
ABSTRACT 

GOMAA, AHMED ABDELSHAFY MAHMOUD. Sequence specific CRISPR-based 

antimicrobials for treating multidrug-resistant infections. (Under the direction of Dr. Chase 

Beisel). 

 

Once considered a revolution in modern medicine, antibiotics are becoming obsolete with 

the increasing reports of antibiotic-resistant infections. On the other hand, discovering new 

antibiotics is a costly and lengthy process that requires screening and testing millions of 

molecules. In this ñarms raceò it has become clear that bacteria are outpacing the development 

of treatments, and human medicine is losing ground. Furthermore, antibiotics decimate the 

multitude of beneficial bacteria in the human body, leaving us susceptible to opportunistic 

infections and chronic illnesses. These challenges demand novel antimicrobial agents that are 

(1) able to treat multidrug-resistant infections, (2) can be designed and programmed rather than 

discovered, and (3) can discriminate between pathogenic and symbiotic bacteria. 

This thesis describes a targeted strategy for treating ranging bacterial infections that relies 

on CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas (CRISPR 

associated) systems. These RNA-directed defense systems are naturally employed by bacteria 

and archaea to recognize and cleave the DNA of foreign invaders. Small CRISPR RNAs bind 

their complementary sequences in the foreign DNA directing cleavage or degradation by Cas 

proteins. By designing and expressing synthetic genome-targeting CRISPR RNAs, we can 

reprogram CRISPR-Cas systems to induce bacterial cell death. We found that this strategy 

could achieve potent and sequence-specific killing of multidrug-resistant bacteria regardless 

of the type or location of the targeted region and using either imported or native CRISPR-Cas 



systems. Additionally, we were able to distinguish between even highly related strains as well 

as between commensal and pathogenic bacteria.  

A reliable delivery method for the CRISPR-Cas DNA is needed to further develop this 

strategy as a therapeutic. Toward this goal, we engineered the genome of the broad-host range 

P1 bacteriophage as a delivery platform that can be used for multiple enteric pathogens. We 

identified and validated multiple landing sites where foreign DNA can be introduced while 

maintaining the function of the bacteriophage. The engineered P1 bacteriophage genome 

showed more efficient DNA delivery to multiple Enterobacteriaceae as compared to the state-

of-art P1 phagemid systems. Finally, we utilized the P1 genome to deliver and express genome-

targeting CRISPR RNAs in a multidrug-resistant strain of E. coli and eradicate it. We envision 

using this strategy to develop ñsmartò non-antibiotic treatments capable of circumventing 

common modes of resistance while readily distinguishing between pathogens and symbiotic 

bacteria. 

In a separate study, the genome-targeting killing assay has been employed to analyze the 

single guide RNAs for CRISPR-Cas Type II systems. By swapping different components from 

the guide RNAs of two different Type II systems, we were able to show that the nexus and 

hairpin are essential for defining the orthogonality between CRISPR-Cas Type II systems. 
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Chapter 1 

Antibiotics drawbacks and possible alternatives 
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Antibiotics have served as our first line of defense against bacterial infections for decades.  

Through widespread use and mismanagement, pathogens resistant to these compounds have 

become increasingly prevalent.  In their first global report on antibiotic resistance (2014), the 

World Health Organization (WHO) has recognized antibiotic resistance as a ñcurrentò and 

ñmajorò threat that can affect ñanyone, of any age, in any countryò1. These concerns have been 

raised and echoed by other leading health organizations such as the Center for Disease Control 

(CDC)2. In order for humanity to regain the upper hand against bacterial infections, a novel 

generation of treatments is required. 

Currently, a number of novel treatment methods are under development. While these 

methods provide possible alternatives to antibiotics, they share common limitations with 

respect to discovery and applicability. In order to win the war against bacterial infections, a 

sustainable treatment platform needs to be developed where a treatment against a pathogen can 

be designed rather than discovered. In this work, I was able to develop a programmable 

platform based on CRISPR-Cas systems, capable of selectively targeting and eliminating 

bacteria. Furthermore, I developed a bacteriophage-based delivery mechanism to introduce the 

CRISPR-Cas systems to the target bacteria. 

1.1 Drawbacks of antibiotics 

Since the development of penicillin as an antibacterial medicine in the 1940ôs, antibiotics 

have been the principle means of treating bacterial infections. Antibiotics are small molecules 

that act by killing bacteria (bactericidal) or by nullifying bacterial growth (bacteriostatic), 
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placing a strong environmental pressure on microbes. Under such pressure, microbes have 

developed different means of antibacterial drug resistance1. Antibiotic resistance can be 

conferred through diverse mechanisms, including expression of enzymes that cleave 

antibiotics, mutation of antibiotic target sites, and expression of transporters that reduce the 

intracellular concentration of drugs2ï4. Many of these mechanisms can confer resistance to 

multiple drugs, posing major health threats. Moreover, drug resistance is conferred by genes 

encoded on mobile genetic elements such as plasmids, which can easily be transferred between 

bacteria. The problem of antibiotic resistance has  escalated in recent years, with over 2 million 

drug resistant illnesses and 23,000 deaths reported annually in the United States alone5.  In 

2014, the World Health Organization revealed its first global report on antibiotic resistance 

where Dr. Keiji Fukuda, WHOôs Assistant Director-General for Health Security stated 

ñWithout urgent, coordinated action by many stakeholders, the world is headed for a post-

antibiotic era, in which common infections and minor injuries which have been treatable for 

decades can once again killò6.  

Another significant drawback of antibiotics is the lack of specificity. The use of antibiotics 

(especially broad-spectrum antibiotics) results in indiscriminant killing of symbiotic bacteria 

in the human body. These beneficial bacteria residing in our intestines provide major health 

benefits including excretion of essential vitamins (e.g. vitamins B and K), helping break down 

indigestible molecules, and preventing invasion by pathogenic organisms7. When beneficial 

bacteria are eradicated as a result of using antibiotics, the patientôs body becomes weakened 

and susceptible to opportunistic pathogens leading to health complications such as Antibiotic-
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associated diarrhea (AAD) . AAD occurs between 5% to 39% of patients treated by antibiotics. 

The common AAD treatment is to withdraw antibiotics if still taken, which might result in 

incomplete courses, complications with treating the underlying infection, and even promotion 

of antibiotic resistance. A severe form of AAD is Clostridium difficile-associated diarrhea 

(CDAD) caused by bacterium C. difficile is responsible for 250,000 illnesses and 14,000 deaths 

annually in the United States alone, even though C. difficile itself poses no significant 

resistance to antibiotics8.  

These challenges call for novel treatment strategies that can overcome antibiotic resistance 

while selectively targeting pathogens. Some of the treatments currently under development are 

discussed in the following section. 

1.2 Antibiotic alternatives 

1.2.1 Lytic bacteriophages 

Bacteria have their own natural predators (bacteriophage) that can infect the bacterium 

and inject their DNA to it9,10. Some bacteriophages undergo what is known as the lytic life 

cycle (Figure 1.1)9. During the lytic cycle, the bacteriophage hijacks the bacterial cell 

machinery to replicate and assemble more bacteriophage particles. Then, the bacterium is lysed 

releasing the bacteriophage progeny to attack other cells. The use of lytic bacteriophage to treat 

a bacterial infection is known as ñPhage therapyò. The goal is to achieve sufficient bacterial 

killing through the lytic cycle that is enough to alleviate the bacterial infection. Interest in 

phage therapy began in the early 1900ôs with the discovery of the potent bactericidal effect of 
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bacteriophages in vitro11,12. However, the industrialization of antibiotics in 1940ôs along with 

the inconsistent therapeutic results of phage therapy shifted the focus of western medicine 

away from phage treatments11,13. Over 60 years later, phage therapy is experiencing a rebirth 

with the growing concern over antibiotic resistance. It provides a number of advantages over 

antibiotics including specificity, fast and low cost production, low induction of resistance, and 

ecological safety10. On the other hand, phage therapy faces a number of regulatory challenges 

Figure 1.1: Bacteriophage lytic life cycle (usually 30 minutes long). 1. Attachment to the host bacterium. 

2. Bacteriophage DNA injection. 3. Disrupting bacterial genome and replicating bacteriophage DNA. 4. 

Replicating bacteriophage components using the bacterial cell machinery. 5. Assembly of new phage particles. 

6. Lysing the bacterium and release of progeny. Figure adopted from Thiel, 2004. 
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due to the lack of controlled studies and the need to use phage cocktails (mixture of different 

phage strains) in order to achieve a potent treatment against a certain infection. Also, from an 

IP perspective, bacteriophages are natural and have been known for over a hundred years, 

making natural variants unpatentable9. 

1.2.2 Antimicrobial peptides 

Antimicrobial peptides are small proteins produced by the immune systems of some plants, 

and animals to destroy bacteria. Some peptides isolated from frogs, alligators, and cobras 

have shown to be effective against epithelial infections. These peptides can even be modified 

to increase potency. One example is pexiganan, based on a peptide extracted from frog skin, 

is currently in phase III clinical trials to treat diabetic foot ulcers.14 While peptides pose a 

possible alternative to antibiotics, their synthesis can be very expensive and their uses will 

probably be limited to epithelial infections. 

1.2.3   Predatory bacteria 

Naturally, some bacteria prey on others either by producing antibacterial peptides (known 

as bacteriocins) or small-molecular antibiotics (such as erythromycin) to kill them. Some even 

prey on their targets by replicating inside of them14,15. Micavibrio aeruginosavorus is an 

example of a predatory bacterium that preys on a number of pathogens including Pseudomonas 

aeruginosa and Klebsiella pneumoniae. The therapeutic potential of Micavibrio 

aeruginosavorus is currently being investigated by researchers16. The use of predatory bacteria 

is currently in early proof-of-principle stages, questions about specificity, development of 
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resistance, side-effects, and drug delivery remain to be answered. Another example of using 

bacteria for therapy is engineering Escherichia coli to recognize and eradicate 

pathogenic Pseudomonas aeruginosa cells by secreting a bacteriocin17.These methods involve 

the introduction of a non-domestic live bacterium to the body. Further studies would need to 

investigate the long-term effects on the microbial consortia and the fate of the introduced 

organism after eliminating the pathogen.  

1.2.4 Limitations of existing antibiotic alternatives 

A common feature in all proposed antibiotic alternatives is specificity towards the target 

pathogen. Such specificity will protect beneficial bacteria and avoid side complications 

discussed in section 1.1. Furthermore, it will slow down the development of resistance since 

only the pathogen is placed under pressure to develop resistance, versus antibiotics where all 

susceptible microbes share the goal of developing resistance. The downside of such specificity 

is the need to do extensive research and screening in order to find an effective treatment that 

will be specific to a certain pathogen.  This results in a costly and lengthy discovery process. 

In order to have a sustainable treatment platform, a treatment system needs to be 

programmable and easily adapted to efficiently target specified pathogens. During initial 

investigations I identified CRISPR-Cas systems as promising candidates for designing such a 

platform. These systems possess the ability to target specific DNA sequences and cleave or 

degrade their target. Hence, they can both provide specificity and programmability. In the 

following section, CRISPR-Cas systems are discussed in further detail. 
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1.3 Introduction to CRISPR-Cas systems 

CRISPR-Cas systems have been recently revealed as immune systems in prokaryotes19ï

22. One component of these systems is the CRISPR array, comprising a set of palindromic 

repeat sequences separated by variable spacer sequences. Bioinformatic studies determined the 

size of identified repeats between 21 and 48 nucleotides while the spacers vary between 26 and 

73 nucleotides20. Within a single CRISPR locus, the number of spacers vary between 2 and 

37520. Genomic searches revealed that most spacer sequences are homologous to infectious 

plasmids or phages (bacterial viruses)23. Using these spacer sequences, the CRISPR-Cas 

system provides sequence-specific protection against foreign DNA, and in some systems RNA. 

Flanking the CRISPR loci are a set of 4 to 20 homologous genes (named CRISPR-associated 

genes or cas genes). These genes were found to encode protein functions ranging from 

helicases and nucleic acid-binding proteins to exonucleases and endonucleases24,25.  

CRISPR-Cas systems act as RNA-directed adaptive immune systems in bacteria and 

archaea through the recognition and cleavage of foreign nucleic acids19,26. The general 

defensive mechanism of CRISPR-Cas systems can be divided into three stages: adaptation, 

expression, and interference23,27ï30. In the adaptation stage, a new spacer sequence called a 

protospacer is excised from the foreign invader nucleic acid and inserted at the 5ô end of the 

CRISPR locus. This step can be approximated as building a genetic library of potentially 

harmful invaders that the CRISPR-Cas systems can recognize. During the expression stage, 

the CRISPR locus is transcribed into a pre-cursor CRISPR RNA and then processed by Cas 
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proteins to produce mature CRISPR RNAs (crRNAs). Each crRNA contains one spacer 

sequence that is complementary to a single protospacer. Finally, during the interference stage 

crRNAs guide Cas proteins to cleave the corresponding viral or plasmid sequence28,29,31ï33. 

Later studies suggest additional roles for CRISPR-Cas systems in gene regulation and 

virulence control in pathogens34,35.  

1.3.1 CRISPR-Cas systems: classification and applications 

CRISPR-Cas systems can be divided into two classes based on the effector module that binds 

the crRNA. Class 1 is characterized by a multisubunit crRNA-effector module involving 

multiple proteins and includes Type I, Type III and Type IV systems. In contrast, Class 2 is 

characterized by a single effector protein and includes Type II, Type V and Type VI systems. 

The following figure depicts the different types and proteins involved in each. For the purpose 

of this thesis, only the expression and interference functions of Type I and II systems are further 

discussed in the following sections. 
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Figure 1.2: Dashed outlines refer to dispensable components. Multiple colors used for Cas10, Cas9, and Cpf1 

reflect the use of these proteins in multiple steps in CRISPR-Cas mechanism. Types IV and V functions are proposed 

based on homology to cognate components of other systems, and have not been verified experimentally. LS proteins: 

represent a Large Subunit in the multisubunit crRNA-effector module, SS proteins: represent Small Subunits in the 

multisubuni t effector crRNA-effector module, SS* refers to the fusion of the SS to the LS (Cas8) in multiple Type I 

systems. Figure adopted from Makarova et al., 2015. 

1.3.2 Type I CRISPR-Cas systems 

Type I systems are the most abundant CRISPR-Cas systems37. Two main protein elements 

are involved in DNA targeting for these systems, Cascade (CRISPR-associated complex for 

antiviral defense) and the signature protein Cas3 or its variant Cas3ô. Cascade is a multimeric 

complex composed of three to six protein subunits and is involved in processing CRISPR 

arrays38, facilitating the base-pairing between the crRNA and the complementary target 

DNA39, and recruiting Cas340. Cas3 is responsible for the cleavage and degradation of target 

DNA40ï43.  
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The conditions required for targeting a DNA using Type I systems are (i) complementarity 

between the CRISPR RNA (spacer) and the target DNA (protospacer),  (ii) a protospacer-

adjacent motif (PAM) flanking the 3ô end of the targeted strand of the protospacer44ï46. It has 

also been reported that mismatches between the spacer and protospacer are tolerated except in 

the ñseedò region flanking the PAM31,44. Type I systems have been adapted for gene 

silencing47,48, and for programmable killing of bacterial strains through the work described in 

this thesis49. 

1.3.3  Type II CRISPR-Cas systems 

Type II CRISPR-Cas systems are by far the simplest with regards to the number of genes 

involved. A single signature protein, Cas9, combines the functions of the crRNA-effector 

complex and target DNA cleavage50. A second protein, RNase III, is also required for crRNA 

processing51.  

