgRNA score positively correlated with

predicted activity (p less than 0.02, t-test) while targeting essential genes was negatively correlated

with killing efficiency (p less than 0.03, t-test) (Figure 2.9). The moderate statistical support from

the linear model suggests that a robust understanding of parameters that influence sgRNA target-

ing and activity in prokaryotic genomes remains a work in progress, particularly in the context of

conjugative plasmids.
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Figure 2.9: Summary of generalized linear model of sgRNA parameters that are indicative of killing efficiency with
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Note that parameters with confidence intervals that pass over the 0 line are not considered significant.
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During the course of these experiments, we noted that some sgRNAs were recalcitrant to cloning

(Figure 2.10). In particular, sgRNAs targeting essential genes in S. enterica were more likely to

yield inactive clones than sgRNAs targeting non-essential genes. Whole plasmid sequencing re-

vealed no insertions in 15 clones with sgRNAs targeting non-essential genes, whereas 7/13 sgRNA

clones targeting essential genes had insertions. These findings suggest that leaky expression of the

TevCas9 nuclease from the pBAD promoter is sufficient to cause cellular toxicity in E. coli, and

selection for inactive plasmids. Thus, choosing sgRNAs with minimal identity and off-target sites

in the E. coli genome will facilitate conjugative delivery of sgRNAs and CRISPR nucleases.
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Figure 2.10: Example of agarose gel of diagnostic restriction digest of different guideRNAs cloned into pNuc-trans.
Each plasmid was digested with EcoRI and KpnI and compared to the pNuc-trans backbone (CTL). Asterisks indicate
unexpected digestion patterns. The size of the ladder is indicated in kilobase pairs (kb) to the left of the gel image.
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Figure 2.11: Effect of sgRNA targeting parameters on killing efficiency. a. Plot of predicted sgRNA activity versus
S. enterica killing efficiency for all 65 sgRNAs. The shaded area is the 95% confidence interval of the line of best fit.
Boxplots of sgRNAs targeting different strands for b. transcriptional (S, sense strand; AS, anti-sense strand) and c.
replication, and d. sgRNAs targeting genes with essential (Ess), non-essential (NEss) or unresolved phenotypes (Un)
versus killing efficiency. e. Plot of relative position of sgRNAs within genes versus average killing efficiency for the
sense strand and f. anti-sense strand of targeted genes. For each plot, points are filled according to their predicted
sgRNA activity. Killing efficiency is plotted on a log10 scale.
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2.4 Discussion

A central problem in microbiology and infectious disease control is the lack of tools to alter the

composition of microbial communities or to control pathogenic species. One crucial concept in

microbiome manipulation is that complete elimination of the target organism(s) is not required to

restore the community because the constituent organisms of a bacterial population exhibit exponen-

tial growth (41). It is only necessary to reduce the relative abundance of the target organism below

a threshold to achieve control. CRISPR-based nucleases can be easily re-purposed as sequence-

specific anti-microbial agents, yet the development of a robust and broadly applicable delivery

system remains a key milestone.

In this study, we adapted an IncP RK2 conjugative plasmid to deliver specific functional sequences

to species of interest. Previous studies recognized the potential of conjugative delivery of CRISPR

nucleases, emphasizing improvements in frequency as key to future applications (10). Our study

differs from previous attempts in one key facet — we used a cis setup where the pNuc plasmid

encoded the conjugative machinery as well as the TevSpCas9 nuclease. The pNuc-cis plasmid

promotes increased occurrence of conjugation events because our data infers that transconjugants

become donors for subsequent re-conjugation, leading to significant increases in conjugation fre-

quency relative to the pNuc-trans plasmid. Previous studies employed strains with the conjugative

machinery embedded in the chromosome of the donor bacteria (similar to the pNuc-trans setup),

meaning that only a single round of conjugation could occur. In our two-species E. coli-S. en-

terica system, we observed conjugation frequencies approaching ∼100% with pNuc-cis in culture

conditions that promoted cell-to-cell contact and biofilm formation. Because the IncP RK2 sys-

tem can be conjugated to a wide diversity of bacteria (27), and because conjugative systems are

widespread in bacteria, our system in theory could be used to deliver the TevSpCas9 nuclease (or

other CRISPR nuclease) in complex microbial communities.

It is possible that conjugation may not be the limiting factor in all systems. Indeed, improv-

ing regulation of TevSpCas9 to prevent cellular toxicity will improve conjugation efficiencies and

counter negative selection on pNuc for inactivating mutations. Our data suggest that parameters

that govern sgRNA activity in bacterial systems are poorly understood. Other factors, including

compatibility with resident plasmids (6), expression of CRISPR and conjugation genes in diverse
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bacteria, and targeting of conjugative plasmids by naturally occurring CRISPR systems (50), may

also be relevant. Many of these issues have defined molecular solutions such as broad-host range

plasmid origins, redundant sgRNAs, universal promoters and codon optimization for gene expres-

sion. Anti-CRISPR proteins (4, 34) that are specific for relevant CRISPR systems could also be

included on pNuc-cis to prevent or reduce acquisition of CRISPR-mediated resistance. We also en-

vision using multiple strains of donor bacteria harbouring versions of pNuc-cis based on different

conjugative plasmid backbones (7), each encoding redundant programmable CRISPR nucleases or

other microbial-modulating agents or sequences.

Microbial communities have complex bacterial compositions and they inhabit diverse environ-

ments. Many human microbial communities exist as biofilms (12), which presents a challenge for

delivery of anti-microbial agents. Indeed, a number of disease conditions result from microbial

imbalances in mucosal surfaces that are dominated by biofilms, for example Clostridium dificile

infection (1). Rates of conjugation can be high in biofilms (21) and conjugative plasmids express

factors that promote biofilm formation to enhance cell-to-cell contact necessary for formation of

the conjugative pilus (16). By using a donor bacteria that is a native resident of the target biofilm the

pNuc-cis plasmid could be introduced to microbial communities more readily than delivery vectors

that have difficulty penetrating biofilms. Conversely, other delivery vectors, such as phage-based

methods, are better suited to planktonic conditions where conjugation is less efficient. Depending

on the nature of the microbiome and dysbiosis, a combination of conjugative- and phage-based

CRISPR delivery systems may be appropriate.
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Chapter 3

Functionalizing conjugative systems from
metagenomic data for targeted delivery of a
CRISPR nuclease

3.1 Introduction

Microbial ecosystems are an important factor in human health (10, 46, 47). The diversity of mi-

crobial species that comprise the human microbiome has gained renewed appreciation with the

advent of large-scale sequencing studies. Metagenomic profiling has also highlighted the preva-

lence of antimicrobial resistance (AMR) genes and mobile genetic systems that can spread AMR

genes (49). The development of multi-drug resistant bacteria has reduced the effectiveness of tra-

ditional antibiotics to treat microbial dysbioses that lead to acute disease or chronic conditions,

necessitating alternative strategies to combat microbiome imbalances (36, 48). Recently, nucle-

ases derived from the clustered regularly interspaced short palindromic repeat (CRISPR) system

have been adapted to target specific bacteria for elimination based on the introduction of double-

strand breaks in the chromosome that lead to cell death (3, 11, 20, 22, 35). A key unresolved issue

in using CRISPR as an antimicrobial tool is delivery. In particular, delivery vectors used to date

(phage, phagemids, conjugative plasmids) were primarily selected because they are characterized

to some extent, replicate in Escherichia coli or other model bacteria, have known host ranges, and

are amenable to genetic manipulation. This strategy, however, capitalizes on a fraction of the di-

versity of mobile genetic systems that could be re-purposed for CRISPR delivery, many of which

are known only through metagenomic or other sequencing studies.
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Bacterial conjugative systems are large, multi-component protein complexes that catalyze the

unidirectional transfer of DNA from a donor to a recipient cell. Conjugative transfer is initiated by

the relaxase protein that nicks DNA at a defined origin of transfer sequence (oriT). The subsequent

protein-DNA complex, called the relaxosome, interacts with the type IV coupling protein, followed

by interaction with the mating pair formation and type 4 secretion (T4SS) proteins to catalyze DNA

transfer to the recipient (8, 30, 44). Conjugative systems can be encoded on plasmids as complete

systems that are self transmissible, or as partial systems that are dependent on conjugative proteins

encoded by other elements. Upon DNA transfer, some conjugative systems integrate into the

chromosome as integrative conjugative elements (ICEs) (33, 39, 43).

Specificity of conjugation is partially due to proteins encoded by conjugative plasmids that

are expressed on donor cell surfaces and that stabilize contact with recipients (31). Currently,

the classification of conjugative systems is based on the identity of the relaxase protein and the

oriT sequence (where identifiable) (16, 17). Conjugative plasmids are well suited as delivery

vectors for CRISPR nucleases or other genetic tools. We, and others, have demonstrated that

conjugative systems can deliver CRISPR nucleases with high efficieny in vitro and in vivo, with

targeted elimination of bacteria in mouse models (22, 35, 50). The range of bacterial species that

can be targeted by conjugative plasmids would be increased by expanding the current diversity of

conjugative systems that are used for CRISPR delivery.

Here, we elaborate an approach to capitalize on the diversity of type IV conjugative systems

from human metagenomic data for delivery of CRISPR nucleases or other genetic tools. We devel-

oped a bioinformatics pipeline and identified conjugative systems from 7 different bacterial phyla

and belonging to 11 different MOB families. We selected a ∼54 kb conjugative system identi-

fied on a Citrobacter spp. plasmid and synthesized it de novo to create a functional conjugative

plasmid, p20298. Crucially, p20298 conjugates with a higher frequency to Citrobacter species

than to other bacteria, is compatible with resident Citrobacter plasmids, and is stable over multiple

generations. Programming p20298 with a TevCas9 dual nuclease and sgRNAs resulted in efficient

killing of Citrobacter rodentium. This paper provides proof of principle that conjugative systems

identified in genomic data can be synthesized de novo and functionalized for the targeted killing

of bacteria.
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3.2 Methods and Materials

3.2.1 Bacterial and yeast strains

All yeast assemblies were performed using Saccharomyces cerevisiae VL6-48 (MATa, his3∆200,

trp∆1, ura3-52, ade2-101, lys2, psi+cir◦). E. coli EPI300 (F′ λ- mcrA ∆(mrr-hsdRMS-mcrBC)

ϕ80dlacZ∆M15 ∆(lac)X74 recA1 endA1 araD139 ∆(ara, leu)7697 galU galK rpsL (StrR) nupG

trfA dhfr) (Epicentre) as well as a diaminopimelic acid (DAP) auxotroph of the strain (5) were

used for cloning and as conjugative donors. Citrobacter rodentium DBS100, Salmonella enterica

Typhimurium LT2, and E. coli (kanR) were used as primary recipients. Seven additional Citrobac-

ter spp. strains were used as recipients.

3.2.2 Identifying conjugative systems from gut metagenome data

The identification of conjugative systems from gut metagenome data, and construction of the con-

jugative systems database is described in detail in Benjamin Joris’s PhD thesis (25). Briefly, two

methods were used to assembly and identify conjugative systems from gut metagenome data. The

first method started with short-read sequencing data which was deduplicated and trimmed using

SRA toolkit version 2.9.2 (7) and Trimmomatic version 0.36 (4) respectively, followed by sample-

by-sample assembly with SPAdes version 3.14.0 (38). The resulting assemblies were input into

Anvi’o version 6.0 (14) where a Profile hidden Markov model (pHMM) was used to identify as-

sembled contigs containing matches for relaxases, type 4 coupling proteins, and type 4 secretion

pilus proteins. Identified contigs were annotated by alignment to the UniRef90 database (45) using

Prodigal version 2.6.3 (24). The second method of identifying conjugative systems used protein

alignments to identify conjugative systems. First, Prodigal version 2.6.3 (24) was used to to pre-

dict ORFs in raw metagenomic data, which were then aligned to the UniRef90 database (45) using

DIAMOND version 0.9.14 (6). Keyword searches were then used to identify contigs containing

annotations for a relaxase and either a type IV secretion system protein, or type IV coupling pro-

tein.