For DNA targeting, Type II systems also require complementarity between the spacer and 

the protospacer, as well as a PAM. However, for these systems the PAM flanks the 5ô of the 

targeted protospacer52. The compactness of Type II systems motivated their use for various 

applications including genome editing53ï57,57ï62 and gene regulation in bacterial and human 

cells63,64. 



 

 

12 

1.4 Using CRISPR-Cas systems to induce bacterial cell death using genome-

targeting 

In eukaryotic genome-editing applications, cleaved DNA is repaired by non-homologous 

end joining (NHEJ)46,53,54. However, in the absence of NHEJ, genome targeting can be lethal. 

Natural systems with acquired genome-targeting spacers show inactive systems or modified 

target loci65. Evaluating bacteriophage defense by CRISPR-Cas system in hyperthermophilic 

archaeon Sulfolobus solfataricus revealed that challenging with bacteriophage harboring 

genome-targeting crRNAs resulted in the replication of bacteriophage lacking crRNA66. In the 

bacterium Escherichia coli harboring a Type I-E system, the expression of synthetic crRNAs 

targeting ɚ bacteriophage kill ed over 98% of strains harboring ɚ bacteriophage lysogens67. 

Challenging E. coli with genome-targeting plasmids resulted in a low recovery of viable 

transformants46,63,64,67. Finally, in the bacterial phytopathogen Pectobacterium atrosepticum 

harboring a native Type I-F system, the expression of genome-targeting spacers from a tightly 

regulated plasmid was cytotoxic and led to multiple deletions in the target loci68. This evidence 

presents an opportunity to program CRISPR-Cas systems for the sequence-specific killing of 

bacterial strains by targeting their genomic DNA. 

1.4.1 Type I versus Type II systems for sequence-specific killing 

In the previous sections, Types I and II have been discussed with respect to genes involved 

and mechanism of action. For the purposes of sequence-specific killing, each type would have 

its own merits. For example, Type I systems require three to six genes in addition to Cas3 in 
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order to target and degrade DNA. Separately, Type II systems are more compact (only Cas9 

and RNase III are required). The need for RNase III is even eliminated using a chimeric single 

guide RNA model50. Such merit gives Type II an advantage with respect to delivery to target 

bacteria. On the other hand, Type I systems cleave and degrade the target DNA making it 

difficult for the cell to repair such damage; whereas, Type II systems only cause a double 

stranded DNA break that can be repaired providing a means of escape. There is recent evidence 

of bacteria surviving genome targeting by Type II systems through genomic island excision in 

Streptococcus thermophilus69 and by homologous recombination in Escherichia coli70. Similar 

modes of escape have not been observed to-date in Type I systems49. 

1.5 Delivery of CRISPR-Cas systems using bacteriophages 

Drug delivery is an obstacle when it comes to introducing new treatments. In the case of 

CRISPR-Cas systems, a delivery vehicle is required to inject the CRISPR-Cas DNA to targeted 

bacterial cells. One possible method is using bacteriophages. Using phagemid systems, 

bacteriophages have been used to deliver a DNA of interest to target bacteria71ï73. A similar 

approach can be used to deliver the CRISPR-Cas DNA (Cas genes in addition to the genome 

targeting CRISPR array) to a target pathogen. In this case, preferably a wide-host range phage 

would be used to deliver the CRISPR-Cas system to multiple pathogens. In turn, specificity 

against a certain bacterium will be dictated using the crRNAs. 
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1.6 Overview of the thesis 

This thesis explores the development of a treatment strategy based on CRISPR-Cas 

systems. In Chapter 2, potent and sequence-specific killing was achieved using either native 

or imported CRISPR-Cas systems regardless of the type or location of the targeted region. In 

addition, CRISPR-Cas systems were used to distinguish between even highly related strains, 

as well as between beneficial and pathogenic bacteria. In Chapter 3, a broad-host range 

bacteriophage was studied and engineered for efficient CRISPR DNA delivery. A manuscript 

of this work is in preparation. In Chapter 4, the CRISPR-Cas genome targeting approach has 

been used to investigate the components of Type II single guide crRNAs revealing multiple 

components essential in defining orthogonality between systems. Finally, Chapter 5 is a 

discussion of future steps to further develop delivery methods for the CRISPR-Cas treatment 

for bacterial infections. 
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Chapter 2 

Programmable removal of bacterial strains using genome-targeting CRISPR-Cas 

systems 
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Abstract 

CRISPR (clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-

associated) systems in bacteria and archaea employ CRISPR RNAs to specifically recognize 

the complementary DNA of foreign invaders, leading to sequence-specific cleavage or 

degradation of the target DNA. Recent work has shown that the accidental or intentional 

targeting of the bacterial genome is cytotoxic and can lead to cell death. Here, we demonstrate 

that genome targeting with CRISPR-Cas systems can be employed for the sequence-specific 

and titratable removal of individual bacterial strains and species. Using the Type I-E CRISPR-

Cas system in Escherichia coli as a model, we found that this effect could be elicited using 

native or imported systems and was similarly potent regardless of the genomic location, strand, 

or transcriptional activity of the target sequence. Furthermore, the specificity of targeting with 

CRISPR RNAs could readily distinguish between even highly similar strains in pure or mixed 

cultures. Finally, varying the collection of delivered CRISPR RNAs could quantitatively 

control the relative number of individual strains within a mixed culture. Critically, the observed 

selectivity and programmability of bacterial removal would be virtually impossible with 

traditional antibiotics, bacteriophages, selectable markers, or tailored growth conditions. Once 

delivery challenges are addressed, we envision that this approach could offer a novel means to 

quantitatively control the composition of environmental and industrial microbial consortia and 

may open new avenues for the development of ñsmartò antibiotics that circumvent multidrug 

resistance and differentiate between pathogenic and beneficial microorganisms. 



 

 

26 

Importance 

Controlling the composition of microbial populations is a critical aspect in medicine, 

biotechnology, and environmental cycles. While different antimicrobial strategies such as 

antibiotics, antimicrobial peptides, and lytic bacteriophages offer partial solutions, what 

remains elusive is a generalized and programmable strategy that can distinguish between even 

closely related microorganisms and that allows for fine control over the composition of a 

microbial population. This study demonstrates that RNA-directed immune systems in bacteria 

and archaea called CRISPR-Cas systems can provide such a strategy. These systems can be 

employed to selectively and quantitatively remove individual bacterial strains based purely on 

sequence information, creating opportunities in the treatment of multidrug-resistant infections, 

the control of industrial fermentations, and the study of microbial consortia. 
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2.1 Introduction  

Microorganisms play critical roles in human health and environmental nutrient cycles and 

are regularly employed in diverse industrial processes. Within each context, a central challenge 

is controlling the specific composition of a mixed population. A few strategies can remove 

some microorganisms but not others (Figure 2.1): defined growth conditions, conventional 

antibiotics and antimicrobial peptides with some strain specificity, lytic bacteriophages, and 

the expression of antibiotic resistance genes, auxotrophic markers, or toxins under unique 

expression systems 1. Unfortunately, most of these approaches offer constrained opportunities 

to selectively remove individual bacterial strains (e.g. antibiotics, antimicrobial peptides) or 

require detailed knowledge of the genetics, metabolism, and physiology of each constituent of 

the population (e.g. selective growth conditions). Lytic bacteriophages often offer exquisite 

specificity 2. However, individual bacteriophages must be isolated against each strain and 

would require additional screening to determine the degree of specificity. Furthermore, lytic 

bacteriophages replicate as part of the infection cycle, eventually wiping out the entire target 

population or breeding resistance. What remains elusive is a generalized and programmable 

strategy that can distinguish between even closely related microorganisms and that allows for 

fine control over the composition of a microbial population. We proposed that CRISPR-Cas 

systems could provide such a strategy. 
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CRISPR-Cas systems are RNA-directed adaptive immune systems in many bacteria and 

most archaea that recognize nucleic acids of invading plasmids and viruses 3,4. Recognition is 

directed by CRISPR RNAs that are processed from transcribed arrays of alternating target-

specific ñspacerò sequences and identical ñrepeatò sequences. The spacer region of each 

CRISPR RNA base pairs with complementary nucleic acids, driving cleavage or degradation 

by the Cas proteins within minutes of invasion 5ï7. 

Three types of CRISPR-Cas systems have been defined, which vary in their specific 

target and mechanism of action. Type I systems cleave and degrade DNA, Type II systems 

cleave DNA, and Type III systems cleave DNA or RNA 8. Type I and II systems require two 

principle factors to effectively target DNA: (i) complementarity between the CRISPR RNA 

spacer and the target ñprotospacerò sequence, and (ii) a protospacer-adjacent motif (PAM) 

specific to each CRISPR-Cas system flanking the protospacer 9ï11. Effective targeting can 

occur even for multiple mismatches between the CRISPR RNA and the protospacer, although 

mismatches within the ñseedò region flanking the PAM are more disruptive 9,12. Similar factors 

Figure 2.1: Selective removal of individual bacterial strains. Approaches are needed that can selectively remove 

individual constituents (green) but not others within a diverse microbial population. 
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are required for DNA-targeting by Type III systems, where these systems evaluate base pairing 

between the target sequence and the region flanking the protospacer 13. 

While these factors help safeguard against accidental targeting of genomic sequences, 

they provide a simple set of design rules to achieve DNA targeting. This has primarily been 

exploited with Type II systems for genome editing, whereby cleavage is followed by DNA 

repair through non-homologous end joining (NHEJ) or homologous recombination 11,14,15. 

However, within microorganisms with poor or absent NHEJ, genome targeting can be lethal. 

For instance, natural systems that acquired genome-targeting spacers appear to possess inactive 

systems or mutated target loci 16, potentially explaining the evolution of Pelobacter 

carbinolicus harboring a Type I-F CRISPR-Cas system 17. In the industrial bacterium 

Streptococcus thermophilus, cultures under bacteriophage attack rarely integrate genome-

targeting spacers and, in such an event, rapidly disappear from the population 18. In the 

hyperthermophilic archaeon Sulfolobus solfataricus harboring a Type III-A system, infecting 

cells with viral particles encoding a genome-targeting spacer slowed the growth of the culture 

under selecting conditions and led to recombination between the virally encoded spacer and 

the endogenous CRISPR array 19. In the bacterium Escherichia coli expressing a Type I-E or 

II -A system in trans, transformation of a plasmid with spacers targeting endogenous genes or 

a lysogenized bacteriophage led to extremely low recovery of viable transformants 11,20ï23. 

Similar results were obtained in the bacterial pathogen Streptococcus pneumoniae expressing 

a Type II system in trans, wherein viable transformants contained mutations or deletions that 

inactivated CRISPR-Cas-mediated targeting 11,24. Finally, in the bacterial phytopathogen 
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Pectobacterium atrosepticum harboring a native Type I-F system, induction of genome-

targeting spacers from a tightly regulated plasmid was cytotoxic within a few hours of 

induction and led to extensive deletions in the target loci 25. This extensive evidence presents 

an opportunity for the sequence-specific removal of microorganisms by reprogramming 

CRISPR-Cas systems. 

 Here, we investigated the potential of CRISPR-Cas systems for the sequence-specific 

targeting and selective removal of individual strains of bacteria. Using the E. coli Type I system 

as a model, we found that targeting the E. coli  genome led to potent removal of cells as long 

as the target sequence contained a PAM and was complementary to the spacer. In contrast to 

targeting of bacteriophages and plasmids, genome targeting accommodated multiple mutations 

in the seed region. Furthermore, targeting was similarly effective regardless of genomic 

location, strand, or transcriptional activity. Finally, using genomic sequence information, we 

could selectively remove closely related bacterial strains whether in pure or mixed cultures. 

The extent of removal could even be modulated by mixing targeting and non-targeting 

plasmids. Our findings open the possibility of quantitatively controlling the composition of 

microbial consortia and selectively treating multidrug resistant infections, particularly with 

ongoing advances in the delivery of nucleic acids to microorganisms. 
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2.2 Results 

2.2.1 Genome targeting with the Type I-E CRISPR-Cas system in E. coli 

We first evaluated the impact of targeting a natural genomic locus with the Type I-E 

CRISPR-Cas system from Escherichia coli K-12, one of the best-characterized CRISPR-Cas 

systems to-date. This system encodes six cas genes in two operons (casABCDE, cas3) required 

for CRISPR RNA processing and the cleavage and degradation of target DNA 26. Because the 

casABCDE operon is repressed by H-NS in E. coli K-12 under normal growth conditions 27, 

we used a previously developed system consisting of two plasmids (pCasA-E and pCas3, 

Figure S2.1) that inducibly express all six cas genes 26. In addition, we generated a third 

plasmid encoding an altered version of the endogenous CRISPR1 array in E. coli K-12 that 

accommodates the sequential insertion of engineered spacer sequences (pCRISPR, Figures S1 

and S2). pCRISPR plasmids encoding engineered, genome-targeting spacers were transformed 

into E. coli K-12 substrain BW25113 cells equipped with inducible expression of the T7 

polymerase (BW25113-T7) and harboring the two cas-expressing plasmids (pCasA-E and 

pCas3, Figure S2.1). As part of the assay, we measured the transformation efficiency, a proxy 

for removal of strains in pure cultures, by dividing the number of viable transformants for each 

genome-targeting CRISPR plasmid by the number of viable transformants for the original 

pCRISPR plasmid. Lower ratios or transformation efficiencies indicate a greater extent of 

removal. 
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We began with a spacer that is complementary to the template strand of the essential 

ftsA gene involved in cell division (Figure 2.2A). The selected protospacer was immediately 

downstream of AAG, one of the four PAMs for this CRISPR-Cas system 9. The resulting Ŭ-

ftsA plasmid exhibited ~105-fold lower transformation efficiency in comparison to the original 

pCRISPR plasmid (Figure 2.2B), paralleling the transformation efficiency of plasmids 

encoding prophage-targeting CRISPR RNAs 21,22. In the absence of the casABCDE operon, 

the Ŭ-ftsA plasmid and the original pCRISPR plasmid yielded similar transformation 

efficiencies (Figure 2.2B), ruling out transformation issues and confirming the role of the 

casABCDE operon. Forced expression of the chromosomally encoded cas genes through 

deletion of the hns gene also resulted in a low transformation efficiency (Figure S2.3A) 27. In 

total, these results demonstrate the potency of genome targeting using a Type I CRISPR-Cas 

system. 
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 Figure 2.2: Potent and sequence-specific removal through genome targeting with CRISPR-Cas systems. (A) 

Design of a CRISPR RNA targeting the ftsA gene in E. coli K-12. The 32-nucleotide spacer sequence is in blue and the 

repeat sequence is in gray. The last two nucleotides of the spacer (in black) are fixed to introduce restriction sites used 

for cloning additional repeat-spacer pairs. Flanking the protospacer (highlighted in blue) is the protospacer-adjacent 

motif (PAM, highlighted in green) required for DNA targeting. Point mutations within the established seed region of 

the spacer 9 and the protospacer tested in B are shown. (B) Transformation efficiencies of Ŭ-ftsA plasmids containing 

different mutations in the seed region of the spacer. Single, double, and triple mutations to the spacer sequence are 

shown in yellow, orange, and red, respectively. The transformations were conducted in BW25113-T7 (WT) or 

BW25113-T7m257ô (m2,5,7ô) each harboring two plasmids: pCas3 (+cas3) and either pCasA-E (+casABCDE) or 

pCasA-Eô (-casABCDE). Figure S2.1 illustrates the general transformation procedure. The transformation efficiency 

was calculated as the number of transformants for each tested plasmid divided by the number of transformants for 

the original pCRISPR plasmid for the same culture. Values represent the geometric mean and S.E.M. of three 

independent experiments. 
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Each experiment yielded a few colonies that presumably escaped genome targeting. 

These colonies may have escaped through (i) alteration to the target genomic site or (ii) 

disruption of the expression/activity of the CRISPR RNAs or Cas proteins 16,28. To initially 

explore the basis of escape, we inoculated 22 colonies for storage and further analysis. Less 

than half of the colonies (10/22) exhibited substantial growth after 13 hours in liquid culture 

selecting for all three plasmids, suggesting that the rate of survival is overestimated. We first 

sequenced the genomic ftsA locus of the 10 viable colonies plus 4 additional colonies from a 

previous experiment. Interestingly, the locus was unaltered in all 14 isolates, unlike previous 

examples of escape 9,20. Turning our attention to the expression plasmids, we found that the 

isolated plasmids conferred resistance to all three antibiotics when transformed into a plasmid-

free strain, ruling out integration of the resistance cassette into the E. coli genome. Finally, we 

sequenced the CRISPR locus on the Ŭ-ftsA plasmid, which revealed varying deletions that 

removed the Ŭ-ftsA spacer (Figure S2.4). In total, alterations to the CRISPR RNAs appear to 

principally account for surviving colonies, at least within our experimental setup.  

 We next evaluated the sequence specificity of CRISPR-Cas-mediated removal. We 

introduced different point mutations into the seed region of the Ŭ-ftsA spacer (Figure 2.2A), 

where the seed region for the Type I-E CRISPR-Cas system in E. coli  was previously identified 

as the first through fifth, seventh, and eighth nucleotides flanking the PAM 9,12. Prior work 

demonstrated that single point mutations within this region of the spacer for Type I CRISPR-

Cas systems disrupted immunity against bacteriophages 9. However, we found that point 

mutations to the second (m2), fifth (m5), or seventh (m7) nucleotide of the wild type (WT) Ŭ-
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ftsA spacer only marginally disrupted removal (Figure 2.2B). Pairing point mutations (m2,5; 

m2,7; m5,7) further disrupted removal, while only the combination of all three point mutations 

(m2,5,7) fully disrupted removal.  

To further probe the specificity of removal, we introduced compensatory mutations 

within the native ftsA gene (m2,5,7ô, Figure S2.5). The matched pairing of the m2,5,7 spacer 

and the m2,5,7ô strain resulted in a large extent removal, albeit less than the pairing of the WT 

spacer and the WT strain (Figure 2.2B). Separately, the mismatched pairing of the WT spacer 

and the m2,5,7ô strain exhibited negligible removal (Figure 2.2B), excluding the possibility of 

unintended targeting at other genomic loci.  

2.2.2 Potent removal by targeting diverse locations throughout the genome 

Programming CRISPR-Cas systems to remove individual strains would greatly benefit 

from the ability to readily target any PAM-flanking sequence throughout a genome. Previous 

examples of genome targeting successfully targeted different genes on both strands of the 

genome 11,19,20,25. However, a comprehensive and quantitative investigation of genome 

targeting has not been conducted. Toward this goal, we designed 10 additional spacers that 

target different protospacers flanked by a PAM throughout the E. coli K-12 genome (Figure 

2.3A). The corresponding protospacers covered a diverse range of locations, including the 

positive and negative strands of the genome, template strands and non-template strands of 

genes, and within untranscribed regions. Furthermore, we targeted both essential and non-

essential genes because of their relative capacity to tolerate mutations or deletions. In all cases, 
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the extent of removal was statistically similar to that of the original Ŭ-ftsA spacer (p-values 

between 0.05 and 0.88, Figure 2.3B), suggesting that removal is based on chromosomal injury 

rather than perturbing the natural function of the target locus. Furthermore, in the absence of 

the casABCDE operon, each plasmid and the original pCRISPR plasmid yielded similar 

transformation efficiencies (Figure S2.6). The PAM was an essential feature similar to 

previous studies 11,20,25, as targeting a separate site within the ftsA gene lacking a PAM resulted 

in negligible removal (Figure 2.3B). Based on these results, we conclude that potent removal 

can be achieved by targeting diverse locations throughout the genome as long as a PAM is 

present. Interestingly, the simultaneous targeting of multiple locations (asd, msbA, ftsA, nusB) 

exhibited similar extents of removal as targeting only one of the locations (ftsA) (p-value = 

0.48, Figure S2.7). 
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Figure 2.3: Similar efficiencies when targeting diverse locations throughout the genome. (A) Protospacer 

locations in the E. coli K-12 genome. Dots inside and outside of the circle reflect spacers designed to base pair with the 

negative (-) or positive (+) strand of the chromosome, respectively. Dots also reflect protospacers flanked by a non-

PAM (white), on the template strand (blue) or non-template strand (green) of coding regions, or in non-transcribed 

regions (purple). (B) Transformation efficiencies for pCRISPR plasmids encoding spacers targeting the sites shown in 

A in BW25113-T7 harboring pCas3 and pCasA-E. See Figure 2B for an explanation of the transformation efficiency. 

Values represent the geometric mean and S.E.M. of three independent experiments. 
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 To explore the broad potential of our approach through native CRISPR-Cas systems 

outside of E. coli, we explored the impact of genome targeting in the gram-positive bacterium 

Streptococcus thermophilus. In particular, we assessed genome targeting through the two 

native Type II CRISPR-Cas systems (CRISPR1, CRISPR3) previously shown to be active 

under normal growth conditions 4,29. The transformation efficiencies of plasmids encoding 

CRISPR1 and CRISPR3 RNAs targeting the lacZ gene were near the limit of detection (~103-

fold lower than that of the empty plasmid) (Figure S2.3B, Table S2.1). Therefore, potent 

removal can be achieved through different native CRISPR-Cas systems. 

2.2.3 Sequence-specific removal of individual strains 

The flexibility and sequence specificity of genome targeting opens the intriguing 

possibility of using CRISPR-Cas systems to specifically remove individual microbial species 

and strains. To begin exploring this possibility, we focused on two substrains of E. coli: E. coli 

K-12 (BW25113-T7) and E. coli B (BL21(DE3)) (Figure 2.4A). Because the genomes of these 

strains bear over 99% sequence homology and almost all cellular processes are identical 30, 

selectively removing one of the strains would be extremely difficult with antimicrobial agents 

or defined growth conditions. However, the distinguishing sequences afford ample 

opportunities to selectively target either strain with programmed CRISPR-Cas systems. Using 

in silico genomic analyses, we identified one PAM-flanking sequence unique to E. coli K-12 

(within the fucP gene involved in the transport of L-fucose), one PAM-flanking sequence 

unique to E. coli B (within the ogr gene encoded within the P2 prophage), and one PAM-
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flanking sequence shared by both strains (within the groL gene involved in protein folding). 

We subsequently designed CRISPR spacers that recognize PAM-adjacent protospacers in each 

gene and measured removal in pure cultures harboring pCasA-E and pCas3 (Figure S2.1). As 

expected, targeting fucP only removed the K-12 strain, targeting ogr only removed the B strain, 

and targeting groL removed both strains (Figure 2.4B). 

 

Figure 2.4: Sequence-specific removal of individual bacterial strains in pure cultures. (A) Estimated homologies 

between the genomes of E. coli K-12 BW25113-T7 (blue), E. coli B BL21(DE3) (green), and S. enterica SB300A#1 

(purple), a derivative of strain LT2 58. The reported homologies are based on prior comparisons between E. coli K-12 

and E. coli B 30 as well as between E. coli K-12 and S. enterica LT2 31. (B) Transformation efficiencies for pCRISPR 

plasmids encoding spacers targeting a PAM-flanking protospacer within the specified gene. The assay was conducted 

following the scheme depicted in Figure S2.1 for all three strains. See A for an explanation of the coloring scheme 

depicting each transformed strain. See Figure 2B for an explanation of the transformation efficiency. Values represent 

the geometric mean and S.E.M. of three independent experiments. 
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One potential application of programmable removal with CRISPR-Cas systems is 

targeting pathogenic bacteria while sparing commensal bacteria. Toward this goal, we focused 

on E. coli K-12 (BW25113-T7), a derivative of commensal E. coli that naturally inhabits the 

human digestive tract, and on Salmonella enterica (SB300A#1, a derivative of LT2), a major 

food pathogen. Both species are Gram-negative enterobacteria and share ~71% sequence 

homology (Figure 2.4A) 31. Using genomic analyses, we designed CRISPR spacers targeting 

a PAM-flanking sequence unique to E. coli (within the arpA gene involved in the regulation 

of acetyl-CoA biosynthesis), a PAM-flanking sequence unique to S. enterica (within the mviM 

gene encoding a putative virulence factor), and a shared PAM-flanking sequence (within the 

groL gene). The resulting plasmids were transformed into pure cultures harboring pCasA-E 

and pCas3 (Figure S2.1). As expected, targeting arpA only removed E. coli, targeting mviM 

only removed S. enterica, and targeting groL removed both strains (Figure 2.4B). 

2.2.4 Selective and titratable removal of individual strains in mixed cultures  

We next proceeded from pure cultures to mixed cultures in order to evaluate the selective 

removal of target strains. We repeated the transformation experiments with E. coli B 

(BL21(DE3)) and E. coli K-12 (Bw25113-T7), only both strains were co-cultured and plated 

on agar with X-gal and IPTG. Under these plating conditions, BL21(DE3) yields blue colonies 

whereas BW25113-T7 yields white colonies (Figure S2.8). Similar to the experiments with 

pure cultures, targeting the PAM-flanking sequence within the ogr gene selectively removed 

BL21(DE3), targeting the PAM-flanking sequence within the fucP gene selectively removed 
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Bw25113-T7, and targeting with the original pCRISPR plasmid maintained both strains 

(Figure 2.5A). Furthermore, in the absence of the casABCDE operon, both strains were 

maintained in similar ratios regardless of the transformed plasmid (Figure 2.5A). These results 

demonstrate that CRISPR-Cas systems can be employed for the selective removal of bacterial 

strains in mixed cultures. 

Figure 2.5: Selective and titratable removal of individual bacterial strains in mixed cultures. (A) Selective removal 

of BW25113-T7 and BL21(DE3) in mixed cultures. Equal numbers of BW25113-T7 and BL21(DE3) cells harboring 

pCas3 and either pCasA-E (+casABCDE) or pCasA-Eô (-casABCDE) were mixed prior to preparation for 

electroporation. Mixed cultures electroporated with the indicated pCRISPR plasmid were plated on LB agar containing 

IPTG, X-gal, L-arabinose, IPTG, and antibiotics. Only BL21(DE3) possesses the lacZ gene that yields blue colonies 

(Figure S2.8). Plates are representative of three independent experiments. (B) Titratable removal of BL21(DE3) in 

mixed cultures. Transformations were conducted similar to A, only cells were transformed with different ratios of the 

E. coli B-targeting plasmid (pCRISPR-ogr) and the non-targeting plasmid (pCRISPR) for a total of 100 ng. The ratio 

of blue-to-white colonies was normalized to the ratio of blue-to-white colonies for the same culture transformed with 

the pCRISPR plasmid. Values represent the geometric mean and S.E.M. of three independent experiments. 
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The above mixed-culture experiments utilized single plasmids to either remove or 

maintain individual strains. We hypothesized that transforming combinations of targeting and 

non-targeting plasmids could remove a portion of targeted cells, conferring control over the 

composition of the population. To test this hypothesis, we transformed different amounts of 

the pCRISPR plasmid and the BL21(DE3)-targeting plasmid (total of 100 ng) and then 

quantitated the ratio of blue and white colonies. Remarkably, the fraction of the BL21(DE3)-

targeting plasmid strongly correlated with the selective removal of BL21(DE3) (Figure 2.5B). 

The almost perfect linear correlation (R2 = 1.00) further suggests that almost all transformed 

cells received a single plasmid that either removed or sustained E. coli B. We thus conclude 

that CRISPR-Cas systems can be reprogrammed to quantitatively modulate the composition 

of a mixed population. 

2.3 Discussion 

We demonstrated the sequence-specific removal of individual strains using CRISPR-Cas 

systems. While the extent of removal was extremely high (>99.999% for the Ŭ-ftsA plasmid, 

Figure 2.2B), a fraction of the transformed cells consistently survived targeting. Sequencing 

survivors revealed consistent loss of the genome-targeting spacer in the transformed pCRISPR 

plasmid (Figure S2.4), likely through recombination between the identical repeats. This insight 

is consistent with a recent study showing loss or inactivation of CRISPR elements under 

evolutionary pressure 28. This insight also suggests one potential countermeasure against 

surviving colonies: reducing the number of repeats within the CRISPR array. The array could 
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even be reduced to a single repeat-spacer, paralleling the engineering of single-guide RNAs 

for use with Cas9 32. Other potential strategies include expressing multiple CRISPR-Cas 

systems or eliminating CRISPR-encoding plasmids that underwent recombination. Targeting 

multiple sites at one time did not appear to be an effective strategy (Figure S2.7), perceivably 

due to rearrangement of the CRISPR-encoding plasmid (Figure S2.4). 

 We also demonstrated that potent removal could be achieved using Type I and Type II 

CRISPR-Cas systems. An interesting distinction between these systems is that Type I systems 

cleave and degrade DNA through the action of a 3ô-to-5ô exonuclease, whereas Type II systems 

only cleave DNA 33. The additional effect of DNA degradation by Type I systems may further 

improve the potency of genome targeting by preventing DNA repair, although a direct 

comparison between Type I and Type II systems would be needed to directly evaluate this 

potential contribution. 

 We found that multiple mismatches within the seed region were required to fully 

disrupt targeting by the Type I-E system from E. coli (Figure 2.2). This may explain the 

absence of mutations within the protospacer of surviving colonies (Figure S2.4). Separately, 

the number of required mismatches contrasts with the single mismatches that disrupted 

immunity to the M13 bacteriophage 9. This discrepancy is intriguing considering that the same 

Cas-encoding plasmids were used in these studies. We speculate that fundamental differences 

may exist when targeting genomic DNA or invader DNA that underlie the relative capacity of 
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the seed region to accommodate mismatches. Such differences may help explain emerging 

reports of elevated off-target effects associated with genome editing 34ï37.  

Delivery arguably poses the most immediate challenge to the downstream use of 

CRISPR-Cas systems for the selective and titratable removal of microorganisms. However, 

opportunities in nanoparticle development and the engineering of bacteriophages present 

potential solutions. Nanoparticles have been used to deliver nucleic acids to bacteria 38 but 

little subsequent work has been done; the delivery of CRISPR RNAs may provide the impetus 

to further investigate nanoparticles as delivery vehicles to microorganisms. Separately, 

bacteriophages have been widely used for heterologous protein expression, gene delivery, and 

the treatment of bacterial infections 39,40. Lysogenic bacteriophages or phagemids with broad 

host ranges would be particularly beneficial for the delivery of CRISPR-Cas-encoding 

constructs 41ï43. While silver nanoparticles and lytic bacteriophages also could be used to 

remove bacteria 44,45, they lack the specificity or the programmability offered by genome-

targeting CRISPR-Cas systems and cannot be easily dosed to quantitatively control the 

composition of a microbial consortia.  