77

3.2.3 Molecular cloning

The conjugative system identified from the conjugative contig “20298” was synthesized in 11

fragments from Twist Bioscience (San Francisco, USA) as clonal genes. One fragment of the

sequence was additionally synthesized on a Telesis Bio (San Diego, USA) BioXP 3200. Fragments

ordered from Twist Bioscience were released from their vectors using a PmeI digest, while the tile

constructed using the BioXP 3200 was PCR amplified. Each tile contained 86-476 base pairs of

homology with the adjacent fragment. The terminal DNA fragments contained homology with

the backbone of plasmid pAGE1.0 (5), which was originally derived from p0521s (26). p20298-

AGE was constructed with these fragments using a modified yeast assembly (18, 37), which is

described in detail in chapter 2. Once it was identified that p20298-AGE contained mutations

in the traV and traY genes, and that the pAGE replicon was non-functional in C. rodentium, the

conjugative contig was re-cloned into the backbone derived from pNuc-trans (22). This contains

a p15a origin, chloramphenicol-acetyltransferase and CEN6-ARS4-HIS3. The conjugative contig

was re-amplified from p20298-AGE with PCR, using primers the fix the mutations in the traV and

traY genes. The remainder of the plasmid was amplified in fragments ranging from 1209 base

pairs to 6302 base pairs with homology. These fragments were then assembled in a yeast assembly

as described above to generate p20298-15a.

3.2.4 sgRNA cloning

A gateway cloning entry vector was constructed into the pDONR221 backbone, containing an

arabinose-inducible TevCas9 endonuclease and an sgRNA cloning cassette flanked by attL recom-

bination sites to form pENTR-TC9. A corresponding gateway destination cassette containing a

ccdB toxin and ampicillin resistance gene flanked by attR sites was cloned into p20298-15a, to

generate p20298-15a-dest.

To select sgRNAs we utilized a generalizable model to identify sgRNAs that were predicted to

have high killing efficiency (21). We cloned sgRNAs into pENTR-TC9 using golden gate assembly

at the BsaI cassette. A gateway LR reaction was performed to insert the TevCas9 and sgRNA from

pENTR-TC9 into p20298-15a-dest, forming p20298-TC9. The resulting plasmid was transformed

into E. coli Epi300 (DAP-).
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3.2.5 Bacterial conjugation assays

Donor and recipient strains were grown to saturation overnight in selective media. Saturated cul-

tures were then diluted 1:50 into 5 mL non-selective LSLB (10 g/L tryptone, 5 g/L yeast extract,

5 g/l NaCl) supplemented with 60 µg/mL diaminopimelic acid (DAP) and grown to an A600 of

∼0.5-1.0 and adjusted to an A600 of 0.5. Cultures were centrifuged at 4000 xg for 5 minutes and

resuspended in 500 µL of 10% glycerol. Cells were aliquoted and frozen at -80 ◦C.

During conjugations, cells were thawed on ice and 50 µL of donor strain were mixed with 50

µL recipient strain on LSLB plates supplemented with 60 µg/mL DAP. Conjugations proceeded on

plates at 37 ◦C for 1 hour. Cells were scraped into 400 µL LSLB with a glass spreader. These cell

suspensions were then serially diluted and plated on selection for donors, recipients, and transcon-

jugants. Plates were incubated for 16-20 hours at 37 ◦C and colonies were counted manually.

3.2.6 RNA-seq

Total RNA was prepared from three replicates each of p20298-15a electroporated into E. coli

Epi300 (DAP-) and C. rodentium. A single colony from each transformation was grown overnight

to saturation under selection. Saturated cultures were diluted 1:50 into non-selective LSLB, and

LSLB supplemented with 60 µg/mL DAP for C. rodentium and E. coli respectively. Cultures were

grown for 2 hours at 37 ◦C with 225 RPM shaking, reaching A600 between 0.4-0.6. 1.5 mL of

culture was centrifuged at 16000 xg for 5 minutes at 4 ◦C. The supernatant was aspirated and the

pellet was resuspended in 1 mL Trizol reagent (Invitrogen). Samples were incubated at 65 ◦C

for 10 minutues, and 0.2 mL of chloroform was added and mixed by inverting for 15 seconds.

Samples were incubated at room temperature for 3 minutes before being centrifuged at 16000 xg

for 5 minutes at 4 ◦C. The aqueous phase was transferred to a clean tube and 1 volume of ethanol

was added to each. An NEB Monarch cleanup kit was used by adding samples to an RNA cleanup

column and centrifuging at 11000 xg for 1 minute at room temperature. The column was washed

twice by adding 500 µL of RNA cleanup wash buffer and centrifuging at 11000 xg for 1 minute.

The column was spun for an additional 1 minute at 11000 xg to dry before eluted into 50 µL

nuclease-free water by centrifuging at 11000 xg for 1 minute.

RNA libraries were prepared and sequenced using an Illumina NextSeq High Output 75 cycle
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sequencing kit on an Illumina NextSeq. Resulting reads were trimmed with Trimmomatic version

0.36 (4) with options LEADING:10 TRAILING:10. Processed reads for E. coli Epi300 samples

were mapped to the E. coli strain K-12 NEB 5-alpha genome (CP017100.1 ) and p20298-15a

plasmid reference sequences using Hisat2 version 2.2.0 (27). Processed reads for C. rodentium

samples were mapped to the C. rodentium strain DBS100 genome (CP038008.1) and p20298-15a

plasmid reference sequences using the same workflow. Htseq-count version 0.13.5 (40) was used

to count the number of reads mapping to each annotated feature within the genome and plasmid

sequences. ALDEx2 (15) was used to determine differential gene expression. Positional read

coverage was obtained using Samtools version 1.10 (13).

3.2.7 Plasmid stability assays

p20298-15a and pNuc-cis (22) were conjugated to C. rodentium as described in bacterial conjuga-

tion assays. Transconjugants were isolated and passaged on selective plates with overnight growth

at 37 ◦C for 16-20 hours. Colonies were isolated from these plates and passaged once again on

selective plates at 37 ◦C for 16-20 hours. Individual colonies were picked from these plates and

grown overnight in selective liquid LSLB at 37 ◦C. Plasmids were extracted and diagnostic digests

were performed with NotI-HF and NcoI-HF (New England Biolabs). Digests were analyzed on

agarose gels for plasmid rearrangements.

3.2.8 C. rodentium killing assays

p20298-15-TC9 plasmids with C. rodentium targeted sgRNAs were conjugated from E. coli (DAP-

) to C. rodentium on LSLB + DAP 60 µg/mL + 0.2 % glucose plates at a 4:1 donor:recipient ratio

for 1 hour. Cells were scraped into 500 µL LSLB, and added to an additional 500 µL LSLB.

250 µL of the resulting cell suspension was diluted 1:2 into 2x selective and inducing LSLB (50

µg/mL chloramphenicol and 0.4 % arabinose) and selective and 2x repressing LSLB (50 µg/mL

chloramphenicol and 0.4 % glucose). Cell suspensions are therefore at final concentrations of 25

µg/mL chloramphenicol and 0.2 % arabinose for induced, and 25 µg/mL chloramphenicol and 0.2

% glucose for repressed. Cells were then incubated at 37 ◦C with shaking for 2 hours to induce

TevCas9 expression. After 2 hours of growth, the suspensions were centrifuged at 11000 xg for 1
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minute and resuspended in LSLB supplemented with 25 µg/mL chloramphenicol. Cell suspensions

were then serially diluted and plated on LSLB supplemented with 25 µg/mL chloramphenicol and

0.2 % glucose. Colonies were counted and killing efficiency was calculated.

3.3 Results

3.3.1 Identifying conjugative systems from metagenomic data

A non-redundant, near-complete collection of the human gut microbiome containing 2505 bacte-

rial genomes (1) was used to identify the presence of conjugative systems in various cohorts. Using

UniRef90 annotations for relaxases, type 4 secretion systems (T4SS) and type 4 coupling proteins

(T4CP), we were able to identify 1598 contigs from 787 genomes that were potentially conjuga-

tive (Figure 3.1a). These systems represent the diverse conjugative systems that allow transfer of

genetic material in the gut microbiome. Using MobScan (16) we were able to predict the MOB

families of the relaxases that were present on the identified conjugative systems, and found a wide

range of predicted relaxases. Interestingly, MOBP1-type relaxases were found to be the majority

conjugative system, with 865 represented systems, and all 9 of the relaxase MOB families were

present. Furthermore, we used plasflow (28) to predict whether the conjugative systems were en-

coded on a chromosome or a plasmid and found that 57 were predicted to be plasmid-based, 1353

chromosomal, and the remaining 179 conjugative systems were unknown.

To begin the process of synthesizing a conjugative system from this data set, we first narrowed

down to systems that were identified in the Proteobacteria clade. These systems were attractive

as they represented good proof-of-principle systems for synthesis, as many were sequenced from

reference isolates, and because it simplified and expedited the cloning and testing process. We

identified a conjugative system “20298” that mapped to a reference isolate and was predicted to

be a member of the Citrobacter genus. This was of interest to us because Citrobacter spp. have

implications in human health (2, 41), and because C. rodentium is a well-studied mouse model for

enterohemorrhagic E. coli (12, 34).

The conjugative system from contig “20298” (Figure 3.1b) has a predicted MOBP1 relaxase

(16), and has similarity to conjugative systems from the IncI family (29). The conjugative system of
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the contig was ∼54 kb in size and was located on a larger contig of ∼150 kb. BLAST results of the

full length contig match primarily to plasmids identified in Citrobacter spp. isolates. Furthermore,

we were able to identify the origin of transfer (oriT) located adjacent to the predicted relaxase

using oritfinder (29).
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Figure 3.1: Identifying conjugative systems from gut metagenomic data. a. Conjugative systems were identified
from a near-complete non-redundant gut database containing both reference genomes and metagenome-assembled
genomes (MAGs). Relaxase families were predicted using MOBScan (16). The outer region represents all 1598
contigs containing putative conjugative systems. The inner region is a focused section of conjugative systems identified
in the Proteobacteria clade. The highlighted system, 20298 is a conjugative system with a MOBP1 relaxase that was
chosen for synthesis. b. Predicted conjugative contig “20298” showing the trimmed part of the contig containing the
predicted conjugative elements and which was then synthesized. The predicted relaxase is coloured orange, while the
predicted oriT (29) is coloured pink.
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3.3.2 Constructing a conjugative system de novo

We initially constructed a plasmid, p20298-AGE, which was designed to insert the approximately

54 kb conjugative system from the 20298 contig into the pAGE plasmid backbone (5) (Figure 3.2).

To do this we first had to have the 20298 conjugative system sequence synthesized. For this to

be done, we proceeded to split the sequence into 12 tiles of approximately 5 kb in length, each

containing sequence homology at both ends to the adjacent fragments, with the terminal fragments

containing homology to the pAGE backbone. We ordered these 12 tiles as clonal genes from

Twist Bioscience that could easily be excised from their clonal vector by PmeI digest. During this

process, one tile (tile 9) was unable to be successfully synthesized as a clonal gene. To address this,

we synthesized it as four smaller DNA fragments using a Telesis Bio DNA BioXP 3200 (Figure

3.2a). A yeast assembly was used to clone the 4 BioXP fragments into a single 5 kb tile which

was cloned into pAGE backbone for storage. The 11 synthesized fragments from TWIST were

released from their backbones by PmeI digest, the BioXP tile 9 was PCR amplified, and all tiles

were subsequently assembled in yeast before being moved to E. coli Epi300. Once moved to E.

coli we screened 13 individual colonies by diagnostic digest, and found that 9 contained plasmids

with the expected digest banding patterns (Figure 3.2c). We sequenced 5 clones using an Oxford

nanopore Minion, and found mutations in each clone (Table 3.1). The clone with the highest

fidelity relative to the 20298 contig sequence contained deletions in both the traV and traY genes.

Moreover, attempts to conjugate this construct from E. coli to E. coli were unsuccessful (Figure

3.3b). We further attempted to transform p20298-AGE into C. rodentium via electroporation and

were unable to successfully yield transformants, suggesting that the pAGE backbone could not

replicate in C. rodentium. To verify this we attempted to transform pAGE1 (5) which also failed to

yield transformants in C. rodentium. Using p20298-AGE as a template, we repaired the deletions

in traV and traY, and replaced the pAGE backbone with the backbone from the pNuc-trans plasmid

(22). The pNuc-trans backbone contains the p15a origin of replication and chloramphenicol acetyl-

transferase for replication and selection in E. coli. Importantly, it also contains a Cen-Ars-His

yeast region to allow for DNA assembly and replication in S. cerevisiae yeast. We elected to use

this backbone as we had previously found that it could replicate in C. rodentium, and because

it contains the necessary elements for assembly and replication in yeast. Using p20298-AGE
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as a template, we re-amplified the 20298 conjugative system using primers that simultaneously

introduced corrections in the traV and traY genes. These new fragments were then assembled

together in yeast to generate p20298-15a (Figure 3.3a). After confirming conjugative function

of p20298-15a, we identified several mutations in the coding regions of the plasmid (Table 3.2)

that were generated during construction. Additionally we constructed a version of the plasmid,

p20298-15a-M, which changed the plasmid backbone but maintained the inactivating mutations in

the traV and traY genes that were present in p20298-AGE.