Once delivery challenges are overcome, we foresee CRISPR-Cas systems being 

exploited to control bacterial populations in diverse ecological niches and scientific fields. In 

biotechnology, CRISPR-Cas systems could be used to selectively clear contaminating 

microorganisms or to quantitatively control the composition of microbial consortia in industrial 

processes or in environmental samples. In medicine, CRISPR-Cas systems could be used to 
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control the composition of the gut flora or as ñsmartò antibiotics that circumvent commonly 

transmitted modes of antibiotic resistance and distinguish between beneficial and pathogenic 

bacteria. For applications that require the removal of more than one strain, multiple spacers 

could be encoded in a single CRISPR array that target shared or unique sequences. The arrays 

could also be combined with a complete set of cas genes to instigate removal of strains lacking 

functional CRISPR-Cas systems 15,46. Because of the sequence specificity of targeting, 

CRISPR-Cas systems could be used to distinguish strains separated by only a few base pairs. 

The use of CRISPR-Cas systems would require detailed knowledge of the genomic sequences 

of the bacterial population, although the dwindling cost and increasing speed of high-

throughput sequencing along with powerful metagenomics tools would alleviate this 

challenge. Overall, CRISPR-Cas systems offer a unique opportunity for the selective and 

titratable removal of microorganisms for industrial and medical purposes that can be added to 

the ever-expanding applications of this versatile immune system 11,20,23,47,48. 
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2.4 Materials and methods 

2.4.1 Strains and plasmid construction  

See Table S2.2 for a list of all strains used in this work. E. coli K-12 strain BW25113-T7 

was generated by transferring araB::T7-RNAp-tetA from IY5163 to BW25113 by P1 

transduction. Successful transduction was verified by PCR. BW25113-T7m2,5,7ô (Figure 

2.2A) was generated using three rounds of oligonucleotide-mediated recombination with ftsA-

m257-spacer.recomb and the pKD46 plasmid encoding the ɚ red recombination genes 49,50. 

The oligonucleotide contained two phosphorothioate linkages at each end to improve the 

recombination efficiency 51,52. Successful recombinants were verified by PCR and by 

sequencing. 

See Table S2.2 for a list of all plasmids used in this work. The origins of replication for 

the pCas3, pCasA-E, and pCRISPR plasmids used with E. coli and S. enterica belong to 

different incompatibility groups 26,53. To generate the pCasA-E plasmid lacking the casABCDE 

operon (pCasA-Eô), pCasA-E was digested with NcoI/NotI, blunt-ended using Pfu polymerase, 

and ligated. 

To generate the pCRISPR plasmid, the pBAD18 plasmid 53 was linearized with XbaI 

and amplified by PCR using primers pBAD18.fwd/pBAD18.rev. A chemically-synthesized 

gBlockÊ (IDT) was then inserted downstream of the PBAD promoter by Gibson assembly 54. 

The gBlock encoded four repeats and three intervening spacers from the endogenous CRISPR 
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locus in E. coli MG1655 (Table S2.2), where the first spacer was modified to include a KpnI 

restriction site and an XhoI restriction site. These restriction sites allow the sequential insertion 

of engineered repeat-spacer pairs (Figure S2.2). Each pair was chemically synthesized as two 

oligonucleotides (IDT), phosphorylated with polynucleotide kinase, annealed, and ligated into 

the pCRISPR plasmid digested with KpnI and XhoI. 

The pBAD18-asd,msbA,ftsA,nusB plasmid was constructed in a similar manner to the 

pCRISPR plasmid, wherein a chemically-synthesized gBlockÊ (IDT) was inserted 

downstream of the PBAD promoter of the linearized pBAD18 plasmid by Gibson assembly 54. 

The gBlock encoded the first repeat-spacer sequence from the endogenous E. coli CRISPR 

locus, followed by five repeats and four intervening spacers targeting four different locations 

in E. coli Bw25113 (asd, msbA, ftsA, nusB) (Table S2.2). 

To generate pORI28 55 with engineered spacers, pORI28 and each insert generated 

through PCR assembly were digested with BamHI and SacI and ligated together. To generate 

the insert encoding the lacZ1 spacer, template-free PCR was conducted with C1-lacZ1.fwd/C1-

lacZ1.rev, followed by using the resulting product in a subsequent PCR with C1-

BamHI.fwd/C1C3-SacI.rev. To generate the inserts encoding the lacZ2 and lacZ3 spacers, first 

the CRISPR3 leader region was amplified by PCR from LMD-9 genomic DNA with C3-

leader.fwd/C3-leader.rev. Next, the resulting product was used as the template in a subsequent 

PCR with C3-leader.fwd/C3-lacZ2.rev or C3-leader.fwd/C3-lacZ3.rev. Finally, each PCR 

product was used as template in a final round of PCR with C3-leader.fwd/C1C3-SacI.rev. All 
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oligonucleotides and enzymes were purchased from IDT and NEB, respectively. All cloned 

plasmids were verified by sequencing. 

2.4.2 Growth conditions  

All E. coli and Salmonella strains were cultured in LB medium (10 g/L tryptone, 5 g/L 

yeast extract, 10 g/L sodium chloride) at 37°C and 250 rpm with appropriate antibiotics. The 

same strains were plated on LB agar (LB media with 1.5% agar) supplemented with 

appropriate inducers and incubated at 37°C. S. thermophilus LMD-9 was cultured in Elliker 

broth (Elliker medium (Difco) supplemented with 1% beef extract) and plated on Elliker agar 

(Elliker broth with 1.5% agar) 56. Both culturing and plating of LMD-9 was conducted at 37°C. 

Antibiotics were administered at the following final concentrations: 50 ɛg/ml streptomycin, 50 

ɛg/ml kanamycin, 50 ɛg/ml ampicillin, 2 ɛg/ml chloramphenicol, and 2 ɛg/ml erythromycin. 

Inducers were administered at the following final concentrations: 0.1 mM IPTG and 0.02% L-

arabinose. 

2.4.3 Design of native CRISPR RNAs 

An overview of the approach to design and insert spacer sequences into the CRISPR array 

within the pCRISPR plasmid is shown in Figure S2.2. The spacers were designed by 

identifying one of the known PAMs for the Type I-E CRISPR-Cas system in E. coli (AAG, 

GAG, GAG, ATG). The downstream 32 nucleotides were then used as the spacer within the 

engineered repeat-spacer pair. Note that the last two nucleotides of the spacer are fixed as TC 
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because of the adopted cloning strategy (Figure S2.2). However, these nucleotides fall well 

outside of the seed region and therefore are expected to have a negligible effect on targeting. 

 The spacers for S. thermophilus were designed by identifying a known PAM for 

CRISPR1 (NNAGAAW) or for CRISPR3 (NGGNG) 10. The sequence of the 31 nucleotides 

upstream of each PAM was integrated into oligonucleotides that were used to generate a leader 

region followed by a single repeat-spacer-repeat that was subsequently cloned into pORI28. 

This construct relies on processing through the native tracrRNA and RNase III. 

2.4.4 Transformation assay 

Freezer stocks of E. coli and Salmonella strains harboring pCas3 and pCasA-E (or pCasA-

Eô) were streaked to isolation on LB agar. Individual colonies were inoculated into 3 ml of LB 

media and shaken overnight at 37°C. The cultures then were back-diluted into 25 ml of LB 

media and grown to an ABS600 of 0.6 ï 0.8 that was measured on a Nanodrop 2000c 

spectrophotometer (Thermo Scientific). The cells were then pelleted and washed with ice-cold 

10% glycerol two times before being resuspended in 150 ï 350 ɛl of 10% glycerol. The 

resuspended cells (50 ɛl) were transformed with 50 ng of pCRISPR or pCRISPR encoding the 

indicated spacer using a MicroPulser Electroporator (BioRad) and recovered in 300 ɛl of SOC 

media (Quality Biological) for 1 hour (E. coli) or for 2 hours (Salmonella). After the recovery 

period, 200 ɛl of different dilutions of the cells were plated on LB agar with inducers. The 

transformation efficiency was calculated by dividing the number of transformants for the tested 

plasmid by the number of transformants for the original pCRISPR plasmid. To normalize for 
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experimental variability in transformation efficiency, the same batch of cells prepared for 

electroporation were transformed with each tested plasmid and the original pCRISPR plasmid. 

The S. thermophilus strain LMD-9 harboring pTRK669 was grown in 50 ml of Elliker 

broth and prepared for electroporation as described previously, which concentrated the culture 

100-fold 57. The resuspended cells (50 ɛl) were transformed with 1 ɛg of the pORI28 control 

plasmid or pORI28 containing the indicated spacer. Transformed cells were recovered in 950 

ɛl of Elliker broth overnight and plated on Elliker agar. Plates were then incubated for 48 hours 

in a Coy anaerobic chamber with a gas mixture of 10% hydrogen, 5% carbon dioxide, and 85% 

nitrogen before the number of colonies were counted. The transformation efficiency was 

calculated by dividing the number of transformants for the tested plasmid by the number of 

transformants for the pORI28 control plasmid.  

The average limit of detection of the killing assay, calculated as 1/(# transformants for 

the control plasmid) was 7 x 10-7 for E. coli, 4 x 10-7 for Salmonella, and 2 x 10-3 for S. 

thermophilus. The high transformation efficiency for Salmonella was achieved by purifying 

the pCRISPR plasmids, pCas3 plasmid, and pCasA-E plasmid individually from SB300A#1. 

2.4.5 Mix ed culture transformation assay 

The transformation assay for mixed cultures resembles that for the pure culture with a few 

notable differences. Cultures of E. coli K-12 and E. coli B strains harboring pCas3 and pCasA-

E (or pCasA-Eô) were grown separately to ABS600 ~0.8 and then equal numbers of cells were 

mixed from the back-dilutions prior to preparing the culture for electroporation. An aliquot of 
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the resuspended cell mixture (50 µl) was then transformed with pCRISPR plasmid, pCRISPR 

encoding the indicated spacer, or a defined mixture of both plasmids for a total of 100 ng. The 

transformed cells were recovered in 300 ɛl of SOC media for 90 minutes. After the recovery 

period, 200 ɛl of different dilutions of the cells were plated on LB agar with inducers and 

appropriate antibiotics. The ratio of blue (E. coli B) to white (E. coli K-12) colonies on the 

sample plate was divided by the same ratio on the pCRISPR plate, yielding the normalized 

ratio. To normalize for experimental variability in transformation efficiency, the same batch of 

cell mixture prepared for electroporation were transformed with each tested plasmid mixture 

and the pCRISPR control plasmid.  

2.4.6 Analysis of escape mutants  

Colonies from the transformation assay with the Ŭ-ftsA plasmid (pCB304) were inoculated 

into 5 ml of LB media with appropriate antibiotics and inducers. Growth was assessed based 

on ABS600 after 13.5 hours of growth. Cultures exhibiting measurable growth (ABS600 > 0.01) 

were stored as glycerol stocks. Plasmids were then isolated from each escape mutant and equal 

amounts of DNA were resolved by agarose gel electrophoresis. Each isolated set of plasmids 

were also transformed into E. coli K-12 and plated on LB agar containing one of the three 

antibiotics. Finally, the plasmids mixture from each escape mutant was sequenced using 

primers that specifically bind within the PBAD promoter or the double terminator of the Ŭ-ftsA 

plasmid. To analyze the protospacers, approximately 400 base pairs surrounding the 
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protospacer within the ftsA gene of the escape mutant was PCR-amplified and subjected to 

sequencing. 

2.4.7 Statistical analyses  

All p-values were calculated using the Studentôs T-test assuming log-normal distributions, 

two tails, and unequal variances. 
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2.7 Supplementary material 

 

 

Figure S2.1: Quantitating the removal capacity of genome-targeting CRISPR spacers. A genomic sequence is 

inserted within the native CRISPR array of E. coli K-12 in the pCRISPR plasmid (Figure S2.1) and transformed into 

BW25113-T7 cells harboring the two cas-expressing plasmids. The transformation efficiency is then assessed on plates 

containing IPTG, L -arabinose, and antibiotics that select for all three plasmids. Although this scheme uses three 

plasmids, more compact setups are possible (see Discussion). 
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Figure S2.2: Design and insertion of spacer sequences into the pCRISPR plasmid. The protospacer is selected as 

the 32 nucleotides immediately downstream of a protospacer-adjacent motif, or PAM (AAG, AGG, GAG, ATG for E. 

coli K-12). The sequence and selected spacer within the ftsA gene used in Figure 2.1 is shown at the top. The first 30 

base pairs of the protospacer are integrated into two chemically synthesized oligonucleotides. The last two nucleotides 

of the spacer (outlined in blue) are fixed because they are part of the XhoI overhang. The overhangs of the annealed 

oligonucleotides allow insertion into the pCRISPR plasmid digested with KpnI and XhoI. Insertion recreates the KpnI 

and XhoI sites at the 5ô end and destroys the XhoI site (XhoIô) at the 3ô end. The recreation of these sites allows the 

sequential insertion of an unlimited number of new repeat-spacer pairs into the CRISPR array as long as the 30th 

nucleotide in each spacer is not a C. The base CRISPR array is contained within the gBlock shown in Supplementary 

Table S4. 



 

 

63 

 

 

Figure S2.3: Removal of bacteria through the native Cas proteins. (A) Removal of Escherichia coli through the 

native Type I-E system. The wild type (WT, BW25113) and hns-deletion (ȹhns, JW1225-2) strain of E. coli was 

transformed with the pCRISPR plasmid encoding the Ŭ-ftsA CRISPR spacer shown in Figure 2.2A. Transformed cells 

were plated on LB agar supplemented with L-arabinose and ampicillin. See Figure 2.2B for an explanation of the 

transformation efficiency. Values represent the geometric mean and S.E.M. of three independent experiments. (B) 

Removal of Streptococcus thermophilus through the native Type II systems. The two systems are termed CRISPR1 and 

CRISPR3 with distinct repeat sequences, Cas proteins, and PAMs. Strain LMD-9 harboring the pTRK669 plasmid 

was transformed with the pORI28 plasmid encoding a spacer targeting a PAM-associated protospacers within the lacZ 

gene (STER_1366; protein ID ABJ66539.1). See Figure 2.2B for an explanation of the transformation efficiency, only 

the original pORI28 plasmid served as the control plasmid. The gray background indicates the limit of detection of the 

transformation assay, reflecting generally poor transformation efficiency in this bacterium. Values represent the 

arithmetic mean and S.E.M. of five independent experiments. The arithmetic mean and S.E.M. were employed because 

many of the experiments resulted in zero colonies. 
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Figure S2.4: Analysis of mutants that escaped removal by the Ŭ-ftsA plasmid. (A) Plasmid DNA isolated from 14 

escape mutants was resolved by agarose gel electrophoresis along with a DNA ladder (M), each of the three plasmids 

(pCas3, pCasAE, pCRISPR), and the three plasmids isolated from the same strain. (B) Depiction of sequencing results 

of the CRISPR locus in the Ŭ-ftsA plasmid. Red lines designate deletions. NR: no read from sequencing starting 

upstream and downstream of the CRISPR locus, suggestive of the absence of the entire locus. These mutants also 

showed much smaller DNA products than where pCRISPR should be in A, suggesting large deletions from the Ŭ-ftsA 

plasmid. 
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Figure S2.5: Compensatory mutations within the ftsA coding region. The three mutations (m2, m5, m7) were 

selected to minimize changes to the amino acid sequence of FtsA. The first two mutations (m2, m5) are silent whereas 

the third mutation (m7) changes a valine to an alanine. Numbers above each amino acid designate the location within 

the coding region of ftsA. The short black bar above the wild type (WT) sequence designates the seed region. 

 

 

 

Figure S2.6: BW25113-T7 and BL21(DE3) can be readily distinguished on LB agar with X-gal and IPTG. The 

lacZ gene in BW25113-T7 and BL21(DE3) is disrupted and intact, respectively. As a result, BW25113-T7 colonies 

remain white whereas BL21(DE3) colonies turn blue on LB agar supplemented with LB agar and X-gal.  
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Table S2.1: Protospacer sequences 

Target 

gene 

Target 

stranda 
Protospacer sequenceb Target strain 

ftsA ï, T AAGCTGAAGTAGAAAAACGTGTTACAGCATCAG BW25113-T7 

ftsA-

mut2,5,7 
ï, T AAGCCGAGGCAGAAAAACGTGTTACAGCATCAG 

BW25113-

T7m257ô 

ftsA +, N AAGATGTGACTCTTTCCCATAGTGAAGCAATCC BW25113-T7 

ftsA ï, T GCTGAAGTAGAAAAACGTGTTACAGCATCAGTT BW25113-T7 

fucP  ï, N ATGACCGCGAAGCAGAGTGCGGGGATCAGTTCA BW25113-T7 

fucP +, T ATGTCGATTCAGTACCCAACAATCTTCTCGCTG BW25113-T7 

phoH ï, T AAGATGAAATGGTTGGGATCGTCCGGTTCGGTA BW25113-T7 

arpA +, T AAGAGTGTCTGAGCGTTGAGGTAAAATTTCCAT BW25113-T7 

asd +, T AAGCGGATGGCAAGGTTACTGGATTGACGCTCG BW25113-T7 

nusB ï, T AAGTGGAAACGAAACGCTTTGATAAAGTCAGCA BW25113-T7 

msbA ï, T AAGTGGAAACGAAACGCTTTGATAAAGTCAGCAAC BW25113-T7 

groL ï, T AAGACGTAAAATTCGGTAACGACGCTCGTGTGA 

BW25113-T7, 

BL21(D3), 

SB300#A1 

PentC ï, U AAGGGAGAGGGGGCAGAACGGCGCAGGACATCA BW25113-T7 

PppsR ï, U AAGACTGATCCCAGCGTTGCGCAAATCTGCTCT BW25113-T7 

P2 ogr ï, T AAGTGCCGCCCATACTCGCAGCAGTTTTCAGGT BL21(D3) 

mviM ï, T AAGAGCGCGGGCAGGGTATTCTCATCAAACCCA SB300#A1 

lacZ (1) ï, N ATTAAGAGATTGTCTTAACTTCATCTCCCCTTCAGAAA LMD-9 

lacZ (2) +, T AGTATTTTGAATCTCTTGAAGAATTTTCTGAAGGGG LMD-9 

lacZ (3) +, T TACAGCAAGCTGGTTGGAAGACCAAGACTTCTGGAG LMD-9 

a Characteristics of the target strand, which is complementary to the spacer, are designated: +, 

positive strand of genome; ï, negative strand of genome; T, template strand of gene; N, non-

template strand of gene; U, untranscribed region. 

b PAMs are in bold red lettering. Non-recognized PAMs are in bold black lettering. CRISPR 

spacers were designed to match the protospacer sequence.  
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Table S2.2: Strains, plasmids, and oligonucleotides used in this work 

Strain Genotype Source Stock # 

BW25113 
Escherichia coli K12 Fï DE(araD-araB)567 

lacZ4787(del)(::rrnB-3) LAMï  rph-1 

DE(rhaD-rhaB)568 hsdR514 

CGSC a #7636 pCB294 

BW25113-T7 Bw25113 araB::T7-RNAP-tetA This study pCB295 

BW25113-

T7m2,5,7ô 

Bw25113-T7 ftsA[g.1185T>C; g.1188A>G; 

g.1190T>C] 
This study pCB296 

JW1225-2 Escherichia coli K-12 ȹhns-746::kanR
 CGSC#: 9111 pCB297 

BL21(D3) 

Escherichia coli B Fï ompT gal dcm lon 

hsdSB(rB
- mB

-) ɚ(DE3 [lacI lacUV5-T7 gene 1 

ind1 sam7 nin5]) 

Kelly group pCB298 

SB300#A1 Salmonella Typhimirium araB::T7-RNAP-tetA 
Downs group 

(54) 
pCB299 

IYB5163 
BW25113 ȹhns araB::T7-RNAp-tetA ɚcI857-

kanR 

Qimron group 

(20) 
pCB300 

LMD-9 Streptococcus thermophilus LMD-9 
Klaenhammer 

group (52) 
NCK1125 

a CGSC: Coli genetic stock center (http://cgsc.biology.yale.edu). 

  

http://cgsc.biology.yale.edu/
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Table S2.2 Continued 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pCas3 
pRSF-1b vector with cas3 

insert 
Kanamycin Qimron group 

(pWUR397) (19) 
pCB301 

pCasA-E 
pCDF-1b vector with 

casABCDE insert 
Streptomycin 

Qimron group 

(pWUR400) (19) 
pCB302 

pCasA-Eô 
pCasA-E with casABCDE 

excised 
Streptomycin This study pCB339 

pCRISPR 
pBAD18 vector with 

CRISPR array insert 
Ampicillin  This study pCB303 

pCRISPR-ftsA-T 

pCRISPR targeting template 

strand of ftsA in E. coli K-

12 

Ampicillin  This study pCB304 

pCRISPR-ftsA-N 

pCRISPR targeting non-

template strand of ftsA in E. 

coli K-12 

Ampicillin  This study pCB305 

pCRISPR-ftsA-

noPAM 

pCRISPR targeting 

sequence lacking a PAM 

within ftsA in E. coli K-12  

Ampicillin  This study pCB306 

pCRISPR-

ftsAmut2 

pCRISPR-ftsA with a point 

mutation in location 2 of the 

seed region  

Ampicillin  This study pCB307 

pCRISPR-

ftsAmut5 

pCRISPR-ftsA with a point 

mutation in location 5 of the 

seed region 

Ampicillin  This study pCB308 

pCRISPR-

ftsAmut7 

pCRISPR-ftsA with a point 

mutation in location 7 of the 

seed region 

Ampicillin  This study pCB309 

pCRISPR-

ftsAmut2,7 

pCRISPR-ftsA with two 

point mutations in locations 

2 and 7 of the seed region 

Ampicillin  This study pCB310 
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Table S2.2 Continued 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pCRISPR-

ftsAmut2,5 

pCRISPR-ftsA with two 

point mutations in locations 

2 and 5 of the seed region 

Ampicillin  This study pCB311 

pCRISPR-

ftsAmut5,7 

pCRISPR-ftsA with two 

point mutations in locations 

5 and 7 of the seed region 

Ampicillin  This study pCB312 

pCRISPR-

ftsAmut2,5,7 

pCRISPR-ftsA with three 

point mutations in locations 

2, 5, and 7 of the seed 

region 

Ampicillin  This study pCB313 

pCRISPR-fucP-T 

pCRISPR targeting template 

strand  of fucP in E. coli K-

12 

Ampicillin  This study pCB314 

pCRISPR-fucP-N 

pCRISPR targeting non-

template strand of fucP in E. 

coli K-12 

Ampicillin  This study pCB315 

pCRISPR-phoH 

pCRISPR targeting non-

template strand of phoH in 

E. coli K-12 

Ampicillin  This study pCB316 

pCRISPR-arpA 

pCRISPR targeting non-

template strand of arpA in 

E. coli K-12 

Ampicillin  This study pCB317 

pCRISPR-asd 

pCRISPR targeting non-

template strand of asd in E. 

coli K-12 

Ampicillin  This study pCB318 

pCRISPR-nusB 

pCRISPR targeting non-

template strand of nusB in 

E. coli K-12 

Ampicillin  This study pCB319 

pCRISPR-groL 

pCRISPR targeting non-

template strand of groL in 

E. coli K-12 and S. enterica  

Ampicillin  This study pCB320 

pCRISPR-PentC 

pCRISPR targeting 

promoter region of entC 

gene in E. coli K-12 

Ampicillin  This study pCB321 
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Table S2.2 Continued 

Plasmid Description 
Resistance 

marker 
Source Stock # 

pCRISPR-PppsR 

pCRISPR targeting 

promoter region of ppsR 

gene in E. coli K-12 

Ampicillin  This study pCB322 

pCRISPR-P2ogr 

pCRISPR targeting non-

template strand of ogr 

within the P2 prophage in E. 

coli B 

Ampicillin  This study pCB323 

pCRISPR-mviM 

pCRISPR targeting non-

template strand of mviM in 

S. enterica 

Ampicillin  This study pCB324 

pBAD18-

asd,msbA, 

ftsA,nusB 

pBAD18 vector with 

ñ4Targetsò array insert Ampicillin  This study pCB325 

pTRK669 
Helper plasmid for 

replication of pORI28 
Chloramphenicol 

Klaenhammer 

group (51) 
NCK1391 

pORI28 
Non-replicative broad host-

range plasmid 
Erythromycin 

Klaenhammer 

group (51) 
NCK1609 

pORI28-lacZ1 
pORI28 targeting lacZ gene 

through CRISPR1 
Erythromycin This study - 

pORI28-lacZ2 

pORI28 targeting lacZ in S. 

thermophilus through 

CRISPR3 

Erythromycin This study - 

pORI28-lacZ3 

pORI28 targeting lacZ in S. 

thermophilus through 

CRISPR3 

Erythromycin This study - 
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Table S2.2 Continued 

Oligonucleotide Sequencea 

CRISPR gBlock 

 

CTACTGTTTCTCCATGTGGGTTGTTTTTATGGGAAAAAATGCTTTAAGAACAAA

TGTATACTTTTAGAGAGTTCCCCGCGCCAGCGGGGATAAACCGCTTTCGCAGAC

GCGCGGCGATGGTACCACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCAGC

CGAAGCCAAAGGTGATGCCGAACACGCTGAGTTCCCCGCGCCAGCGGGGATAAA

CCGGGCTCCCTGTCGGTTGTAATTGATAATGTTGAGAGTTCCCCCGCCTCTGCG

GTAGAACTCCCAGCTCCCATTTTCAAACCCAGGCTGTTTTGGCGGA 

4Targets gBlock 

ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATGTGGGTTGTTTTTA

TGGGAAAAAATGCTTTAAGAACAAATGTATACTTTTAGAGAGTTCCCCGCGCCA

GCGGGGATAAACCGTCGATTCAGTACCCAACAATCTTCTCGCTGGGGAGTTCCC

CGCGCCAGCGGGGATAAACCGCGGATGGCAAGGTTACTGGATTGACGCTCGTAG

AGTTCCCCGCGCCAGCGGGGATAAACCGTGGAAACGAAACGCTTTGATAAAGTC

AGCAACGAGTTCCCCGCGCCAGCGGGGATAAACCGCTGAAGTAGAAAAACGTGT

TACAGCATCAGTTGAGTTCCCCGCGCCAGCGGGGATAAACCGTTCGTCAACGGC

GTACTCGATAAAGCAGCACCGAGTTCCCCCGCCTCTGCGGTAGAACTCCCAGCT

CCCATTTTCAAACCCAGGCTGTTTTGGCGGATGAGAGAAGATTTTCAGCCTGAT

AC 

pBAD18.fwd CCATTTTCAAACCCAGGCTGTTTTGGCGGATGAG 

pBAD18.rev ATAAAAACAACCCACATGGAGAAACAGTAGAGAGTTGCG 

ftsA-T-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTGAAGTAGAAAAACGTGT

TACAGCATCAG 

ftsA-T-spacer.rev 
TCGACTGATGCTGTAACACGTTTTTCTACTTCAGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-N-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGATGTGACTCTTTCCCATAG

TGAAGCAATCC 

ftsA-N-spacer.rev 
TCGAGGATTGCTTCACTATGGGAAAGAGTCACATCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-noPAM-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGAAGTAGAAAAACGTGTTA

CAGCATCAGTT 

ftsA-noPAM-

spacer.rev 

TCGAAACTGATGCTGTAACACGTTTTTCTACTTCCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-m2-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCCGAAGTAGAAAAACGTGT

TACAGCATCAG 

ftsA-m2-

spacer.rev 

TCGACTGATGCTGTAACACGTTTTTCTACTTCGGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 
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Table S2.2 Continued. 

Oligonucleotide Sequencea 

ftsA-m5-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTGAGGTAGAAAAACGTGT

TACAGCATCAG 

ftsA-m5-

spacer.rev 

TCGACTGATGCTGTAACACGTTTTTCTACCTCAGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-m7-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTGAAGCAGAAAAACGTGT

TACAGCATCAG 

ftsA-m7-

spacer.rev 

TCGACTGATGCTGTAACACGTTTTTCTGCTTCAGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-m25-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCCGAGGTAGAAAAACGTGT

TACAGCATCAG 

ftsA-m25-

spacer.rev 

TCGACTGATGCTGTAACACGTTTTTCTACCTCGGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-m27-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCCGAAGCAGAAAAACGTGT

TACAGCATCAG 

ftsA-m27-

spacer.rev 

TCGACTGATGCTGTAACACGTTTTTCTGCTTCGGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-m57-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCTGAGGCAGAAAAACGTGT

TACAGCATCAG 

ftsA-m57-

spacer.rev 

TCGACTGATGCTGTAACACGTTTTTCTGCCTCAGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-m257-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCCGAGGCAGAAAAACGTGT

TACAGCATCAG 

ftsA-m257-

spacer.rev 

TCGACTGATGCTGTAACACGTTTTTCTGCCTCGGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

ftsA-

m257.recomb 

CGCTTGATCCACGAGCCAACTGATGCTGTAACACGTTTTTCTGCCTCGGCTTCA

CCGTTAAGATGTGACTCTTTCCCATAGTGAAGCAAT 

fucP-T-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGACCGCGAAGCAGAGTGCGG

GGATCAGTTCA 

fucP-T-spacer.rev 
TCGATGAACTGATCCCCGCACTCTGCTTCGCGGTCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

fucP-N-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTCGATTCAGTACCCAACAA

TCTTCTCGCTG 

fucP-N-

spacer.rev 

TCGACAGCGAGAAGATTGTTGGGTACTGAATCGACGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 
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Table S2.2 Continued. 

Oligonucleotide Sequencea 

phoH-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGATGAAATGGTTGGGATCGT

CCGGTTCGGTA 

phoH-spacer.rev 
TCGATACCGAACCGGACGATCCCAACCATTTCATCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

arpA-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAGTGTCTGAGCGTTGAGGT

AAAATTTCCAT 

arpA-spacer.rev 
TCGAATGGAAATTTTACCTCAACGCTCAGACACTCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

asd-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGCGGATGGCAAGGTTACTGG

ATTGACGCTCG 

asd-spacer.rev 
TCGACGAGCGTCAATCCAGTAACCTTGCCATCCGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

nusB-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTTCGTCAACGGCGTACTCG

ATAAAGCAGCA 

nusB-spacer.rev 
TCGATGCTGCTTTATCGAGTACGCCGTTGACGAACGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

groL-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGACGTAAAATTCGGTAACGA

CGCTCGTGTGA 

groL-spacer.rev 
TCGATCACACGAGCGTCGTTACCGAATTTTACGTCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

PentC-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGGGAGAGGGGGCAGAACGGC

GCAGGACATCA 

PentC-spacer.rev 
TCGATGATGTCCTGCGCCGTTCTGCCCCCTCTCCCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

PppsR-

spacer.fwd 

CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGACTGATCCCAGCGTTGCGC

AAATCTGCTCT 

PppsR-spacer.rev 
TCGAAGAGCAGATTTGCGCAACGCTGGGATCAGTCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

P2ogr-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTGCCGCCCATACTCGCAGC

AGTTTTCAGGT 

P2ogr-spacer.rev 
TCGAACCTGAAAACTGCTGCGAGTATGGGCGGCACGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

mviM-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGAGCGCGGGCAGGGTATTCT

CATCAAACCCA 
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Table S2.2 Continued. 