Table 3.1: Identified mutations by full plasmid Nanopore sequencing in p20298-AGE clones isolated from E. coli.

p20298-AGE clone Location of error Error type
1-1 traV 1 bp deletion

traY 1 bp deletion
hyopthetical orf missense SNP

1-2 traV 1 bp deletion
traY 1 bp deletion
pili assembly chaperone 1 bp insertion

2-2 traV 1 bp deletion
traY 1 bp deletion
traY missense SNP

2-3 traV 1 bp deletion
traY 1 bp deletion

2-4 traV 1 bp deletion
traY 1 bp deletion

Table 3.2: Identified mutations by full plasmid nanopore sequencing in p20298-15a.

Location of error Error type Impact
pili assembly chaperone SNP synonymous
pilN SNP missense; Met to Ile
pilP SNP nonsense; truncated orf
hypothetical orf SNP missense; Val to Ile
traC SNP missense; Asp to Asn
traT SNP missense; His to Tyr

3.3.3 Conjugation of p20298-15a

Using an E. coli Epi300 DAP- auxotrophic donor strain we attempted to conjugate p20298-15a

to an E. coli recipient, C. rodentium, and S. enterica LT2 (Figure 3.3c). We observed successful
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Figure 3.2: Synthesis and assembly of p20298-AGE. a. Schematic of assembly. 11 tiles were synthesized as clonal
DNA fragments from TWIST Bioscience. Tile 9 could not be synthesized in this manner and was instead synthesized
in 4 fragments by a Telesis Bio BioXP 3200. b. TAE-agarose gel showing fragments used for yeast assembly of
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E. coli recipient. Five biological replicates were performed for each. c. Conjugation of p20298-15a from an E. coli
donor (left) to E. coli (Ec), C. rodentium (Cr), and Salmonella enterica Typhimurium (St). Five biological replicates
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conjugation to both E. coli and C. rodentium, however conjugation to S. enterica was unsuccess-

ful. Interestingly, conjugation from the E. coli donor occurred at an approximately 30-fold higher

frequency to C. rodentium than to an E. coli recipient after a 1 hour conjugation (p-value=0.005

by Welch’s one-sided t-test). We proceeded to move p20298-15a into a C. rodentium donor strain,

and performed conjugations to the same 3 recipients (Figure 3.3d). Conjugation from this strain

resulted in a 13-fold higher conjugation frequency to C. rodentium than to E. coli (p-value=0.076

by Welch’s one-sided t-test). Conjugation from C. rodentium to S. enterica was unsuccessful. The

difference in conjugation from an E. coli or a C. rodentium donor was not significant (p-values

of 0.32 and 0.32 to E. coli and C. rodentium recipients respectively by Welch’s two-sided t-test).

Taken together, both E. coli and C. rodentium were able to act as successful conjugative donors.

Interestingly, no p20298-15a transconjugants were yielded in S. enterica from either donor strain.

We proceeded to perform a time-course conjugation experiment using an E. coli Epi300 donor to

both E. coli and C. rodentium recipients over 24 hours (Figure 3.3e). Conjugations were performed

on LSLB agar plates, and cells were removed at the observed time-points. We generally observed

a higher frequency of conjugation to C. rodentium than E. coli over the first 6 hours, as indicated

by non-overlapping confidence intervals. Our observed conjugation frequencies plateaued at the 4

hour and 6 hour time-points for conjugation to E. coli and C. rodentium respectively. The 12 and

24 hour showed similar conjugation frequencies to both recipient strains.

Seven additional strains of Citrobacter spp. were obtained from Micronostyx to test as potential

conjugative recipients (Figure 3.3f). Conjugations were performed for 1 hour on LSLB agar plates.

Interestingly, the frequency of conjugation observed to these strains was widely variable. After a

standard one hour conjugation from the E. coli donor, we observed moderate conjugation between

2.9 x 10-6 and 7 x 10-6 for four of the seven strains. The remaining 3 strains yielded minimal or no

transconjugants. Conjugation was performed to C. rodentium in parallel and occurred at a higher

frequency than any of the other Citrobacter species tested (5.9 x 10-4). This indicates that the

recipient range of p20298-15a is more specific than just the Citrobacter genus, as not all members

of the genus are good recipients for the plasmid.



89

3.3.4 Conjugation in trans of a mobilizable plasmid containing the putative

oriT from p20298

We identified the putative oriT for the p20298 conjugative system by ananlyzing the conjugative

system with oriTfinder (29). We proceeded to clone a 1 kb fragment of DNA centered around the

putative oriT into the plasmid backbone of the pProEX-Hta expression plasmid to form “p298-

ori”. This backbone contains a compatible replicon with p20298-15a as well as an ampR selection

marker for compatible selection with p20298-15a. We transformed this plasmid into E. coli Epi300

alongside p20298-15a to generate a donor strain where p20298-15a was conjugative and p298-

ori was mobilizable. We additionally transformed p298-ori with p20298-15a-M, which contains

the identified mutations that eliminate conjugative ability in the traV and traY genes. With both

these strains, we proceeded to conjugate to C. rodentium for 1 hour (Figure 3.4b) and selected

for transconjugants of p298-oriT. We observed an average conjugation frequency of 3.2 x 10-4 for

p298-oriT when mobilized by p20298-15a, and no conjugation when p298-oriT was harboured

with p20298-15a-M. This experimentally validates the function of the putative oriT. Furthermore,

it shows that the p20298-15a plasmid can be used mobilize a secondary mobilizable plasmid in

trans.

3.3.5 p20298-15a stability in C. rodentium transconjugants

To evaluate the stability of p20298 in C. rodentium transconjugants, we isolated six p20298-15a

transconjugants from a rifampin-sensitive C. rodentium strain to test as potential donors. We pro-

ceeded to perform conjugation assays from the rifampin-sensitive C. rodentium donors to rifampin-

resistant C. rodentium recipients, and observed that each transconjugant was able to successfully

conjugate the p20298-15a plasmid, suggesting the entirety of the plasmid is functional in transcon-

jugants (Figure 3.4a).

To further evaluate the stability of the p20298-15a plasmid we performed diagnostic digests on

plasmids extracted from C. rodentium transconjugants. First, 6 transconjugants were isolated and

passaged on plates under chloramphenicol selection for the presence of the plasmid. Subsequently,

2 colonies from each initial passage were re-passaged on plates under chloramphenicol selection.

After this passaging, 2 colonies from each were grown up overnight in liquid under chlorampheni-
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col selection, for a total of 24 colonies. We proceeded to extract plasmids from each and digested

them with NotI-HF and NcoI-HF to assess the plasmids for gross rearrangements (Figure 3.6). In

each case the diagnostic digest appeared normal, and no rearrangements were observed. Addi-

tional bands observed from the p20298 plasmids are expected from digests of native extracted C.

rodentium plasmids (Figure 3.5). Overall, this indicates that the plasmid is generally stable under

chloramphenicol selection after multiple passages.

3.3.6 RNA-seq of p20298-15a in E. coli Epi300 and E. coli to C. rodentium

To validate that genes on p20298-15a were being expressed in both E. coli and C. rodentium. we

performed an RNA-seq experiment where the plasmid was being harboured in both strains. RNA

was extracted at an A600 of ∼0.4-0.6 for 3 replicates of both E. coli and C. rodentium. Analysis of

the nucleotide coverage across the plasmid sequence in both E. coli (Figure 3.7a) and C. rodentium

(Figure 3.7b) indicates that p20298-15a RNA is being transcribed from both strands. Interestingly,

the difference in RNA coverage observed between the coding and non-coding strands is more

distinguishable in C. rodentium, which may indicate that regulatory elements on the plasmid such

as promoters and terminators are functioning more stringently in C. rodentium than in E. coli.

Importantly, expression of all genes across the plasmid was observed in both strains.

We additionally compared the relative differential expression of plasmid genes when expressed in

either E. coli Epi300 or C. rodentium using ALDeX2, a tool for analyzing differential abundance

in RNA-seq data (15). From this RNA-seq analysis, we observed that many plasmid genes were

significantly differentially expressed (greater than 2-fold differential expression and a p-value less

than 0.01.) (Figure 3.8). Specifically, we found that 24 out of 49 genes had significant differential

expression between the two strains. Interestingly, the relaxase gene nikB had significantly higher

relative expression in C. rodentium than in E. coli. Additionally traV and traY also had higher

relative expression in C. rodentium. Furthermore, genes encoding thin pilus proteins including

pilN and pilP had lower relative expression in C. rodentium than in E. coli.
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Figure 3.5: C. rodentium native plasmids. Plasmids were prepared and digested with NotI-HF and Nco-HF (NEB)
and ran on a 0.8% TAE-agarose gel. Digested bands indicate expected background bands when digesting p20298-15a
plasmids that were isolated from C. rodentium.
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Figure 3.6: Diagnostic digests of p20298-15a isolated from C. rodentium after being passaged. Colonies were pas-
saged twice on plates before being diluted and grown to saturation overnight for plasmid extraction. Extracted plasmids
were digested with NotI-HF and NcoI-HF. This contains the complete digests that are partially shown in Figure 2. As-
terisks indicate bands which result from digestion of native C. rodentium plasmids (see Figure 3.5).
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3.3.7 Functionalizing p20298 to kill C. rodentium with CRISPR-TevCas9

To facilitate cloning of cargo into p20298, we introduced a destination cassette for gateway re-

combination adjacent to the plasmid backbone in p20298-15a to generate p20298-dest. Gateway

recombination utilizes the bacteriophage λ integrase system to recombine between a donor and

recipient plasmid (23). As such, the destination cassette in p20298-dest contains a ccdB toxic

gene that is constitutively expressed, and only removed upon successful recombination. This pro-

vided us a simple and rapid method to move cargo into the p20298 conjugative plasmid without

the need to re-perform assemblies in yeast. To further our use of this system, we also generated

pENTR-TC9. This plasmid contains the TevCas9 system under an arabinose-inducible promoter,

and allows us to rapidly change sgRNAs by use of a golden gate cloning cassette. It is flanked

by the required attL recombination sites to allow for recombination into the destination cassette

of p20298-dest. Together, these plasmids allow us to rapidly change sgRNAs within the p20298

plasmid to target the C. rodentium genome (Figure 3.9a). We are able to screen for successful

gateway recombination by a simple diagnostic restriction digest. This system is also desirable as it

allows for the rapid insertion of other cargo through use of gateway recombination.

We proceeded to identify sgRNAs with high predicted activity for bacterial targeting using a gener-

alizable machine learning trained prediction model (21). We individually cloned sgRNAs targeting

the C. rodentium genome, and an sgRNA not targeting the C. rodentium genome, into p20298-

dest using the aforementioned cloning method. We conjugated p20298-TC9 plasmids from E.

coli Epi300 (DAP-) to C. rodentium under glucose repression on plates and subsequently split

the suspension and selected for transconjugants in inducing (with arabinose) and repressing (with

glucose) conditions. After 2 hours of induction at 37 ◦C we plated the outgrowths on repressive

plates, and counted colonies the following day. We determined the killing efficiency by comparing

colony counts between the 2 conditions (Figure 3.9b) and observed that all sgRNAs targeting the

C. rodentium genome were able to kill, with the lowest efficiency being 82 % (Figure 3.9c). Some

sgRNAs performed better and more consistently than others. In particular, the sgRNA targeting

glpG had an average killing efficiency of 99.9 % and was consistent across replicates. Taken to-

gether, this data shows that the p20298 conjugative plasmid can be used to successfully deliver a

TevCas9 nuclease for targeted bacterial killing of C. rodentium.
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Figure 3.9: Functionalizing p20298 to kill C. rodentium. a. p20298 was modified to include a gateway destination
cassette for cargo insertion to create p20298-dest. pENTR-TC9 was constructed to facilitate the recombination of
CRISPR-TevCas9 with various sgRNAs into the p20298-dest plasmid. b. Schematic of chromosomal targeting by a
conjugated p20298-TC9 plasmid. p20298-TC9 is conjugated from E. coli to C. rodentium. CRISPR-TevCas9 targeting
the C. rodentium genome is either induced with arabinose, or repressed with glucose and allowed to outgrow for 2
hours to kill. The remaining transconjugants are grown overnight on plates, and killing efficiency is calculated by
comparing these conditions. c. Killing efficiency of C. rodentium with p20298-TC9. 8 sgRNAs targeting the C.
rodentium genome (blue circle), a non-targeted sgRNA (red triangle), and an empty sgRNA cassette control (black
diamond) were tested in three biological replicates each. Killing efficiencies were calculated as described above and
expressed as a percent.
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3.4 Discussion

As methods for the assembly of large DNA fragments improve, and the cost of de novo DNA

synthesis becomes more affordable, constructing functional multi-gene systems becomes more

accessible. Here we showed that we can take advantage of these changes to synthesize an entire

conjugative system identified in a metagenomic database de novo. Evolving DNA sequencing tech-

nology has resulted in a constantly increasing number of high-throughput sequencing experiments,

many of which store their raw data in readily-accessible databases online. As these databases con-

tinue to grow, access to more novel sequences will only increase. This includes data sets that

can be associated with both health-related microbiome, or environmental microbiome samples.

A shortcoming of metagenomic data is the inherent depletion of plasmids during the binning of

metagenomic sequencing data (32). This results in an under-representation of conjugative plas-

mids within metagenomic data. When we investigate the full ∼150 kb contig from which we iden-

tified the 20298 conjugative system, we find genes for antitoxins and repA which are indicative

of a plasmid origin. Together, this suggests that the origin of the 20298 sequence is conjugative

plasmid-based in nature, however, recent research suggests that the divide between conjugative

plasmids and ICEs is perhaps smaller than we thought (9).

The identification of inactivating mutations in the traV and traY genes of p20298-AGE indicates

some selective disadvantage of these two genes may have prevented successful synthesis. Both

these genes were present in the DNA tile that could not be synthesized and sequence-verified

by Twist Biosciences, and resulted in a secondary synthesis technique being required where the

mutations occured. In the IncI1 plasmid R64 both gene products are involved in conjugal trans-

fer, with the traY product being a predicted integral membrane protein (42). Although neither

gene is anticipated to have independent toxic effects, it is possible that toxicity may be driving

these mutations in the absence of the entire conjugative apparatus, resulting in the issues obtaining

sequence-verified DNA products. Consideration on the impact of segmented gene systems is criti-

cal moving forward with future construction of large conjugative systems, particularly when toxic

genes or toxin-antitoxin systems might be included.

Interestingly, we observed a higher frequency of conjugation to a C. rodentium recipient than an E.

coli recipient after a standard, one hour conjugation. This is interesting as the conjugative system



99

originates from the Citrobacter genus. While we do not know the precise molecular reason for

this preference, we can speculate based on previous findings. It has been shown that efficient DNA

transfer relies on precise interactions between plasmid-expressed outer-membrane proteins and re-

cipient outer-membrane proteins to stabilize mating pair formation (31). This specificity highlights

the importance of identifying conjugative systems that have evolved to have high potential for suc-

cessful conjugation to target species of interest. Furthermore, plasmid origin incompatibility with

domestic plasmids in desired recipient strains means that careful consideration needs to be made

when determining a suitable backbone for a conjugative delivery plasmid. Using conjugative plas-

mids for biotechnology applications in complex microbial systems, such as the gut, is reliant on

the ability to robustly conjugate to, and replicate in species of interest. The variable conjugation

frequency we observed to different Citrobacter strains demonstrates the complexity of interactions

between engineered conjugative plasmids and their recipients. It is therefore imperative that a

broad range of replicative origins and conjugative systems are available for targeting of future re-

cipients. Our work here demonstrates that metagenomic data sets are a reservoir for sequences of

these systems that can be constructed for this purpose.

Importantly, we also identified several errors in coding regions within p20298-15a. While the

full impact of these mutations was not explored, it is possible that resolving these errors may

impact conjugation frequency. In particular, fixing errors in the thin pilus genes might improve

conjugation, particularly if the system proceeds into a mouse model, where the presence of a

functional thin pilus has been found to greatly improve conjugation frequency (35).

Critically, we were able to demonstrate the ability to functionalize p20298-15a to deliver a TevCas9

nuclease for targeted killing of C. rodentium. Sequence-specific antimicrobials are an important

step forward in combating antimicrobial resistance in bacteria. Conjugative systems could be

further used to deliver genes and systems of importance within microbial ecosystems, such as

metabolic pathways, and gene regulatory systems (i.e. CRISPRi). Beyond this, functionalizing the

conjugative plasmid for delivery shows how systems identified in metagenomic or genomic data

can be further engineered for synthetic biology applications. This shows how advancements in both

DNA sequencing and DNA synthesis can evolve the way we approach functional metagenomics.

To conclude, we were able to construct a large synthetic genetic system de novo that contains

at least 47 genes, and show conjugative function of the system. While the construction of large
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synthetic systems is not new, considering the construction of a “synthetic cell” (19), this work

emphasizes the ability to identify and construct functionally important biological systems from the

largely untapped reservoir of metagenomic data. While conjugative systems represent a useful tool

for applications in microbial systems, this principle is translatable to identifying other systems of

functional interest such as natural metabolic and biosynthetic pathways. As the cost of synthetic

DNA synthesis decreases, and the tools for assembly of these systems improve, this process will

only become more simpler and more affordable.



101

3.5 References
[1] Alexandre Almeida, Alex L Mitchell, Miguel Boland, Samuel C Forster, Gregory B Gloor,

Aleksandra Tarkowska, Trevor D Lawley, and Robert D Finn. A new genomic blueprint of
the human gut microbiota. Nature, 568(7753):499–504, 2019.

[2] Li Bai, Shengli Xia, Ruiting Lan, Liyun Liu, Changyun Ye, Yiting Wang, Dong Jin, Zhigang
Cui, Huaiqi Jing, Yanwen Xiong, et al. Isolation and characterization of cytotoxic, aggrega-
tive Citrobacter freundii. PLoS One, 7(3):e33054, 2012.

[3] David Bikard, Chad W Euler, Wenyan Jiang, Philip M Nussenzweig, Gregory W Goldberg,
Xavier Duportet, Vincent A Fischetti, and Luciano A Marraffini. Exploiting CRISPR-Cas
nucleases to produce sequence-specific antimicrobials. Nature Biotechnology, 32(11):1146,
2014.

[4] Anthony M Bolger, Marc Lohse, and Bjoern Usadel. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics, 30(15):2114–2120, 2014.

[5] Stephanie L Brumwell, Michael R MacLeod, Tony Huang, Ryan R Cochrane, Rebecca S
Meaney, Maryam Zamani, Ola Matysiakiewicz, Kaitlyn N Dan, Preetam Janakirama,
David R Edgell, et al. Designer Sinorhizobium meliloti strains and multi-functional vectors
enable direct inter-kingdom DNA transfer. PLoS One, 14(6):e0206781, 2019.

[6] Benjamin Buchfink, Chao Xie, and Daniel H Huson. Fast and sensitive protein alignment
using DIAMOND. Nature Methods, 12(1):59–60, 2015.

[7] Brian Bushnell, Jonathan Rood, and Esther Singer. BBMerge–accurate paired shotgun read
merging via overlap. PloS One, 12(10):e0185056, 2017.

[8] Elena Cabezón, Jorge Ripoll-Rozada, Alejandro Peña, Fernando De La Cruz, and Ignacio
Arechaga. Towards an integrated model of bacterial conjugation. FEMS Microbiology Re-
views, 39(1):81–95, 2015.

[9] Nicolas Carraro, Dominique Poulin, and Vincent Burrus. Replication and active partition of
integrative and conjugative elements (ICEs) of the SXT/R391 family: the line between ICEs
and conjugative plasmids is getting thinner. PLoS Genetics, 11(6):e1005298, 2015.

[10] Indranil Chattopadhyay, Ruby Dhar, Karthikeyan Pethusamy, Ashikh Seethy, Tryambak Sri-
vastava, Ramkishor Sah, Jyoti Sharma, and Subhradip Karmakar. Exploring the role of gut
microbiome in colon cancer. Applied Biochemistry and Biotechnology, 193(6):1780–1799,
2021.

[11] Robert J Citorik, Mark Mimee, and Timothy K Lu. Sequence-specific antimicrobials using
efficiently delivered RNA-guided nucleases. Nature Biotechnology, 32(11):1141, 2014.

[12] James W Collins, Kristie M Keeney, Valerie F Crepin, Vijay AK Rathinam, Katherine A
Fitzgerald, B Brett Finlay, and Gad Frankel. Citrobacter rodentium: infection, inflammation
and the microbiota. Nature Reviews Microbiology, 12(9):612–623, 2014.



102

[13] Petr Danecek, James K Bonfield, Jennifer Liddle, John Marshall, Valeriu Ohan, Martin O
Pollard, Andrew Whitwham, Thomas Keane, Shane A McCarthy, Robert M Davies, et al.
Twelve years of samtools and bcftools. Gigascience, 10(2):giab008, 2021.
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Chapter 4

Discussion

4.1 Manipulating bacteria with CRISPR nucleases

The continued development of novel CRISPR-based tools has revolutionized methodological ap-

proaches in biotechnology over the past decade. In both Chapters 2 and 3, the use of TevCas9 as

a tool for targeted bacterial killing was demonstrated, killing both Salmonella enterica, and Cit-

robacter rodentium. While the focus of this thesis was primarily on the delivery of CRISPR tools

for killing, it also addresses the question of sgRNA dependence for bacterial elimination. Indeed,

65 different TevSpCas9 sgRNAs were delivered to S. enterica yielding diverse killing efficiencies.

We were unable to identify any strong correlations between our observed sgRNA activity and nu-

merous parameters, including predictions from an optimized prokaryotic model (8), which shows

that current understanding of sgRNA function in bacteria is limited and needs to be improved. This

problem has recently been addressed by generating a machine transfer learning architecture that is

aimed at making generalizable SpCas9 sgRNA activity predictions (9). This model was used to

predict high activity sgRNAs for targeting C. rodentium in Chapter 3.

Another consideration for highly efficient killing is through the multiplexing of sgRNAs, which

can serve two key purposes in targeting bacteria. The first purpose is to target multiple sites on

the genome of a target bacterium which was demonstrated to yield high killing efficiencies in

Chapter 2. This is critical because it may allow for good sgRNAs to compensate for worse sgRNAs

as a means of redundancy. The second purpose of multiplexing is to provide sgRNAs targeting

multiple genomes to attempt simultaneous killing of different strains. Recently, systems to enable

the construction of long sgRNA arrays have been engineered to facilitate construction and use of
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multiple guides simultaneously (28), which has the potential to greatly improve sequence-specific

bacterial genome targeting.

While using TevCas9 or Cas9 as sequence targeted antimicrobials is an innovative use of

CRISPR technology, demonstrated both in this thesis and in other works (1, 4, 7, 24), the develop-

ment of other CRISPR-based tools presents interesting possibilities for manipulating microbes. For

instance, CRISPRi can be used for targeted gene repression in bacteria, which has been demon-

strated in a number of instances including for virulence attenuation, and for modulating GUS

activity (26, 27). Additionally, CRISPRa fusion proteins such as dCas9-AsiA can be utilized in

bacteria to further modulate gene expression at diverse promoters (11). Efficient delivery of these

systems is imperative for the therapeutic usage of these tools in complex communities just as it is

when using CRISPR nucleases as antimicrobial agents.

4.2 On the future of conjugative delivery to bacteria

Conjugative systems are widespread throughout microbes in diverse communities, making them

versatile for delivering genetic cargo to bacteria. In both Chapters 2 and 3, CRISPR nucleases were

successfully delivered to S. enterica and C. rodentium using two different conjugative systems.

Importantly, with pNuc-cis we found that the conditions under which conjugation occurs greatly

impact the frequency of conjugation to S. enterica, and that mobilization in cis was critical. With

p20298-15a we found that conjugation frequency was highly variable depending on the recipient

strain. Taken together this emphasizes that no conjugative plasmid is a ”master key” for delivery, as

the conditions under which mobilization will occur, and the desired target, will both greatly affect

the efficiency of cargo delivery. This perhaps explains why previous attempts to deliver CRISPR

nucleases for bacterial killing using conjugation were unsuccessful, as the system was used in

trans, and no real optimization of conjugation was performed (4). This illustrates the need to

have a robust library of conjugative systems available for use as delivery tools to different bacteria

in variable environments. This thesis further addresses this problem by introducing a pipeline

for constructing conjugative systems to facilitate delivery of genetic cargo to diverse bacteria,

including those that are difficult to culture and under-studied.