Oligonucleotide Sequencea 

mviM-spacer.rev 
TCGATGGGTTTGATGAGAATACCCTGCCCGCGCTCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

C1-lacZ1.fwd 

CAAGAACAGTTATTGATTTTATAATCACTATGTGGGTATGAAAATCTCAAAAAT

CATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACATTAAGAGAT

TGTCTTAACTT 

C1-lacZ1.rev 
AGCGGATAACAATTTCACGTTGTACAGTTACTTAAATCTTGAGAGTACAAAAAC

AGGGGAGATGAAGTTAAGACAATCTCTTAATGT 

C3-lacZ2.rev 

AGCGGATAACAATTTCACGTTTTGGAACCATTCGAAACAACACAGCTCTAAAAC

TCAGAAAATTCTTCAAGAGATTCAAAATACTGTTTTGGAACCATTCGAAACAAC

ACAGCTCTAAAACCTCGTAGGATATCTTTTCTAC 

C3-lacZ3.rev 

AGCGGATAACAATTTCACGTTTTGGAACCATTCGAAACAACACAGCTCTAAAAC

GAAGTCTTGGTCTTCCAACCAGCTTGCTGTAGTTTTGGAACCATTCGAAACAAC

ACAGCTCTAAAACCTCGTAGGATATCTTTTCTAC 

C3-leader.fwd AGCAGGGATCCTGGTAATAAGTATAGATAGTCTTG 

C3-leader.rev CTCGTAGGATATCTTTTCTAC 

C1-BamHI.fwd AGCAGGGATCCCAAGAACAGTTATTGATTTTATAATC 

C1C3-SacI.rev TGCTGGAGCTCAGCGGATAACAATTTCAC 

asd-spacer.rev 
TCGACGAGCGTCAATCCAGTAACCTTGCCATCCGCGGTTTATCCCCGCTGGCGC

GGGGAACTCGAGGTGGTAC 

nusB-spacer.fwd 
CACCTCGAGTTCCCCGCGCCAGCGGGGATAAACCGTTCGTCAACGGCGTACTCG

ATAAAGCAGCA 

a Repeat sequences are highlighted in light blue. Restriction sites are in bold lettering.  
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Chapter 3 

Engineering broad-host bacteriophages for multi-species DNA delivery and 

CRISPR antimicrobials 
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Abstract 

CRISPR-Cas immune systems can be harnessed as sequence-specific antimicrobials to 

selectively eradicate individual bacterial pathogens. While realizing the full potential of these 

antimicrobials requires efficient delivery into diverse bacteria, current approaches have relied 

on narrow-range bacteriophages limited to single species or strains. Here, we co-opted the 

broad-host, temperate bacteriophage P1 for DNA delivery of CRISPR-mediated 

antimicrobials. We found that the P1 genome is more efficiently packaged and delivered than 

a phagemid, and we identified three distinct landing sites that can accommodate genetic 

constructs without interfering with P1 maintenance, packaging, and delivery. The P1 genome 

could be efficiently delivered to strains from two genera, Escherichia and Shigella, and could 

elicit programmable killing when expressing components of a Type I CRISPR-Cas system. 

These findings demonstrate the potential of engineering the genome of broad-host 

bacteriophages as generalized delivery platforms for combatting multidrug-resistant infections 

and shaping microbial communities. 
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3.1 Introduction  

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) and their Cas 

(CRISPR associated) proteins have proven to be powerful agents for antimicrobials and 

potential replacements for broad-spectrum antibiotics 1ï3. These systems naturally function as 

RNA-guided immune systems in bacteria and archaea to recognize and cleave complementary 

genetic material 4ï8. Designing guide RNAs to target the bacterial genome can cause 

irreversible DNA damage at the target site, resulting in sequence-specific cell killing 1ï3. 

Furthermore, designing the guide RNAs to target plasmids harboring multidrug resistance can 

sensitize the bacterium to antibiotics 2,3. 

 To exert their antimicrobial activity, CRISPR-Cas systems must be delivered into the 

bacterial cytoplasm. Delivery strategies to date have overwhelmingly relied on encoding the 

system within DNA packaged by temperate or filamentous bacteriophagesðeither within the 

bacteriophage genome or within plasmids called phagemids that contain packaging signals for 

the bacteriophage particle 2,3,9. In these examples, delivery of the CRISPR-Cas system resulted 

in potent killing, plasmid removal, or immunization of the infected cells against the transfer of 

antibiotic resistance. While promising demonstrations, the associated bacteriophages are all 

associated with a narrow host range limited to an individual species or strain. As a result, each 

delivery platform already restricted the range of bacteria to which CRISPR could be targeted. 

To fully realize the potential of CRISPR antimicrobials, generalized delivery vehicles are 

needed that can reach a much broader host range. 



 

 

78 

 Here, we engineered the broad-host, temperate bacteriophage P1 for DNA delivery and 

CRISPR antimicrobials. P1 functions as a temperate bacteriophage, where the ~90-kb genome 

exists as an extrachromosomal, single-copy plasmid in its lysogenic state 10. Importantly, P1 

has been shown to inject its genome into a remarkably broad range of gram-negative bacteria 

spanning diverse bacteria within the phylum proteobacteria 11. Furthermore, P1 has been a 

standard platform for DNA delivery through the rare packaging of genomic DNA or phagemids 

11ï14. We found that the P1 genome was more efficiently delivered than a P1 phagemid and 

could accommodate synthetic DNA in three distinct landing sites. The engineered genome 

could be efficiently delivered to Escherichia coli and Shigella flexneri and could elicit 

sequence-specific killing when delivering a designed CRISPR-Cas system. Engineering the P1 

genome therefore represents a promising strategy to deliver CRISPR antimicrobials to diverse 

bacteria. 
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3.2 Results 

3.2.1 The P1 genome is packaged and delivered more efficiently than the P1 phagemid  

We first explored the most efficient means of packaging and delivering synthetic 

constructs in P1 bacteriophage particles. Phagemids have become a standard means of 

encoding synthetic constructs, where the P1 phagemid contains the lytic origin-of-replication, 

and pacA packaging sites along with inducible expression of the coi gene that drives the P1 

lytic cycle 11,14. While the P1 phagemid has been used for DNA delivery to diverse gram-

negative bacteria and for transferring DNA libraries 11,14, the phagemid must compete with the 

P1 genome for packaging. As a result, cells may receive either the P1 genome or the phagemid, 

potentially complicating DNA delivery and programmable killing. 

To directly evaluate the delivery of the phagemid and the P1 genome, we replaced the 

genomic copy of imcB/coi operon in P1 with a kanamycin resistance marker. We then 

combined this genome with the P1 phagemid or a plasmid with inducible expression of coi in 

an E. coli K-12 substrain KL739 and generated bacteriophage particles. Fresh MG1655 cells 

infected with the resulting particles were plated on solid media that select for the P1 genome 

(kanamycin resistance), the phagemid/plasmid (chloramphenicol/ampicillin resistance), or 

both (Figure 3.1A).  
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 Figure 3.1: Enhancing DNA delivery with the P1 genome. (A) Packaging and delivering the P1 genome or an 

engineered phagemid. The phagemid contains the packaging (pac) sites and the P1 lytic origin-of-replication, allowing the 

phagemid to undergo replication, concatemerization, and packaging similar to the P1 genome. (B) Delivery efficiencies of 

the P1 genome and phagemid. P1 particles were generated in E. coli K-12 KL739 cells harboring P1-ȹimcB/coi::kanR 

(kanamycin resistance) and either the P1 phagemid (chloramphenicol resistance) or pcoi (ampicillin resistance). The 

particles were then used to infect E. coli K-12 MG1655 or E. coli B BL21 followed by plating the infected cells on LB agar 

with the indicated antibiotics. 
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We found that the P1 genome was delivered ~100-fold more frequently than the phagemid, 

and ~4% of the cells that received the phagemid also received the P1 genome despite the large 

excess of cells (multiplicity of infection (MOI) = 0.003). When the particles were generated 

using the pcoi plasmid, the P1 genome exhibited ~300-fold greater delivery, suggesting that 

the phagemid might interfere with the P1 lytic cycle or particle generation. The pcoi plasmid 

was also delivered at ~33,000-fold less frequently than the P1 genome. Similar trends were 

observed when infecting E. coli B substrain BL21, although this strain was infected at a lower 

frequency than MG1655 (Figure 3.1B). The P1 genome therefore offers a more efficient 

delivery vehicle than the P1 phagemid. 

3.2.2 P1 delivery efficiency varies with environmental conditions 

DNA delivery with bacteriophages is normally performed under specific media conditions, 

such as PLM medium (LB medium containing 100 mM MgCl2 and 5 mM CaCl2)
14 for P1 

transduction and phagemid delivery. However, practical applications will involve varying 

environments that could impact the delivery efficiency. To interrogate how DNA delivery with 

P1 depends on these conditions, we transferred E. coli K-12 BW25113 cells grown in LB 

medium to different media and measured delivery of the P1 genome using particles generated 

with the pcoi plasmid (Figure 2). Infectivity remained the same after removing MgCl2 but not 

CaCl2 from PLM, in line with the importance of CaCl2 for cell adhesion 15. However, CaCl2 

was not sufficient for DNA delivery, as minimal medium with levels of CaCl2 similar to PLM 

exhibited greatly reduced delivery (Figure 3.2).  
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Interestingly, cells in fetal bovine serum and PLM medium yielded similar delivery 

efficiencies, suggesting that P1 could efficiently deliver DNA in more in vivo settings. These 

results underscore the importance of testing DNA delivery in the most appropriate 

environmental conditions and creates opportunities to generate bacteriophages with enhanced 

infectivity under these conditions. 

 

Figure 3.2: Impact of environmental conditions on P1 delivery. P1 particles were exposed to E. coli K-12 

BW25113 cultured in the indicated media. Values represent the geometric mean and S.E.M. of at least three 

measurements starting from independent colonies. 
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3.2.3 Multiple landing sites available for synthetic DNA constructs.  

While the imcB/coi operon served as a potential landing site for synthetic constructs, we 

asked if other locations in the genome would be amenable to the introduction of foreign DNA. 

We reasoned that other genes and sites in P1 are dispensable for genome replication, 

packaging, and delivery. We focused on two genomic sites: the insertion sequence 1 (IS1) 

element with no known role in P1 function, and the simABC operon implicated in blocking 

superinfections (Figure 3.3A). The kanamycin resistance marker was successfully 

recombineered into both sites, the cells lysed upon coi induction, and the resulting particles 

allowed efficient delivery of the P1 genome to BW25113 cells (Figure 3.3B).  Therefore, at 

least three landing sites (imcB/coi, IS1, simABC) are available for synthetic constructs that do 

not disrupt P1 replication, packaging, and delivery. More such landing sites likely exist within 

the P1 genome. 
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3.2.4 Effect of deleting the simABC operon on superinfection 

The simABC operon has been implicated in preventing superinfection by blocking the 

transfer of phage DNA from the periplasm into the cytoplasm 16. In the context of CRISPR 

antimicrobials, superinfection could be important in case a cell receives a non-functional 

phage. To test the impact of simABC in superinfection, we generated MG1655 cells infected 

with the P1 genome with imcB/coi or simABC replaced with the kanamycin resistance marker.  

Figure 3.3: Distinct landing sites for genetic constructs within the P1 genome. (A) Potential landing sites in the 

P1 genome. The imcB/coi operon, IS1 site, and simABC operon were explored experimentally by replacing each location 

with the kanR resistance cassette. (B) Delivery efficiencies of P1 variants. P1 particles were generated in E. coli K-12 

KL739 harboring pcoi and either P1-ȹimcB/coi::kanR, P1-ȹIS1::kanR, or P1-ȹsimABC::kanR and used to infect E. coli 

K-12 BW25113. Infected cells were plated on LB agar with kanamycin. Values represent the geometric mean and 

S.E.M. of at least three measurements starting from independent colonies. 
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We then infected the cells with P1 with imcB/coi replaced with the chloramphenicol at a 

MOI of 10 and measured the number of surviving colonies on either or both antibiotics (Figure 

3.4A).  

Surprisingly, we observed similar number of cells that maintained the applied P1 genome 

regardless of whether the cells initially harbored P1 lacking imcB/coi or simABC (Figure 3.4B). 

However, when evaluating cells resistant to both antibiotics, we only recovered cells initially 

infected with P1 lacking simABC. These results would suggest that simABC does not block 

superinfection but instead plays a role in replication or copy number control during the 

lysogenic cycle. 

Figure 3.4: Evaluating the impact of simAB on superinfection. (A) Experimental procedure for testing 

superinfection. Cells harboring either P1-ȹimcB/coi::kanR, or P1-ȹsimABC::kanR were infected with phage P1-

ȹimcB/coi::cmR and plated on kan, cm, and kan+cm plates. (B) Delivery efficiencies of P1-ȹimcB/coi::cmR  in cells 

harboring either P1-ȹimcB/coi::kanR, or P1-ȹsimABC::kanR. 
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3.2.5 DNA delivery and CRISPR-mediated killing in E. coli 

We next asked if the P1 genome could accommodate components of a CRISPR-Cas 

system and subsequently elicit CRISPR-mediated killing. To address this question, we utilized 

the Type I-E CRISPR-Cas system native to E. coli, which unlike Cas9 can elicit potent cell 

death at all potential sites 1,17.  Specifically, we recombineered a spacer that targets the essential 

ftsA gene in E. coli 1 into the imcB/coi, IS1, or simABC landing sites of the P1 genome. The 

resulting P1 bacteriophages were then used to infect E. coli BW25113 cells with or without 

expression of the complete set of Type I-E Cas proteins (Cas3, Cse1, Cse2, Cas5e, Cas6e, 

Cas7). We then mixed cells and the bacteriophages at different MOIôs and measured the 

turbidity of the culture after seven hours of growth (Figure 3.5A).  

We found that all cultures with cells lacking the Cas proteins exhibited substantial growth, 

though the final turbidity was lower at greater MOIôs (Figure 3.5B). In contrast, cultures of 

cells with the complete set of Cas proteins exhibited little to no detectable growth. These results 

indicate that the P1 genome can be equipped with components of a CRISPR-Cas system and 

can elicit CRISPR-mediated killing.  
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Figure 3.5: Equipping the P1 genome with CRISPR for programmable killing. (A) Schematic of infecting cells 

with or without  Cas proteins. (B) In absence of the CRISPR equipped phage, both cells with and without Cas proteins 

show substantial growth after 7 hours. However, when the phage was included in the initial culture, no detectable 

growth was observed for the cells expressing a complete set of Cas proteins. 
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3.2.6 Efficient DNA delivery to Shigella flexneri 

We finally asked if the P1 genome could be used to infect other genera outside of 

Escherichia. To investigate this, we selected two strains of Shigella flexneri. This species is 

associated with the worldwide diarrheal disease Shigellosis.  Shigella causes about 500,000 

cases of diarrhea in the United States annually, including 27,000 drug-resistant infections 18. 

We measured delivery of the P1 genome with imcB/coi replaced with the kanamycin resistance 

marker. We found that the resulting P1 particles efficiently delivered the genome to both strains 

of S. flexneri, with the number of colony forming units between those observed for E. coli 

MG1655 and E. coli BL21 (Figure 3.6). These results confirm that the P1 genome can be 

delivered and stably maintained in multiple genera, opening the potential of utilizing P1 as a 

multi-species delivery vehicle for CRISPR antimicrobials. 