The primary focus of this thesis was placed on conjugation to Proteobacteria, as many exam-
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ple species are often pathogenic, and because they are relatively easy to manipulate in laboratory

settings. These bacteria, including S. enterica, and Citrobacter spp. represent clinically significant

pathogens, which are key targets for antimicrobial therapeutics. While conjugation to this clade

was demonstrated, conjugative systems were also present in other clinically relevant phyla of bac-

teria including Firmicutes and Bacteroidetes, as shown in Chapter 3. These two clades of bacteria

have drawn a substantial amount of research interest, with the potential link to obesity (19, 32),

beyond which both phyla are abundant in the healthy gut microbiome (31, 34). Furthermore, non-

Proteobacter pathogens, including Staphylococcus aureus (5), and Streptococcus agalactiae (2),

are known to harbour conjugative plasmids. These species represent potential therapeutic targets

where conjugative systems are naturally present and could be adapted and engineered to deliver

either a CRISPR-based killing device, or other genetic cargo. The range of targets with signifi-

cant human health implications is large, and adapting natural conjugative systems for delivery is a

logical step in tool development for these organisms.

A further consideration for the advancement of bacterial conjugation in synthetic biology is

through the inclusion of additional genetic systems to help enable successful delivery. For example,

a recent study showing the importance of plasmid expressed proteins for mating pair stabilization

with specific recipients indicates the potential to use these types of cell surface proteins to enhance

conjugation to targets of interest (21). Naturally occurring conjugative plasmids have also been

shown to encode anti-CRISPR proteins which help evade host CRISPR systems (22). Inclusion of

anti-CRISPR elements on engineered conjugative plasmids when targeting bacterial communities

with characterized CRISPR systems could prove beneficial for increasing overall efficiency of

delivery. These examples highlight how plasmids have naturally evolved to efficiently conjugate

to new hosts, and represent additional systems that can be searched for in microbiome data sets.

A reasonable concern surrounding conjugative delivery technology is with bio-containment of

engineered plasmids in complex microbial ecosystems. It is desirable that there be a mechanism to

eliminate plasmid and donor strain persistence in populations after effective use of the construct has

been completed. Targeted kill-switch circuits have been engineered for such purposes including

CRISPR-based kill-switches (29) and the “deadman” and “passcode” system (3). Furthermore,

future use of a thermo-sensitive endonuclease to act as a sequence-specific targeted kill-switch may

be used to activate elimination when the plasmid is excreted from the gastrointestinal tract (18).
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Ultimately the inclusion of these types of devices are a necessity moving forward with conjugative

delivery to microbial communities.

4.3 Functionalizing metagenomic sequencing data

Functional metagenomics has traditionally enabled the study of genes and systems that exhibit

unique activities in microbial ecosystems through library screening of community-isolated DNA

(17). It is a valuable method for identifying and characterizing the activity of enzymes and path-

ways in both culturable and non-culturable bacteria, and importantly can identify genetic systems

with potential uses in biotechnology. Examples of identified systems with relevant applications

have been found in environmental samples with thermostable polymerases (23), and genes for

napthalene degradation (33). Further genetic elements have been found in human microbiome

samples including bile salt hydrolase genes (14). It is evident that microbial ecosystems in both

environmental and human samples contain interesting and utilizable genetic systems that can serve

a variety of functions.

As DNA sequencing and synthesis technologies continue to advance, data mining approaches

for synthetic biology applications have begun to offer an alternative approach to the traditional

library-based screening for genetic elements. For example, mining of sequencing data has been

performed to build libraries of prokaryotic regulatory elements (13, 30) that can be used for con-

structing synthetic circuits. This represents the synthesis of relatively small elements identified in

metagenomic data. Additionally, genes encoding enzymes with desirable activity can be identified

in sequencing data, allowing for PCR-based amplification from the isolated DNA (35). This is

also a viable approach for constructing genetic systems, but is limited by the requirement to have

access to the community-isolated DNA.

This thesis presents evidence showing the cloning of a large, functional conjugative system of

∼54 kb containing over 40 genes and native regulatory elements. The conjugative system was con-

structed synthetically and did not require access to isolated DNA. While synthesis from sequence

has been performed prior to this for smaller genes and regulatory elements, this demonstrates the

capability to scale construction of elements identified in metagenomic data up to the system level.

This same approach could be readily applied to metabolic pathways and other more complex sys-



109

tems identified in environmental and human data sets.

An important consideration in synthesizing systems from data is the reliance on accurate DNA

sequencing, as errors in reference sequences may fail to produce functional genetic systems once

constructed. Critically, the tools that are used to analyze metagenomic data are variable in their

accuracy (20), meaning that the way in which the data is handled may greatly impact the potential

for success when constructing systems identified within it. As improved methods for analysis

continue to be developed, the reliability of sequencing data will hopefully continue to improve to

further increase trustworthiness, and ultimately the likelihood of constructing functional systems.

A further limitation to this approach is that it presupposes sufficient knowledge of the desired

systems to enable identification in large data sets. As conjugative systems are well-characterized,

we were able to generate methods to identify them. For genetic systems that are less understood

this may be more difficult, however, as our understanding of gene and pathway activity in bacteria

grows, this process should become more versatile. In fact, new technologies such as AlphaFold

(15) have begun to bridge the gap between sequence and protein structure. With the engineering

and construction of a synthetic bacterial genome (6) it has become evident that DNA synthesis has

great potential moving forward, and perhaps it will eventually be possible to construct a synthetic

bacterium identified in metagenomic data.

4.4 Techniques and challenges for the synthesis and construc-

tion of large plasmids

Advancements in the de novo synthesis of DNA have been critical in allowing commercial access

to synthetic genetic elements at large-scale and reasonable cost (16). Synthesis of DNA begins at

the oligonucleotide level which can then be assembled into gene-sized products. These products

are essential for synthesizing larger genetic constructs, including conjugative systems, directly

from a DNA sequence. Some genetic constructs can be more difficult to synthesize as a result

of secondary-structure and repetitive sequence (12). Beyond these issues, errors in synthesis can

still occur despite correction techniques which improve the overall correctness of the generated

DNA (12, 16). Due to the inherent risk of incorrect sequence production, screening of produced
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genetic material is required to ensure accuracy prior to downstream construction of plasmids or

other elements. Fortunately, with increased commercialization it is possible to obtain sequence-

verified DNA products to expedite the assembly of large plasmids. In this thesis, synthetic DNA

was initially ordered as sequence-verified clones from TWIST Biosciences, however, one ∼5 kb

tile could not be be successfully cloned and was instead constructed using a BioXP 3200.

An important consideration in DNA synthesis at scale is the cost to produce desired products.

Synthesis of the 11 DNA fragments in clonal genes used to construct p20298 was ∼$8,000, includ-

ing the cost of sequence-verification by the supplier. Synthesis of the BioXP tile was an additional

$800, meaning total synthesis of the ∼54 kb plasmid was less than $9,000. This highlights the

approximate cost of synthesizing systems at scale. The ability to order sequence-verified clones of

products from companies like TWIST Biosciences is crucial, because it improves the likelihood

of assembling correct sequences downstream. Where a sequence-verified clone of tile 9 could not

be synthesized by TWIST, it could be successfully assembled using the BioXP 3200. Importantly,

mutations in the traV and traY genes were identified within the tile 9 sequence after construction

of p20298-AGE. These errors may have occurred as a direct result of being difficult to synthesize

sequences, or perhaps toxicity of the genes outside their native context lead to selection for the mu-

tations. In either case, this illustrates that there are trade-offs when synthesizing genetic material

by different methods, as the BioXP allowed us the obtain DNA that TWIST could not produce, al-

though the sequence was not perfect. This also highlights the need to screen for errors in synthesis

to ensure fidelity when constructing genetic elements.

While synthesis of DNA is now commercially achievable at scale, assembly of these products

into large plasmids is still challenging, and traditional cloning is generally not suitable. Homology-

based cloning in yeast is beneficial as it can be used to assemble large fragments of bacterial DNA,

even with high GC content (25). This thesis utilized homology-based DNA assembly for construc-

tion of pNuc and p20298 variants, which was critical for building these plasmids from smaller

DNA fragments. This approach is becoming more common, and was also used for upper level

assemblies of the chemically synthesized Mycoplasma mycoides genome (6). While this assembly

procedure is effective, it requires the addition of yeast replication elements and selection markers

for construction which may not be desirable to include in all applications. Furthermore, preparation

of fragments for subsequent assemblies of plasmid variants typically require PCR amplification,
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which is inherently mutagenic. To limit the amount of required amplification steps in new p20298

constructs, I integrated a destination cassette to allow for in vitro Gateway recombination (10).

Having this type of landing pad for insertion of elements allows for integration of new genetic

cargo while limiting the requirement for potentially mutagenic amplification.

Ultimately, when synthesizing genetic constructs using sequences identified in metagenomic

data, errors can occur in sequencing, synthesis, and assembly. It is therefore imperative that focus

be put on limiting these errors at all stages to ensure the highest likelihood of producing functional

systems.

4.5 Conclusions

This thesis explores the use of conjugative plasmids as tools for the delivery of a TevCas9 nuclease

for inducible and targeted bacterial killing. Importantly, I found that the frequency of conjugation

is heavily dependent on environmental conditions and critically demonstrated that cis-conjugative

plasmids conjugate at a higher frequency than mobilizable plasmids, particularly over longer time

periods. This is crucial as other efforts to use conjugation for the delivery of CRISPR nucle-

ases were ineffective, but did not use a cis-conjugative plasmid or optimize delivery conditions.

I also show that conjugation frequency of plasmids is highly variable depending on the recipient

bacterium. Together, these data demonstrate the need to have a diverse collection of conjuga-

tive systems ready to be used as delivery vehicles in synthetic biology. Using metagenomic data

mining, thousands of conjugative systems were identified, providing a reservoir of potential new

delivery vehicles. Critically, I demonstrate a method for the de novo synthesis and construction of

a conjugative system identified in a gut microbiome data set. Construction of large DNA elements

is challenging, but utilization of molecular biology techniques make it reliable to assembly syn-

thetic DNA into large plasmids, and to further functionalize them for the insertion of other genetic

elements. Importantly, this thesis provides key evidence that conjugative plasmids can be used as

efficient delivery tools for CRISPR nucleases, and shows that large, functional genetic systems can

be identified in sequencing data and constructed synthetically.
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Appendix A

Supplemental Material for Chapter 2

Table A.1: Table of primers used in chapter 2.

Name Sequence (5’-3’) Notes

DE-2031 gggcgttggaatccagaaacc Forward primer to amplify

TevCas9 fragment from

within the I-TevI domain

DE-3116 ttacgccccgccctgccact Reverse primer to amplify

chloramphenicol resistance

gene fragment

DE-3302 GGCATCGGTCGAGATCCCGGTGCCT

AATGAGTGAGCTAACTTACATTAAT

TGCGTTGCGCGATCGTCTTGCCTTG

CTCGT

Forward primer to amplify

OriT fragment with overlap to

pACYC backbone fragment

to clone pNuc-trans

DE-3303 GTAGCATAGGGTTTGCAGAATCCCTGCT

TCGTCCATTTGACAGGCACATTATG-

CATCGATATCTTCCGCTGCATAACCCT

Reverse primer to amplify

OriT fragment with overlap to

AraC/pBad fragment to clone

pNuc-trans

DE-3304 GATGGATATACCGAAAAAATCGCTA

TAATGACCCCGAAGCAGGGTTATGC

AGCGGAAGATATCGATGCATAATGT

GCCTG

Forward primer to amplify

AraC/pBAD fragment with

overlap to OriT fragment to

clone pNuc-trans
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DE-3305 CCATGGTATATCTCCTTATTAAAGT

TAAACAAAATTATTTCTACAGGGCT

AGCCCAAAAAAACGGG

Reverse primer to amplify

AraC/pBAD fragment with

overlap to TevCas9 fragment

to clone pNuc-trans

DE-3306 GACGCTTTTTATCGCAACTCTCTAC

TGTTTCTCCATACCCGTTTTTTTGGGC-

TAGCCCTGTAGAAATAATTTTGTTTAAC

Forward primer to amplify

TevCas9 with overlap to

AraC/pBad fragment to clone

pNuc-trans

DE-3307 TCTCCCgtgctcagtatctctatcactgatagggatg

tcaatctctatcactgatagggaATTTCGATTATGCG-

GCCGTG

Reverse primer to amplify

TevCas9 with overlap to

the gRNA cassette to clone

pNuc-trans

DE-3308 CGAAATtccctatcagtgatagagattgacatcccta

tcagtgatagagatactgagcacGGGAGACCCATGC-

CATAGCG

Forward primer to amplify

gRNA cassette with overlap

to TevCas9 fragment to clone

pNuc-trans

DE-3309 GCTCCATCAAGAAGAGGCACTTCGA

GCTGTAAGTACATCACCGACGAGCAAG-

GCAAGACGATCGCGCAACGCAATTAATG

Reverse primer to amplify

pACYC backbone with over-

lap to OriT fragment to clone

pNuc-trans

DE-3315 TTTATATATTTATATTAAAAAATTTAAAT

TATAATTATTTTTATAGCACGTGATGctcgc-

CAAAAAACCCCTCAAGACCC

Reverse primer to amplify

gRNA cassette with overlap

to CEN-ARS-HIS fragment

to clone pNuc-trans

DE-3316 GCTCCGCTGAGCAATAACTAGCATA

ACCCCTTGGGGCCTC-

TAAACGGGTCTTGAGGGGTTTTTTG-

gcgagCATCACGTGC

Forward primer to amplify

CEN-ARS-HIS with overlap

to gRNA cassette to clone

pNuc-trans
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DE-3351 tattgactaccggaagcagtgtgaccgtgtgcttctcaaatgcc

tgaggtttcagTCAAGTCCAGACTCCTGTG-

TAAAAC

Reverse primer to amplify

CEN-ARS-HIS with overlap

to pACYC backbone (p15A

origin and CAT gene) to clone

pNuc-trans

DE-3352 ACGATGTTCCCTCCACCAAAGGTGTTC

TTATGTAGTTTTACACAGGAGTCTG-

GACTTGActgaaacctcaggcatttgag

Forward primer to amplify

pACYC backbone with over-

lap to CEN-ARS-HIS frag-

ment to clone pNuc-trans

DE-3365 CACGCGCGTTACGGTAACGAATGCG Top strand oligo to clone

sgRNA 9 targeting STM1005

DE-3366 AAAACGCATTCGTTACCGTAACGCG Bottom strand oligo to clone

sgRNA 9 targeting STM1005

DE-3367 CACGCCAGGGAATACGTGGGCGGAG Top strand oligo to clone

sgRNA 10 targeting

STM4261

DE-3368 AAAACTCCGCCCACGTATTCCCTGG Bottom strand oligo to

clone sgRNA 10 targeting

STM4261

DE-3424 GAATTTCTGCCATTCATCCGCTTATTAT

CACTTATTCAGGCGTAGCACCAGGCGTT-

TAACGATCGTCTTGCCTTGCTCGT

Forward primer to amplify

pNuc-trans with overlap to

pTA-mob AvrII site to clone

pNuc-cis

DE-3425 GCGTCCTGCTCGTGATCGGGAGTAT

CTGGCTGGGCCAACGTTCCAACCG-

CACTCCTAGTCAAGTCCAGACTCCTGTG-

TAA

Reverse primer to amplify

pNuc-trans with overlap to

pTA-mob AvrII site to clone

pNuc-cis
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DE-3537 GAGGGCACCGATAAGATTCTT Reverse primer to amplify

TevCas9 gene fragment from

within Cas9 domain

DE-3748 CCTGGTTGAGCAGAGAAACCT Forward primer to amplify

STM1005 target site from

Salmonella genomic DNA

DE-3749 GTTGCGGGAATATGGACAAT Reverse primer to amplify

STM1005 target site from

Salmonella genomic DNA

DE-3750 CTGCTTTCTAAGGATGATACGG Forward primer to amplify

STM4261 target site from

Salmonella genomic DNA

DE-3751 TTATCGCCTTTCACGCC Reverse primer to amplify

STM4261 target site from

Salmonella genomic DNA

DE-3752 GTCCGAATAGCGCTAATAGCATATCAT

ACGgcgagCATCACGTGCTATAA

Forward primer to amplify

backbone and initial sgRNA

(overhang A) for multiplex-

ing sgRNAs

DE-3753 CGTATGATATGCTATTAGCGCTATTCG

GACCAAAAAACCCCTCAAGACCC

Reverse primer to amplify

second sgRNA to 5’ end of

backbone (overhang A) for

multiplexing sgRNAs

DE-3754 accgttagcatcgatctacacattaggacaGTATTGTAC

ACGGCCGCATA

Forward primer to amplify

second sgRNA cassette (over-

hang B) for multiplexing

sgRNAs
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DE-3755 tgtcctaatgtgtagatcgatgctaacggt CAAAAAACC-

CCTCAAGACCC

Reverse primer to amplify

backbone with overhang to

second sgRNA cassette (over-

hang B) for multiplexing

sgRNAs

DE-3777 atggagaaaaaaatcactggatatac Forward primer to amplify

chloramphenicol resistance

gene fragment

DE-4018 CACGGTTAAAAAAGTTGACGTAACG Top strand oligo to clone

sgRNA 1 targeting rplC gene

DE-4019 AAAACGTTACGTCAACTTTTTTAAC Bottom strand oligo to clone

sgRNA 1 targeting rplC gene

DE-4020 CACGCTGAATATCGAGTCATTTCGG Top strand oligo to clone

sgRNA 2 targeting ytfM gene

DE-4021 AAAACCGAAATGACTCGATATTCAG Bottom strand oligo to clone

sgRNA 2 targeting ytfM gene

DE-4022 CACGGTTGATCGGTTCATAAAACGG Top strand oligo to clone

sgRNA 3 targeting yhgJ gene

DE-4023 AAAACCGTTTTATGAACCGATCAAC Bottom strand oligo to clone

sgRNA 3 targeting yhgJ gene

DE-4024 CACGACGCCAGTATGATCTTTCGCG Top strand oligo to clone

sgRNA 4 targeting stfA gene

DE-4025 AAAACGCGAAAGATCATACTGGCGT Bottom strand oligo to clone

sgRNA 4 targeting stfA gene

DE-4026 CACGACGCGGCTTGGCGAACCGGAG Top strand oligo to clone

sgRNA 5 targeting aegA gene

DE-4027 AAAACTCCGGTTCGCCAAGCCGCGT Bottom strand oligo to clone

sgRNA 5 targeting aegA gene
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DE-4028 CACGCCATAGCCAGCCGAGATAGGG Top strand oligo to clone

sgRNA 6 targeting gltJ gene

DE-4029 AAAACCCTATCTCGGCTGGCTATGG Bottom strand oligo to clone

sgRNA 6 targeting gltJ gene

DE-4030 CACGATTAAGGTAAACACCACCGAG Top strand oligo to clone

sgRNA 7 targeting ompS

gene

DE-4031 AAAACTCGGTGGTGTTTACCTTAAT Bottom strand oligo to clone

sgRNA 7 targeting ompS

gene

DE-4032 CACGTGCCGGCGTCCATGTCTGCGG Top strand oligo to clone

sgRNA 8 targeting mviM

gene

DE-4033 AAAACCGCAGACATGGACGCCGGCA Bottom strand oligo to clone

sgRNA 8 targeting mviM

gene

DE-4186 GTAGTAAATGCAGAAATGGTGGTTC

TGGTGGTACCGGAGGTAGCGGTATC-

CACGGAGTCC

top strand oligo for SaCas9

guide targetting FepB

DE-4187 GTGTACAATAGGTACGCGTGCGGCC

GCTTAATTAAGTTAGGATCC-

CTTTTTCTTTTTTGC

bottom strand oligo for

SaCas9 guide targetting

FepB

DE-4188 AATGCCGTGTTTATCTCGTCAACTT

GTTGGCGAGATTTTTTCCGCTGAG-

CAATAACTAGC

Forward primer to amplify

saCas9 with homololgy to I-

TevI linker in pNuc construct

DE-4189 CCAGGATGTAGTTCCGCTTGGCTGC

TGGGACTCCGTGGATACCGCTACCTCCG-

GTACCAC

Reverse primer to amplify

saCas9 with homology to

gRNA cassette in pNuc con-

struct



121

DE-4255 CACGCCAGACGGAACGTCTCCGTACC Forward primer to amplify

pNuc backbone with homol-

ogy to the RNA cassette

DE-4256 AAACGGTACGGAGACGTTCCGTCTGG Reverse primer to amplify

pNuc with Tev backbone with

homology to saCas9

DE-4259 CACGAGGCAGTGGCCGACGCCGGTCG Top strand oligo to clone

sgRNA 11 targeting FabB

gene

DE-4260 AAAACGACCGGCGTCGGCCACTGCCT Bottom strand oligo to clone

sgRNA 11 targeting FabB

gene

DE-4261 CACGGATCCCGACGGAGAACACAACG Top strand oligo to clone

sgRNA 12 targetting MurE

gene

DE-4262 AAAACGTTGTGTTCTCCGTCGGGATC Bottom strand oligo to clone

sgRNA 12 targetting MurE

gene

DE-4263 CACGTCGAAGAAGAGCGCGTTGCTCG Top strand oligo to clone

sgRNA 13 targetting Tsf gene

DE-4264 AAAACGAGCAACGCGCTCTTCTTCGA Bottom strand oligo to clone

sgRNA 13 targetting Tsf gene

DE-4359 CACGCGAGATGCCCATCCCGATAAG Top strand oligo to clone

sgRNA 14 targetting FtsW

gene

DE-4360 AAAACTTATCGGGATGGGCATCTCG Bottom strand oligo to clone

sgRNA 14 targetting FtsW

gene
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DE-4361 CACGGCGAGAATTCGTACTGGCGCG Top strand oligo to clone

sgRNA 15 targetting GlnS

gene

DE-4362 AAAACGCGCCAGTACGAATTCTCGC Bottom strand oligo to clone

sgRNA 15 targetting GlnS

gene

DE-4363 CACGTACGCGCAGCGGTGCGGAATG Top strand oligo to clone

sgRNA 16 targetting RpoB

gene

DE-4364 AAAACATTCCGCACCGCTGCGCGTA Bottom strand oligo to clone

sgRNA 16 targetting RpoB

gene

DE-4365 CACGAGGGGCGCCGCCTTTACCTGCG Top strand oligo to clone

sgRNA 17 targetting PolA

gene

DE-4366 AAAACGCAGGTAAAGGCGGCGCCCCT Bottom strand oligo to clone

sgRNA 17 targetting PolA

gene

DE-4367 CACGATCTGAGTAACGTTGATCTGCG Top strand oligo to cline

sgRNA 18 targetting DnaC

gene

DE-4368 AAAACGCAGATCAACGTTACTCAGAT Bottom strand oligo to cline

sgRNA 18 targetting DnaC

gene

DE-4439 CACGAACCTGAGCCGCCAGGGCATG Top strand oligo to clone

sgRNA 19 targetting IcdA

gene
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DE-4440 AAAACATGCCCTGGCGGCTCAGGTT Bottom strand oligo to clone

sgRNA 19 targetting IcdA

gene

DE-4441 CACGATAACGAATGCGCCCGACGCG Top strand oligo to clone

sgRNA 20 targetting NarY

gene

DE-4442 AAAACGCGTCGGGCGCATTCGTTAT Bottom strand oligo to clone

sgRNA 20 targetting NarY

gene

DE-4443 CACGATCCGCAGCAGGAGTTCTTACG Top strand oligo to clone

sgRNA 21 targetting ClpX

gene

DE-4444 AAAACGTAAGAACTCCTGCTGCGGAT Bottom strand oligo to clone

sgRNA 21 targetting ClpX

gene

DE-4445 CACGGCTCGTCAGCCGGCATATCCG Top strand oligo to clone

sgRNA 22 targetting ArgS

gene

DE-4446 AAAACGGATATGCCGGCTGACGAGC Bottom strand oligo to clone

sgRNA 22 targetting ArgS

gene

DE-4447 CACGACATCGAGCCTTTGGACTCGG Top strand oligo to clone

sgRNA 23 targetting ValS

gene

DE-4448 AAAACCGAGTCCAAAGGCTCGATGT Bottom strand oligo to clone

sgRNA 23 targetting ValS

gene
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DE-4449 CACGGGCGGACCGGGGATGTTAATGAG Top strand oligo to clone

sgRNA 24 targetting TrmD

gene

DE-4450 AAAACTCATTAACATCCCCGGTCCGCC Bottom strand oligo to clone

sgRNA 24 targetting TrmD

gene

DE-4451 CACGAGGTTCAGGACGATATCGAGAG Top strand oligo to clone

sgRNA 25 targetting PrfA

gene

DE-4452 AAAACTCTCGATATCGTCCTGAACCT Bottom strand oligo to clone

sgRNA 25 targetting PrfA

gene

DE-4453 CACGTGACCGTATTATCCAAATCTGG Top strand oligo to clone

sgRNA 26 targetting LepA

gene

DE-4454 AAAACCAGATTTGGATAATACGGTCA Bottom strand oligo to clone

sgRNA 26 targetting LepA

gene

DE-4455 CACGTATTCCGGGCGTACCAGGCGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos580 PolA +prediction

DE-4456 AAAACCGCCTGGTACGCCCGGAATA Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos580 PolA +prediction

DE-4457 CACGATCGCCCAGCGAACCGGCAGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos961 PolA +prediction
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DE-4458 AAAACCTGCCGGTTCGCTGGGCGAT Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos961 PolA +prediction