Figure 3.6: Delivery efficiency of P1 ȹimcB/coi::kanR genome into two Shigella flexneri strains 
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3.3 Discussion 

Here, we demonstrated that the broad-host P1 bacteriophage can efficiently deliver DNA 

to multiple species and can be used as a platform for CRISPR antimicrobials. One advantage 

of a broad-host bacteriophage is that a single platform can be generated from a single, industrial 

production strain and applied against ranging bacteria. For instance, the P1 particles could be 

created in an industrial strain of commensal E. coli and then used to combat infections by 

enteric pathogens such as enterohemorrhagic E. coli, Shigella, or Klebsiella. Being able to 

separate production strains from infection strains in itself overcomes the biomanufacturing 

challenge of having to culture large batches of a bacterial pathogen in order to generate 

bacteriophage particles against the same pathogen. It also creates the possibility of readily 

modifying the antimicrobial to target different species by merely changing the CRISPR array. 

We relied on the P1 genome instead of a phagemid for DNA delivery. The genome was 

packaged and delivered much more efficiently than the phagemid, and a sizable percentage of 

cells receiving the phagemid also received the genome. The downsides to using the P1 genome 

is contending with the native genetic elements and packaging limits. However, removing other 

dispensable elements could further simplify and streamline the genome. Furthermore, while 

recombineering is more challenging than cloning, advances in gene synthesis could allow for 

the rapid and affordable construction of similar genomes. Through further advances in DNA 

synthesis and understanding bacteriophage biology, we can begin identifying or engineering 

broad-host bacteriophages that can become the next generation of CRISPR antimicrobials. 



 

 

90 

3.4 Materials and methods 

3.4.1 Strains, plasmids, and bactriophages construction 

All strains, plasmids, and bacteriophages used in this work are reported in Table S3.1. 

The pKD13ȹSalI plasmid was generated by digesting the pKD13 plasmid19 with SalI 

restriction enzyme, blunt-ended using Pfu polymerase, and ligated using T4 DNA ligase 

(NEB). 

To generate the pKD13ȹSalI-1E plasmid, the pKD13ȹSalI backbone was amplified by 

PCR using primers pKD13_1Earray.fwd/pKD13_1Earray.rev. A chemically-synthesized 

gBlockÊ encoding a strong constitutive promoter (J23100), a single Type I-E CRISPR repeat 

modified with a KpnI restriction site and an XhoI restriction site, and double terminator was 

ordered from IDT and amplified by PCR using 1Earray_pKD13.fwd/1Earray_pKD13.rev. 

Gibson assembly 20 was then used to ligate the amplified gBlockÊ to the pKD13ȹSalI 

backbone upstream of the kanamycin resistance cassette. The KpnI/XhoI  restriction sites were 

included in the gBlockÊ to allow the sequential insertion of engineered repeat-spacer pairs1. 

This approach was followed to insert an engineered spacer targeting the essential ftsA gene in 

E. coli into pKD13ȹSalI-1E in order to generate the pKD13ȹSalI-1E-ftsA plasmid. 

To generate the pcoi plasmid, pBAD18 plasmid21 was linearized by NheI/SacI. The coi 

gene was then PCR amplified using the primers coi.fwd/coi.rev from the P1 lysogen isolated 

using Zymo Plasmid DNA purification kit. These primers introduced NheI and SacI sites on 
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both ends of the amplified coi gene. The PCR product was then digested by NheI/SacI and 

ligated to the linearized pBAD18 plasmid downstream of the pBAD promoter. 

To integrate the kanamycin resistance cassette into P1 bacteriophage genome, the 

kanamycin resistance cassette was PCR-amplified from pKD13 using primers with P1 genome 

specific homology regions at the 5ô end. The resulting linear PCR product was recombineered 

through ɚ-red mediated recombination into the P1 bacteriophage lysogen present in E. coli 

KL739 strain harboring the pKD46 plasmid19. The same approach was followed to integrate 

the chloramphenicol resistance gene (cat) or the Type I-E CRISPR array/ftsA spacer to the P1 

bacteriophage genome. In these cases, the chloramphenicol resistance cassette was amplified 

from the pKD3 plasmid19 and the Type I-E CRISPR array ftsA spacer was amplified along with 

the kanamycin resistance cassette from the pKD13ȹSalI-1E-ftsA plasmid. All plasmids have 

been screened by colony PCR and verified by sequencing. 

3.4.2 Growth conditions  

All strains were cultured in 15 mL FalconÊ round bottom tubes containing LB medium 

(10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride) with appropriate antibiotics at 

37°C or 30°C and 250 rpm. The same strains were plated on LB agar (LB media with 1.5% 

agar) supplemented with appropriate antibiotics and incubated at 37°C. Antibiotics were 

administered at the following final concentrations: 50 ɛg/ml kanamycin, 50 ɛg/ml ampicillin, 

and 34 ɛg/ml chloramphenicol. Inducers were administered at the following final 

concentrations: 0.2% L-arabinose. 
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3.4.3 Transduction assays 

Freezer stocks of E. coli and Shigella strains were streaked to isolation on LB agar. 

Individual colonies were inoculated into 3 ml of LB media and shaken overnight at 37°C and 

250 rpm. The cultures then were pelleted and resuspended in 1 mL of the infection medium 

and the ABS600 was measured on a Nanodrop 2000c spectrophotometer (Thermo Scientific). 

Based on the ABS600 value and the assumption that ABS600 of 1 is equivalent to 8E08 cells/mL, 

the number colony forming units per mL (CFU/mL) was determined. The cultures were then 

mixed by pipetting with the bacteriophage lysate at a specific MOI based on the experiment. 

In some cases, the cultures needed to be diluted in the infection medium to an appropriate 

CFU/mL for the targeted MOI The culture/bacteriophage mixture was then shaken 60-90 

minutes at 37°C and 250 rpm. Finally, 200-300 µl of appropriate dilutions of the 

culture/bacteriophage mixture were plated on LB agar supplemented with the appropriate 

antibiotics and incubated at 37°C overnight. The number of colonies grown on the plate per 

mL of bacteriophage lysate added was considered an indication of the delivery efficiency. 

For the superinfection experiments, freezer stocks of E. coli harboring either P1-

ȹimcB/coi::kanR, or P1-ȹsimABC::kanR were streaked to isolation on LB agar supplemented 

with the appropriate antibiotic. Individual colonies were inoculated in 3 mL of LB media 

supplemented with the appropriate antibiotic and shaken overnight at 37°C and 250 rpm. 

Following the same transduction protocol stated above, the cultures were infected with P1-
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ȹimcB/coi::cmR and plated on LB plates supplemented with kanamycin, chloramphenicol, or 

both. 

3.4.4 Phage particle production 

Freezer stocks of strains harboring the P1 lysogen and either the pcoi plasmid or the P1 

phagemid were streaked to isolation on LB agar. Individual colonies were inoculated into 3 ml 

of LB media and shaken overnight at 37°C and 250 rpm. The overnight cultures were back 

diluted 1:100 in 5 mL of P1 lysis media (PLM; LB media containing 100 mM MgCl2 and 5 

mM CaCl2)
14 and allowed to grow to ABS600 ~0.6-0.8 by shaking at 37°C and 250 rpm. L-

arabinose was then added to induce the expression of the coi gene and trigger the P1 

bacteriophage lytic cycle.  The cultures were left to lyse for 4-6 hours by shaking at 37°C and 

250 rpm. Lysed cultures were then transferred to 15 mL Eppendorf conical tubes, chloroform 

was added to a final concentration of 2.5 wt% and mixed by inverting the tube several times. 

Lysed cell debris was then pelleted by centrifugation for 10 minutes at 4°C. Finally, the 

supernatant   into fresh 15 mL Eppendorf tubes. All lysates were stored at 4°C. 

3.4.5 CRISPR-mediated killing assay 

Freezer stocks of E. coli K-12 BW25113 and E. coli K-12 BW25113æcas3 harboring pcas3 

plasmid were streaked to isolation on LB agar. Individual colonies were inoculated into 3 ml 

of LB media and shaken overnight at 37°C and 250 rpm. The cultures then were pelleted and 

resuspended in 1 mL of PLM and the ABS600 was measured on a Nanodrop 2000c 

spectrophotometer (Thermo Scientific). The cultures were then diluted in PLM to ABS600 of 
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0.001 and the appropriate amount of bacteriophage lysate was added to achieve MOIôs of 0, 1, 

or 10. The culture/phage mixture was mixed by pipetting and shaken at 37°C and 250 rpm. 

ABS600 measurements were taken every 30 minutes up to 7 hours. 
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3.6 Supplementary material 

Table S3.1: Strains, plasmids, and bacteriophages used in this work 

Strain Genotype Source 

BW25113 
Escherichia coli K12 Fï DE(araD-araB)567 

lacZ4787(del)(::rrnB-3) LAMï  rph-1 

DE(rhaD-rhaB)568 hsdR514 

CGSC a #7636 

BW25113 

æcas3 
BW25113 [æcas3 Pcse1]::[PJ23119] Beisel group 

BL21(D3) 

Escherichia coli B Fï ompT gal dcm lon 

hsdSB(rB
- mB

-) ɚ(DE3 [lacI lacUV5-T7 gene 1 

ind1 sam7 nin5]) 

Kelly group 

KL739 

Escherichia coli thr-1 leuB6(Am) fhuA21 
lacY1 glnX44(AS) ɚ- rfbC1 thiE1 P1kc+ pro-

89  

P1 lysogen 

CGSCa #5686 

MG1655 Escherichia coli K-12 Fï ɚï ilvGï rfb-50 rph-1 Beisel group 

Shigella 

flexneri 
 

ATCC #12022 

and ATCC 

#700930 

a CGSC: Coli genetic stock center (http://cgsc.biology.yale.edu). 
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Table S3.1 Continued 

Plasmid Description 
Resistance 

marker 
Source 

pBAD18 
L-arabinose-inducible 

plasmid with araC regulator 
ampcillin Beisel group 

pcoi 
pBAD18 vector with coi 

insert 
Ampcillin This study 

pKD13 

Plasmid encoding 

kanamycin resistance gene 

flanked by FRT sites 

Kanamycin Ref. 19 

pKD13ȹSalI 
pKD13 plasmid missing 

SalI restriction site 
Kanamycin This study 

pKD13ȹSalI-1E 

pKD13ȹSalI with CRSIPR 

locus insert containing 1 

repeat, no spacers 

Kanamycin This study 

pKD13ȹSalI-1E-ftsA 
pKD13ȹSalI-1E encoding a 

spacer to target ftsA gene 
Kanamycin This study 

pKD3 

Plasmid encoding cat 

cassette flanked by FRT 

sites 

Chloramphenicol Ref. (19) 

pKD46 

L-arabinose-inducible 

expression of ɚ-red genes 

on a plasmid with a heat-

sensitive origin-of-

replication 

Ampicillin  Ref. (19) 

pcas3 
pBAD33 with constitutively 

expressed cas3 gene 
Chloramphenicol Beisel Lab. 

P1 phagemid 

P15a vector with arabinose 

inducible coi gene in 

addition to gfp, cin, repL, 

and pacA genes. 

Chloramphenicol Ref. (14) 
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Table S3.1 Continued 

Bacteriophage Description 
Resistance 

marker 
Source 

P1-ȹimcB/coi::kanR 

P1 bacteriophage with 

kanamycin resistance gene 

inserted in place of the 

imcB/coi operon 

Kanamycin This study 

P1-ȹimcB/coi::cmR 

P1 bacteriophage with cat 

cassette inserted in place of 

the imcB/coi operon 

Chloramphenicol This study 

P1-ȹsimABC::kanR 

P1 bacteriophage with 

kanamycin resistance gene 

inserted in place of the 

simABC operon 

Kanamycin 

This study 

P1-ȹIS1::kanR 

P1 bacteriophage with 

kanamycin resistance gene 

inserted in place of the IS1 

site 

Kanamycin 

This study 

P1-ȹimcB/coi::kanR-ftsA 

P1 bacteriophage with 

kanamycin resistance gene 

and Type I-E CRISPR locus 

encoding ftsA targeting 

spacer inserted in place of 

the imcB/coi operon 

Kanamycin 

This study 

P1-ȹsimABC::kanR-ftsA 

P1 bacteriophage with 

kanamycin resistance gene 

and Type I-E CRISPR locus 

encoding ftsA targeting 

spacer inserted in place of 

the simABC operon 

Kanamycin 

This study 

P1-ȹIS1::kanR-ftsA 

P1 bacteriophage with 

kanamycin resistance gene 

and Type I-E CRISPR locus 

encoding ftsA targeting 

spacer inserted in place of 

the IS1 site 

Kanamycin 

This study 
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Chapter 4 

Guide RNA functional modules direct Cas9 activity and orthogonality 
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Summary 

The RNA-guided Cas9 endonuclease specifically targets and cleaves DNA in a sequence-

dependent manner, and has been widely used for programmable genome editing. Cas9 activity 

is dependent on interactions with guide RNAs, and evolutionarily divergent Cas9 nucleases 

have been shown to work orthogonally. However, the molecular basis of selective Cas9:guide-

RNA interactions is poorly understood. Here, we identify and characterize six conserved 

modules within native crRNA:tracrRNA duplexes and single guide RNAs (sgRNAs) that direct 

Cas9 endonuclease activity. We show the bulge and nexus are necessary for DNA cleavage, 

and demonstrate that the nexus and hairpins are instrumental in defining orthogonality between 

systems. In contrast, the crRNA:tracrRNA complementary region can be modified or partially 

removed. Collectively, our results establish guide RNA features that drive DNA targeting by 

Cas9 and open new design and engineering avenues for CRISPR technologies.  
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4.1 Introduction  

Clustered regularly interspaced short palindromic repeats (CRISPR) and associated Cas 

proteins constitute the CRISPR-Cas system, which provides adaptive immunity against 

invasive genetic elements in bacteria and archaea (Barrangou et al., 2007; Garneau et al., 2010; 

Makarova et al., 2011; Sapranauskas et al., 2011). In Type II CRISPR-Cas systems, the 

signature RNA-guided endonuclease Cas9 specifically targets sequences complementary to 

CRISPR spacers and generates double-stranded DNA breaks (DSBs) using two nickase 

domains (Garneau et al., 2010; Gasiunas et al., 2012; Jinek et al., 2012; Makarova et al., 2011; 

Sapranauskas et al., 2011). Any DNA sequence may be targeted, as long as it is flanked by a 

Cas9-specific protospacer-adjacent motif (PAM) (Garneau et al., 2010; Gasiunas et al., 2012; 

Jinek et al., 2012; Sapranauskas et al., 2011; Sternberg et al., 2014). Targeting and cleavage 

by Cas9 systems rely on a RNA duplex consisting of CRISPR RNA (crRNA) and a trans-

activating crRNA (tracrRNA) (Deltcheva et al., 2011). This native complex can be replaced 

by a synthetic single guide RNA (sgRNA) chimera which mimics the crRNA:tracrRNA duplex 

(Jinek et al., 2012). sgRNAs in combination with Cas9 make convenient, compact, and 

portable sequence-specific targeting systems that are amenable to engineering and 

heterologous transfer into a variety of model systems of industrial and translational interest. 