DE-4459 CACGAGATCGCACTGGAGGAAGCGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos1476 PolA +prediction

DE-4460 AAAACCGCTTCCTCCAGTGCGATCT Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos1476 PolA +prediction

DE-4461 CACGGGTGCTGGAAGAGCTGGCGCG Top strand oligo for Sp-

Cas9 guide targeting coding

pos1849 PolA +prediction

DE-4462 AAAACGCGCCAGCTCTTCCAGCACC Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos1849 PolA +prediction

DE-4463 CACGGCCGCTGGATAGCGTGACCGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos2245 PolA +prediction

DE-4464 AAAACCGGTCACGCTATCCAGCGGC Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos2245 PolA +prediction

DE-4465 CACGTTAAATCCAGCAACGCGGCGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos2496 PolA +prediction

DE-4466 AAAACCGCCGCGTTGCTGGATTTAA Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos2496 PolA +prediction
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DE-4467 CACGTAACGACTTCATCCGGGCCGG Top strand oligo for Sp-

Cas9 guide targeting template

pos490 PolA +prediction

DE-4468 AAAACCGGCCCGGATGAAGTCGTTA Bottom strand oligo for Sp-

Cas9 guide targeting template

pos490 PolA +prediction

DE-4469 CACGTACGCCCGGAATATTATCCGG Top strand oligo for Sp-

Cas9 guide targeting template

pos570 PolA +prediction

DE-4470 AAAACCGGATAATATTCCGGGCGTA Bottom strand oligo for Sp-

Cas9 guide targeting template

pos570 PolA +prediction

DE-4471 CACGCAGGTTCGATGGCAAACGAGG Top strand oligo for Sp-

Cas9 guide targeting template

pos1123 PolA +prediction

DE-4472 AAAACCTCGTTTGCCATCGAACCTG Bottom strand oligo for Sp-

Cas9 guide targeting template

pos1123 PolA +prediction

DE-4473 CACGGCAGTTCCAGAGCACGCTGGG Top strand oligo for Sp-

Cas9 guide targeting template

pos1204 PolA +prediction

DE-4474 AAAACCCAGCGTGCTCTGGAACTGC Bottom strand oligo for Sp-

Cas9 guide targeting template

pos1204 PolA +prediction

DE-4475 CACGTAAATGCCTGACGAATGCGGG Top strand oligo for Sp-

Cas9 guide targeting template

pos2071 PolA +prediction
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DE-4476 AAAACCCGCATTCGTCAGGCATTTA Bottom strand oligo for Sp-

Cas9 guide targeting template

pos2071 PolA +prediction

DE-4477 CACGAAGCTGGCGAGAAAGACCGAG Top strand oligo for Sp-

Cas9 guide targeting template

pos2322 PolA +prediction

DE-4478 AAAACTCGGTCTTTCTCGCCAGCTT Bottom strand oligo for Sp-

Cas9 guide targeting template

pos2322 PolA +prediction

DE-4479 CACGAACCCACTTATTCTCGTAGAG Top strand oligo for SpCas9

guide targeting coding pos32

PolA -prediction

DE-4480 AAAACTCTACGAGAATAAGTGGGTT Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos32 PolA -prediction

DE-4481 CACGACCTGTCGCGCATGATTATCG Top strand oligo for Sp-

Cas9 guide targeting coding

pos1162 PolA -prediction

DE-4482 AAAACGATAATCATGCGCGACAGGT Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos1162 PolA -prediction

DE-4483 CACGTTAACTTTGGCCTGATTTACG Top strand oligo for Sp-

Cas9 guide targeting coding

pos2292 PolA -prediction

DE-4484 AAAACGTAAATCAGGCCAAAGTTAA Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos2292 PolA -prediction
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DE-4485 CACGCGAGAATAAGTGGGTTTTCTG Top strand oligo for Sp-

Cas9 guide targeting template

pos25 PolA -prediction

DE-4486 AAAACAGAAAACCCACTTATTCTCG Bottom strand oligo for Sp-

Cas9 guide targeting template

pos25 PolA -prediction

DE-4487 CACGTTTCTTCCGAATGTTTGTGCG Top strand oligo for Sp-

Cas9 guide targeting template

pos1666 PolA -prediction

DE-4488 AAAACGCACAAACATTCGGAAGAAA Bottom strand oligo for Sp-

Cas9 guide targeting template

pos1666 PolA -prediction

DE-4489 CACGCATGGCGCGCTTGATGATATG Top strand oligo for Sp-

Cas9 guide targeting template

pos2571 PolA -prediction

DE-4490 AAAACATATCATCAAGCGCGCCATG Bottom strand oligo for Sp-

Cas9 guide targeting template

pos2571 PolA -prediction

DE-4491 CACGGTGGCCGAACCAGCTTCGCGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos266 KatG +prediction

DE-4492 AAAACCGCGAAGCTGGTTCGGCCAC Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos266 KatG +prediction

DE-4493 CACGTGACCGATTCACAACCGTGGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos403 KatG +prediction
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DE-4494 AAAACCCACGGTTGTGAATCGGTCA Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos403 KatG +prediction

DE-4495 CACGCCTCGGTAAAACCCACGGCGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos962 KatG +prediction

DE-4496 AAAACCGCCGTGGGTTTTACCGAGG Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos962 KatG +prediction

DE-4497 CACGCGCGGCGGCGATAAGCGTGGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos1593 KatG +prediction

DE-4498 AAAACCCACGCTTATCGCCGCCGCG Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos1593 KatG +prediction

DE-4499 CACGACCTTTTGCGCCGGGCCGGGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos1808 KatG +prediction

DE-4500 AAAACCCCGGCCCGGCGCAAAAGGT Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos1808 KatG +prediction

DE-4501 CACGGTTTGTGAAGGACTTCGTCGG Top strand oligo for Sp-

Cas9 guide targeting coding

pos2273 KatG +prediction

DE-4502 AAAACCGACGAAGTCCTTCACAAAC Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos2273 KatG +prediction
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DE-4503 CACGGCTGGTTCGGCCACCAGTCGG Top strand oligo for Sp-

Cas9 guide targeting template

pos257 KatG +prediction

DE-4504 AAAACCGACTGGTGGCCGAACCAGC Bottom strand oligo for Sp-

Cas9 guide targeting template

pos257 KatG +prediction

DE-4505 CACGGGTAGCGCGAATAGCGGCGGG Top strand oligo for Sp-

Cas9 guide targeting template

pos880 KatG +prediction

DE-4506 AAAACCCGCCGCTATTCGCGCTACC Bottom strand oligo for Sp-

Cas9 guide targeting template

pos880 KatG +prediction

DE-4507 CACGGCCCTGCGCTTCAATCGGCGG Top strand oligo for Sp-

Cas9 guide targeting template

pos1018 KatG +prediction

DE-4508 AAAACCGCCGATTGAAGCGCAGGGC Bottom strand oligo for Sp-

Cas9 guide targeting template

pos1018 KatG +prediction

DE-4509 CACGGCCGCCGCGGAAAGTAGACGG Top strand oligo for Sp-

Cas9 guide targeting template

pos1579 KatG +prediction

DE-4510 AAAACCGTCTACTTTCCGCGGCGGC Bottom strand oligo for Sp-

Cas9 guide targeting template

pos1579 KatG +prediction

DE-4511 CACGGATGCTGACACCCGCAGCAGG Top strand oligo for Sp-

Cas9 guide targeting template

pos1780 KatG +prediction
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DE-4512 AAAACCTGCTGCGGGTGTCAGCATC Bottom strand oligo for Sp-

Cas9 guide targeting template

pos1780 KatG +prediction

DE-4513 CACGAACCAAACACCAGATCGGCGG Top strand oligo for Sp-

Cas9 guide targeting template

pos2192 KatG +prediction

DE-4514 AAAACCGCCGATCTGGTGTTTGGTT Bottom strand oligo for Sp-

Cas9 guide targeting template

pos2192 KatG +prediction

DE-4515 CACGCAACTATATCTATTTGCTCCG Top strand oligo for SpCas9

guide targeting coding pos96

KatG -prediction

DE-4516 AAAACGGAGCAAATAGATATAGTTG Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos96 KatG -prediction

DE-4517 CACGTTCTATTAGCGAGATGGTTTG Top strand oligo for Sp-

Cas9 guide targeting coding

pos1544 KatG -prediction

DE-4518 AAAACAAACCATCTCGCTAATAGAA Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos1544 KatG -prediction

DE-4519 CACGTGACTTCTTCGCTAATCTGCG Top strand oligo for Sp-

Cas9 guide targeting coding

pos2078 KatG -prediction

DE-4520 AAAACGCAGATTAGCGAAGAAGTCA Bottom strand oligo for Sp-

Cas9 guide targeting coding

pos2078 KatG -prediction
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DE-4521 CACGCGCCTTGAGATCCCCTTTCAG Top strand oligo for Sp-

Cas9 guide targeting template

pos376 KatG -prediction

DE-4522 AAAACTGAAAGGGGATCTCAAGGCG Bottom strand oligo for Sp-

Cas9 guide targeting template

pos376 KatG -prediction

DE-4523 CACGTTGATAATGTCTTCCTGCGTG Top strand oligo for Sp-

Cas9 guide targeting template

pos1491 KatG -prediction

DE-4524 AAAACACGCAGGAAGACATTATCAA Bottom strand oligo for Sp-

Cas9 guide targeting template

pos1491 KatG -prediction

DE-4525 CACGAGCTCATTAGCGTCGTCGGTG Top strand oligo for Sp-

Cas9 guide targeting template

pos2121 KatG -prediction

DE-4526 AAAACACCGACGACGCTAATGAGCT Bottom strand oligo for Sp-

Cas9 guide targeting template

pos2121 KatG -prediction

DE-4635 CGGCCAGTTAAGCCATTC Forward primer to amplify re-

gion of plasmids for pNuc

copy number qPCR

DE-4636 GCCAGGAGAGATTCATCAC Reverse primer to amplify re-

gion of plasmids for pNuc

copy number qPCR

DE-4745 CACGACGCATCACCAGCGTGGCGTG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 1 top strand
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DE-4746 AAAACACGCCACGCTGGTGATGCGT ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 1 bottom strand

DE-4747 CACGCTGCTGGTTATTACCGATGCG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 2 top strand

DE-4748 AAAACGCATCGGTAATAACCAGCAG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 2 bottom strand

DE-4749 CACGGACATCGTTTTTGCTGGCGGG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 3 top strand

DE-4750 AAAACCCGCCAGCAAAAACGATGTC ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 3 bottom strand

DE-4751 CACGGAGCTGGATGAGCAGGCTGCG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 4 top strand

DE-4752 AAAACGCAGCCTGCTCAGCCAGCTC ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 4 bottom strand

DE-4753 CACGCATCGCGGGCGGTGGCGGTAG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 5 top strand

DE-4754 AAAACTACCGCCACCGCCCGCGATG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 5 bottom strand
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DE-4755 CACGTGGCGGCACCAACGCCACGCG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 6 top strand

DE-4756 AAAACGCGTGGCGTTGGTGCCGCCA ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 6 bottom strand

DE-4757 CACGCATCGAAGAGCTGGATGAGCG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 7 top strand

DE-4758 AAAACGCTCATCCAGCTCTTCGATG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 7 bottom strand

DE-4759 CACGAGTGTTTGGCGATAACAGCCG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 8 top strand

DE-4760 AAAACGGCTGTTATCGCCAAACACT ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 8 bottom strand

DE-4761 CACGAGAGCTGGATGAGCAGGCTGG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 9 top strand

DE-4762 AAAACCAGCCTGCTCATCCAGCTCT ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 9 bottom strand

DE-4763 CACGCGCCAGCCGCGCCCAGCGAGG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 10 top strand
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DE-4764 AAAACCTCGCTGGGCGCGGCTGGCG ”Good gRNA” targeting S.

enterica LT2 fabB gene -

guide 10 bottom strand

DE-4765 CACGCGTGCAGTGATTACTGGCCTG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

11 top strand

DE-4766 AAAACAGGCCAGTAATCACTGCACG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

11 bottom strand

DE-4767 CACGAACGTAAAACTGGATACCACG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

12 top strand

DE-4768 AAAACGTGGTATCCAGTTTTACGTT ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

12 bottom strand

DE-4769 CACGGCGACCTCCGCACACTGTATG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

13 top strand

DE-4770 AAAACATACAGTGTGCGGAGGTCGC ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

13 bottom strand

DE-4771 CACGACAGATCCAACTGGGCAAACG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

14 top strand

DE-4772 AAAACGTTTGCCCAGTTGGATCTGT ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

14 bottom strand
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DE-4773 CACGTAGGTACGGGACGCTTTTTCG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

15 top strand

DE-4774 AAAACGAAAAAGCGTCCCGTACCTA ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

15 bottom strand

DE-4775 CACGCGCAGTACGTTGCATGCAGAG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

16 top strand

DE-4776 AAAACTCTGCATGCAACGTACTGCG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

16 bottom strand

DE-4777 CACGCATCTACTCTCTGCTAATGCG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

17 top strand

DE-4778 AAAACGCATTAGCAGAGAGTAGATG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

17 bottom strand

DE-4779 CACGACGTGCAGTGATTACTGGCCG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

18 top strand

DE-4780 AAAACGGCCAGTAATCACTGCACGT ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

18 bottom strand

DE-4781 CACGACCGTAATGTCTAACAGCTTG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

19 top strand
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DE-4782 AAAACAAGCTGTTAGACATTACGGT ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

19 bottom strand

DE-4783 CACGGGCCTGTGAGTTCGATGCGAG ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

20 top strand

DE-4784 AAAACTCGCATCGAACTCACAGGCC ”Bad gRNA” targeting S. en-

terica LT2 fabB gene - guide

20 bottom strand
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Appendix B

Supplemental Material for Chapter 3

Table B.1: Table of primers used in chapter 3.

Primer Sequence (5’-3’) Notes

298-ACYC-

T12R

GATCGTAAGAAGAACGCCACAGGCT

TCTTGTGGAGCCCGACGATCAGTAGCG-

TATACAGC

reverse primer to reamplify

fragment 12 of p20298-AGE

to construct p20298-15a and

fix traV error

298-ACYC-T2R TTTGATTATCGGCAGCAGTTCC reverse primer to reamplify

fragment 2 of p20298-AGE to

construct p20298-15a

298-ACYC-T4F GCAGACGCATCATATGTTTGG forward primer to reamplify

fragment 4 of p20298-AGE to

construct p20298-15a

298-ACYC-T7R ATGACTGTACGGGGTTCAGC reverse primer to reamplify

fragment 7 of p20298-AGE to

construct p20298-15a

298-ACYC-T8R TTCTCGCCGTTCACTTCTTT reverse primer to reamplify

fragment 8 of p20298-AGE to

construct p20298-15a
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298-ACYC-T6F GACTGGGTTGAAGGCTCTCAAGGGC

ATCGGTCGAGATCCTAACCATTAACCAT-

GCGCCTG

forward primer to amplify

fragment 6 of p20298-AGE

with homology to the pNuc-

trans backbone

298-ACYC-T1R GTATTGGCAGCATCCCGACCACCAA

GGAAGGAAATGACG-

TAGTCAGGTAAATAGGCCTGC

reverse primer to reamplify

fragment 1 of p20298-AGE to

construct p20298-15a and fix

traY error

298-ACYC-

T5(bb)R

TTTAGAGTCTCAGGATTCTCAGGCGC

ATGGTTAATGGTTAGGATCTCGACCGAT-

GCCCTT

reverse primer to amplify

pNuc-trans backbone with

homology to 20298 conjuga-

tive system

298-ACYC-T3R CACTATGGCCCGTTTAGCAT reverse primer to reamplify

fragment 3 of p20298-AGE to

construct p20298-15a

298-ACYC-T4R ATTTAAATTATAATTATTTTTATAG

CACGTGATGCTCGCCGCCATTTACCT-

GAACGGTGA

reverse primer to amplify

fragment 4 of p20298-AGE

with homology to the pNuc-

trans backbone

298-ACYC-

T5(bb)F

AAGGTCACAGCACGCAATAAATTCAC

CGTTCAGGTAAATGGCGGCGAGCAT-

CACGTGCTA

forward primer to amplify

pNuc-trans backbone with

homology to 20298 conjuga-

tive system

298-ACYC-T10F AGAAGGCGGTCTTGTCTTCA forward primer to reamplify

fragment 10 of p20298-AGE

to construct p20298-15a

298-ACYC-T8F GCTTTTGCTTCTGGTCCTTG forward primer to reamplify

fragment 8 of p20298-AGE to

construct p20298-15a
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298-ACYC-T9R CGCCTAAAACAGACGTGTCA reverse primer to reamplify

fragment 9 of p20298-AGE to

construct p20298-15a

298-ACYC-T6R CAGGTAAAACACGATGGTGCC reverse primer to reamplify

fragment 6 of p20298-AGE to

construct p20298-15a

298-ACYC-T7F CACCAACAACCACTGACCTG forward primer to reamplify

fragment 7 of p20298-AGE to

construct p20298-15a

298-ACYC-T7R GCTGAACCCCGTACAGTCAT reverse primer to reamplify

fragment 7 of p20298-AGE to

construct p20298-15a

298-ACYC-T9F TTGCTGTTGTCGTGAAGTCC forward primer to reamplify

fragment 9 of p20298-AGE to

construct p20298-15a

298-ACYC-

T10R

GTATGACCGCAACCACCTCT reverse primer to reamplify

fragment 10 of p20298-AGE

to construct p20298-15a

298-ACYC-T12F CAGGTACGCTTCATGATGATGAC forward primer to reamplify

fragment 12 of p20298-AGE

to construct p20298-15a

298-ACYC-

T11R

GCGTAAAAGCGTCGTAAAGC reverse primer to reamplify

fragment 11 of p20298-AGE

to construct p20298-15a

298-ACYC-T11F ACAGTCGGGAAAATCGTCAC forward primer to reamplify

fragment 11 of p20298-AGE

to construct p20298-15a



141

298-ACYC-T1F ACTCTCGGGCTGTATACGCTACTGA

TCGTCGGGCTCCACAAGAAGCCTGTG-

GCGTTCTTC

forward primer to reamplify

fragment 1 of p20298-AGE to

construct p20298-15a and fix

traV error

298-ACYC-T2F CTGACTACGTCATTTCCTTCCTTGG

TGGTCGGGATGCTGCCAATACCCTTG-

GAAGTATGG

forward primer to reamplify

fragment 2 of p20298-AGE to

construct p20298-15a and fix

traY error

298-ACYC-

T12R-nofix

TCCTGTTGTAGTACCAGTCCC reverse primer to amplify

fragment 12 of p20298 in as-

sembly of p20298-15a-M to

maintain traV and traY errors

298-ACYC-T2F-

nofix

TTCAGCGCGTTAATGAGTACC forward primer to amplify

fragment 2 of p20298 in as-

sembly of p20298-15a-M to

maintain traV and traY errors

298-ACYC-T3F CGCTGGAGATAATCAGCACA forward primer to reamplify

fragment 3 of p20298-AGE to

construct p20298-15a

298 mpx 1F CTCCGTCCTGTAACATAACCC forward primer for multiplex

PCR screening target 1 of

p20298-15a assembly

298 mpx 1R TGGTAATGAGCCACTCATCTG reverse primer for multiplex

PCR screening target 1 of

p20298-15a assembly

298 mpx 2F GACAGAGCCATCCAGATCG forward primer for multiplex

PCR screening target 2 of

p20298-15a assembly
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298 mpx 2R TTTCCGGAACCTGTTTCGC reverse primer for multiplex

PCR screening target 2 of

p20298-15a assembly

298 mpx 3F GGCATATTGTCTGGTACCACC forward primer for multiplex

PCR screening target 3 of

p20298-15a assembly

298 mpx 3R AAATCAGGGCTGCCGTCAG reverse primer for multiplex

PCR screening target 3 of

p20298-15a assembly

298 mpx 4F TTATCGGTATCGAAGGCGTG forward primer for multiplex

PCR screening target 4 of

p20298-15a assembly

298 mpx 4R ATCTTAACCGTCTCGCTTACAG reverse primer for multiplex

PCR screening target 4 of

p20298-15a assembly

298-ACYC-T2F TTTGCATTGCAGGCCTATTTACCTG

ACTACGTCATTTCCTTCCTTGGTG-

GTCGGGATGCT

forward primer to reamplify

fragment 2 of p20298-AGE to

construct p20298-15a

pProEx-298-

oriT-rev

ACGGAGATAAGAAGAACATCATTTTGCC

GATTTCGGCC

reverse primer to amplify

pProEx backbone with ho-

mology to 20298 oriT frag-

ment

298-oriT-

pProEx-fwd

GGCCGAAATCGGCAAAATGATGTTC

TTCTTATCTCCGTTC

forward primer to amplify

20298 oriT fragment with ho-

mology to pProEx backbone

pProEx-298-

oriT-fwd

TCTGCACCATTTTATCCCGGCATCAAAT

TAAGCAGAAGGCC

forward primer to amplify

pProEx backbone with ho-

mology to 20298 oriT frag-

ment
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298-oriT-pproex-

rev

GCCTTCTGCTTAATTTGATGCCGGG

ATAAAATGGTGCAGA

reverse primer to amplify

20298 oriT fragment with ho-

mology to pProEx backbone

298-ACYC-T6F-

v2

TTCTGGATTAGCTTTAAGCTCAG replacement primer for 298-

ACYC-T6F to allow for in-

sertion of gateway destination

cassette via yeast assembly

20298-p15a-dest-

5R

ACTAGTAACATCGACTGATGGC replacement primer for 298-

ACYC-T5R to allow for in-

sertion of gateway destination

cassette via yeast assembly

pNuc-attB1-fwd GGGGACAAGTTTGTACAAAAAAGCA

GGCTCCTAATGTGCCTGTCAAATGGACG

forward primer to amplify

arabinose inducible TevCas9

system with sgRNA cassette

to build pENTR-TC9

pNuc-attB2-rev GGGGACCACTTTGTACAAGAAAGCT

GGGTCCAAAAAACCCCTCAAGACCCG

reverse primer to amplify

arabinose inducible TevCas9

system with sgRNA cassette

to build pENTR-TC9

cr-sgrna-citg-top CACGGTTTCCGCACATCTTGCAGCG forward primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium citG into pENTR-

TC9 golden gate cassette

cr-sgrna-citg-bot AAAACGCTGCAAGATGTGCGGAAAC reverse primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium citG into pENTR-

TC9 golden gate cassette
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cr-sgrna-dppa-

top

CACGTCCACCAGGCGGTTATAGATG forward primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium dppA into pENTR-

TC9 golden gate cassette

cr-sgrna-dppa-

bot

AAAACATCTATAACCGCCTGGTGGA reverse primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium dppA into pENTR-

TC9 golden gate cassette

cr-sgrna-19070-

top

CACGAAGCCCGGCAATATTGCAGCG forward primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium E2R62 19070 into

pENTR-TC9 golden gate cas-

sette

cr-sgrna-19070-

bot

AAAACGCTGCAATATTGCCGGGCTT reverse primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium E2R62 19070 into

pENTR-TC9 golden gate cas-

sette

cr-sgrna-glga-top CACGTTCGGTAATCTCCCGCGCATG forward primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium glgA into pENTR-

TC9 golden gate cassette

cr-sgrna-glga-bot AAAACATGCGCGGGAGATTACCGAA reverse primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium glgA into pENTR-

TC9 golden gate cassette
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cr-sgrna-eptb-top CACGATTTCATGCAAGCAAGCTCTG forward primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium eptB into pENTR-

TC9 golden gate cassette

cr-sgrna-eptb-bot AAAACAGAGCTTGCTTGCATGAAAT reverse primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium eptB into pENTR-

TC9 golden gate cassette

cr-sgrna-18995-

top

CACGGAAGCGCTGATCGAATTCGAG forward primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium E2R62 18995 into

pENTR-TC9 golden gate cas-

sette

cr-sgrna-18995-

bot

AAAACTCGAATTCGATCAGCGCTTC reverse primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium E2R62 18995 into

pENTR-TC9 golden gate cas-

sette

cr-sgrna-bcsg-top CACGGTGGTGGTGACCGTATTTGTG forward primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium bcsG into pENTR-

TC9 golden gate cassette

cr-sgrna-bcsg-bot AAAACACAAATACGGTCACCACCAC reverse primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium bcsG into pENTR-

TC9 golden gate cassette
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cr-sgrna-glpg-top CACGTGAGAAATGCATAAAGGCGTG forward primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium glpG into pENTR-

TC9 golden gate cassette

cr-sgrna-glpg-bot AAAACACGCCTTTATGCATTTCTCA reverse primer to clone Sp-

Cas9 sgRNA targeting C. ro-

dentium glpG into pENTR-

TC9 golden gate cassette
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Appendix C

Copyright permission for Chapter 2 - no
copyright permission required

Figure C.1: Proof of copyright permission not being required for chapter 2.
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