Accordingly, the Cas9:sgRNA technology, which provides a practical means to generate 

DSBs, has revolutionized genome editing (Cong et al., 2013; Jiang et al., 2013; Mali et al., 

2013; Sander et al., 2014), opened new avenues for high-throughput genome-wide genetic 
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screens (Shalem et al., 2014; Wang et al., 2014), and expanded the toolbox for transcriptional 

control (Gilbert et al., 2013; Qi et al., 2013). Furthermore, the absence of cross-interactions 

between evolutionarily distant Cas9:sgRNAs (Chylinksi et al., 2013; Esvelt et al., 2013; 

Fonfara et al., 2013) has allowed multiple, independent targeting to be achieved within a cell 

when co-existing functional Type II CRISPR-Cas systems operate concurrently (Barrangou et 

al., 2007; Horvath et al., 2008). Despite the widespread use of these molecular machines, the 

critical features of sgRNAs, and their involvement in defining functionally orthologous Cas9 

endonucleases remain to be characterized. Indeed, early attention on Cas9 targeting and 

cleavage focused on spacer:target complementarity and PAM sequence sensitivity, while there 

remains a paucity of information defining the elements that drive Cas9:sgRNA interactions 

and that dictate orthogonality between Type II CRISPR-Cas systems. Therefore, we set out to 

identify and characterize features within sgRNAs that impart Cas9 targeting and cleavage 

specificity to open new engineering avenues for CRISPR technologies.  
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4.2 Results 

4.2.1 Identification of sgRNA functional modules 

Recent structural studies have provided insights into the Streptococcus pyogenes Cas9 

(SpyCas9) interaction with a sgRNA and complementary strand target DNA (Jinek et al., 2014; 

Nishimasu et al., 2014). Distinct portions of the sgRNA are predicted to form various features 

that interact with Cas9 and/or the DNA target. However, the boundaries and respective roles 

of these portions remain to be determined. To address this, we generated a series of sgRNA 

variants in which we modified portions of the sequence and/or structure (Supplemental Tables 

S1, S2 and S3, Supplemental Text for materials and methods). We then assessed the ability of 

the sgRNA variants to support Cas9 cleavage of an AAVS1 DNA sequence both 

biochemically, using a double-stranded DNA cleavage assay, and in human HEK-293 cells 

(Supplemental Text for materials and methods) using a T7E1 assay. sgRNA variants that 

supported Cas9-dependent cleavage biochemically were generally also active in cells, although 

cell-based activity was not measurable for some variants exhibiting weak cleavage activity 

biochemically (Figure 4.1, Supplemental Figure S1). Similar data were obtained from a subset 

of sgRNA variants for a second spacer targeting a sequence from the VEGFA gene 

(Supplemental Figure S2, Supplemental Table S2). Results established six distinct structural 

modules that constitute sgRNAs: the spacer, the lower stem, the upper stem, the bulge, the 

nexus, and the hairpins (Figure 4.1A). It has been established previously that the spacer 
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sequence determines the location of Cas9 endonucleolytic cleavage (Garneau et al., 2010; 

Gasiunas et al., 2012; Jinek et al., 2012; Sapranauskas et al., 2011). Therefore, we focused on 
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the five sgRNA modules located downstream of the spacer sequence, and tested 77 unique 

sgRNA variants with modified sequences (Supplemental Table S3).  

Figure 4.1: sgRNA functional modules. (A) Overview and nomenclature of modules for the sgRNA of the 

Streptococcus pyogenes Cas9 (SpyCas9). The six modules include the spacer responsible for DNA targeting (black); the 

upper stem (blue), bulge (orange), and lower stem (green) formed by the CRISPR repeat:tracrRNA duplex; and the 

nexus (red) and hairpins (purple) from the 3ô end of the tracrRNA. (B) sgRNA guide variants. Only the altered modules 

are shown, and mutated nucleotides are represented in red. (C) Biochemical and (D) cell-based DNA cleavage assays 

were performed with each variant in combination with the SpyCas9, as described in methods and Supplemental Text 

information. Results are representative of at least three independent experiments. Numbers below lanes indicate 

average percentage of cleavage observed (n=3). Results for a complete set of variants are shown in Supplemental Table 

S3 and Supplemental Figure S1. 
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Mutations in both the lower and upper stems were relatively tolerant to sequence 

variations, including nucleotide substitutions, insertions and deletions and even predicted 

structural disruptions (Figure 4.1, variants v1 through v6 and Supplemental Figure S1 GVs 1-

5, 10-12, 26, 33, 34). Abrogation of cleavage in cells required incorporation of two concurrent 

mismatches within the lower stem (Figure 4.1, variant v4 and Supplemental Figure S1 GV24). 

Remarkably, complete removal of the hairpins was required to fully abolish cleavage in cell-

based assays (Figure 4.1, variant v20, and Supplemental Figure S1 GVs 63-66). In contrast, 

the bulge was less tolerant to mutation as alteration was functionally disruptive; a sgRNA 

variant with a perfectly base-paired duplex sequence at the site of the bulge is inactive (Figure 

4.1, variant v8), as are those in which purine nucleotides are swapped (A-G, G-A) 

(Supplemental Figure S1). Interestingly, however, a sgRNA variant in which the upper stem 

is removed or the bulge is replaced by a tetraloop retained activity even in HEK-293 cells 

(Figure 4.1, variants v11 and v12), suggesting that the upper stem is dispensable. In virtually 

all Type II crRNA sequences, the nucleotide immediately 3ô of the spacer sequence at the base 

of the lower stem is a conserved guanine nucleotide. This nucleotide pairs with a similarly 

conserved uracil nucleotide at the base of the lower stem (Nishimasu et al., 2014) but can be 

mutated without loss of function (Figure 4.1, variants v5 and v6). This suggests that the 

sequence conservation at this location is not critical for Cas9 nuclease activity, and is perhaps 

required for another function of the CRISPR repeat, such as spacer acquisition.  

 Immediately downstream of the lower stem is an additional stem loop that we have 

named the nexus; this feature exhibits sequence and structural features important for cleavage 
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(Figure 4.1, variants v13 through v18, Supplemental Figures S1 and S2; Supplemental Table 

S3). The first two adenine nucleotides are highly conserved amongst tracrRNAs of Type II 

systems, and introduction of additional nucleotides between the two adenine nucleotides and 

the stem loop reduced activity (Figure 4.1, variant v13). The base of the stem loop is formed 

by a pair of guanine nucleotides (G53, G54) base-paired to two cytosine nucleotides (C60, 

C61). Substitution of G53 and G54 for cytosines abrogated activity (Figure 4.1, variant v14). 

However, substitution of G-C pairs with A-U pairs is tolerated at both positions, and G-U and 

G-A pairings at the base of the nexus are tolerated in biochemical assays (Supplemental Figure 

S1; Supplemental Table S3; GV-61, GV-62), suggesting that there is some conformational 

flexibility at the nexus interaction site. Conversely, increases in the length of the nexus 

significantly reduced biochemical activity and abolished cell-based activity (Figure 4.1, variant 

v17 and Supplemental Figure S1 GVs 68-71, 73-74). Downstream of the nexus stem loop, 

substitutions along the length of the extended region between the nexus and the first hairpin 

(Hairpin1) are tolerated (Supplemental Figure S1 GV73). Hairpin 1 can be removed from the 

sgRNA backbone as long as it is replaced by two nucleotides, presumably to enable appropriate 

spacing between the nexus and hairpin 2 (Supplemental Figure S1, GVs 79-81). Based on the 

sgRNA variants tested, we speculate that differences between observed biochemical and cell-

based cleavage activity, are due to RNA folding (see Supplemental Figure S3), stability, 

complex formation and/or stoichiometry differences in live cells.  

 These results are consistent with recent structural and biochemical data on the 

mechanism of DNA recognition and cleavage by Cas9 (Jinek et al., 2012; Jinek et al., 2014; 
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Nishimasu et al., 2014; Anders et al., 2014). Notably, the upper and lower stems interact with 

Cas9 mainly through sequence-independent interactions with the phosphate backbone (Jinek 

et al., 2014; Nishimasu et al., 2014). In contrast, the bulge participates in specific side-chain 

interactions with the Rec1 domain. The nucleobase of U44 interacts with the side chains of 

Tyr 325 and His 328, while G43 interacts with Tyr 329. The nexus forms the core of the 

sgRNA:Cas9 interactions, and lies at the intersection between the sgRNA and both Cas9 and 

the target DNA. The nucleobases of A51 and A52 interact with the side chain of Phe 1105; 

U56 interacts with Arg 457 and Asn 459; the nucleobase of U59 inserts into a hydrophobic 

pocket defined by side chains of Arg 74, Asn 77, Pro 475, Leu 455, Phe 446 and Ile 448; C60 

interacts with Leu 455, Ala 456, and Asn 459; and C61 interacts with the side chain of Arg 70, 

which in turn interacts with C15. Overall, our results demonstrate that discrete sequences and 

structures such as the bulge and nexus are critical for sgRNA composition. 

4.2.2 Conservation of modules in Type II-A CRISPR-Cas systems  

These findings establish important modules in sgRNA that are required to support 

SpyCas9 activity. However, while used widely for genome editing, SpyCas9 is merely one of 

many Cas9 orthologs found naturally (Chylinski et al., 2013; Fonfara et al., 2013). We 

therefore investigated whether the same sgRNA sequence features also occur in other CRISPR-

Cas systems, focusing on Type II-A systems. We sampled 41 Cas9 sequences from 

Streptococcus and Lactobacillus genomes, in which Type II systems preferentially occur 

(Makarova et al., 2011) and identified their corresponding CRISPR repeat and predicted 



 

 

111 

tracrRNA sequences. The Cas9 protein sequences clustered into three main sequence groups 

(Supplemental Figure S4). Similar grouping was observed when clustering was carried out 

using either CRISPR-repeat or predicted tracrRNA sequences (Figure 4.2A, supplemental 

Figures S4 through S6), as anticipated, given the presence of an anti-CRISPR repeat within the 

tracrRNA, and the intimate molecular relationship between Cas9 and crRNA:tracrRNA pairs 

(Deltcheva et al., 2011; Fonfara et al., 2013: Makarova et al., 2011). Within the tracrRNA 

sequences, we consistently observed the functional modules identified for SpyCas9 (Figure 

4.2B), with conservation of the overall sgRNA/crRNA:tracrRNA structure between families, 

and high levels of sequence conservation within clusters.  

The presence of a bulge with a directional kink between the lower stem and the upper 

stem was observed consistently across a diversity of systems (Figure 4.2B). The length of the 

lower stem was highly conserved within, and variable between families. Interestingly, the 

highest level of conservation was observed for the nexus sequences (Figure 4.2B, 

Supplemental Figure S5). The general nexus shape with a GC-rich stem and an offset uracil 

was shared between the two Streptococcus families. In contrast, the idiosyncratic double stem 

nexus (Figure 4.2B) was unique to, and ubiquitous in, Lactobacillus systems. Remarkably, 

some bases within the nexus were strictly conserved even between distinct families 

(Supplemental Figure S5), including A52 and C55, further highlighting the critical role of this 

module. Based on the the SpyCas9 crystal structure (Nishimashu et al. 2014), A52 interacts 

with the backbone of residues 1103-1107 close to the 5ô end of the target strand, suggesting 

that the interaction of the nexus with the protein backbone may be required for PAM binding. 
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Indeed, the structure of SpyCas9 with target DNA shows that this region of the protein directly 

interacts with the PAM in duplex form, and suggests a role for the nexus in presenting this 

region of the protein in an appropriate conformation to engage double-stranded DNA (Anders 

et al., 2014). 
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Figure 4.2: crRNA:tracrRNA Module Conservation . (A) Phylogenetic tree based on tracrRNA nucleotide 

sequences from various Streptococcus and Lactobacillus species. The sequences clustered into three families depicted 

in blue, orange and green. (B) Consensus sequence and secondary structure of the predicted crRNA:tracrRNA for 

each family. Each consensus RNA is composed of the crRNA (left) base-paired with the tracrRNA. Fully conserved 

bases are in color, variable bases are in black (2 possible bases) or represented by black dots (at least 3 possible bases), 

and base positions not always present are circled. Circles between positions indicate base pairing present in only some 

family members. 
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4.2.3 Crossing Cas9:sgRNA orthogonality boundaries 

These findings suggest a potential relationship between the structure and sequence of the 

sgRNA and the diversity of Cas9 proteins. This prompted us to determine the sgRNA modules 

that define Cas9 groups that are orthogonal - groups between which crRNAs are not cross 

functional (Barrangou et al., 2007; Horvath et al., 2008; Esvelt et al., 2013; Fonfara et al., 

2014). In particular, we selected the endonucleases from the two naturally co-existing 

orthogonal S. thermophilus Type II-A systems, Sth1Cas9 and Sth3Cas9 (Horvath et al., 2008), 

to investigate the link between sgRNA composition and Cas9 orthogonality. We designed a 

series of experiments based on self-targeting in Escherichia coli (see Supplemental Text, and 

Supplemental Figure S7) to test whether specific mutations in a sgRNA could facilitate DNA 

targeting with a previously orthologous Cas9. We identified a region within the E. coli genome 

that contained overlapping Cas9 target sites for the Sth1Cas9 and Sth3Cas9 systems to 

minimize any quantitative differences between targeting sites (Figure 4.3B). We generated 

chimeric versions of the two sgRNA backbones and interchanged the spacer, lower stem-

bulge-upper stem, nexus and hairpins (Figure 4.3C), and tested their ability to drive self-

targeting (Gomaa et al., 2014) by either Sth1Cas9 or Sth3Cas9. First, we confirmed that each 

sgRNA drives targeting only with its cognate Cas9 (Figure 4.3C, top panels). Next, we 

swapped the spacer sequences to match the PAM with the other Cas9. This swap was 

insufficient to confer activity with the non-cognate Cas9, demonstrating the importance of 

other modules. Interestingly, the CRISPR1 sgRNA with the CRISPR3 spacer still conferred 

activity with the Sth3Cas9 (Figure 4.3C, top-left panel), suggesting flexibility in the spacing 
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requirement between the PAM and the protospacer for this Cas9, supporting previous 

observations (Chen et al., 2014). We then swapped the nexus and hairpins between the 

sgRNAs. Remarkably, this swap resulted in sgRNAs that guided the orthogonal Cas9 but not 

the cognate Cas9 (Figure 4.3C, lower panels), demonstrating that orthogonality barrier 

between these proteins had been crossed. Swapping individual portions of the nexus of hairpins 

was insufficient to guide the opposite Cas9 (Figure 4.3C, lower panels), suggesting that both 

modules are important for Cas9 specificity. The importance of the nexus and hairpin modules 

aligns with the cell-based cleavage results using SpyCas9 (Figure 4.1; Supplemental Figure 

S1) and is consistent with sequence and structural differences observed between the nexus and 

hairpin modules in the CRISPR1 and CRISPR3 systems. In addition, the significance of the 

nexus and hairpin modules, as opposed to the flexibility of the crRNA:tracrRNA 

complementary sequences, challenges the canonical view that the CRISPR repeat sequence 

plays a key role in defining orthogonal CRISPR-Cas systems (Fonfara et al., 2013; Esvelt et 

al., 2013; Chylinski et al., 2013). Altogether, these results show that the tracrRNA nexus and 

hairpins are critical for Cas9 pairing and can be swapped to cross orthogonality barriers 

separating disparate Cas9 proteins (Esvelt et al., 2013), which is instrumental for further 

harnessing of orthogonal Cas9 proteins associated with different PAMs. 
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Figure 4.3: The Nexus and hairpins dictate orthogonality between sgRNAs and Cas9. (A) sgRNA sequences for 

Sth3Cas9 (top, blue) and the Sth1Cas9 (bottom, orange). Both systems are from Streptococcus thermophilus. (B) 

Protospacer-targeting scheme. The PAM for each sgRNA is shown. Triangles designate the putative cut sites for each 

Cas9. (C) Cas9:chimeric-sgRNA orthogonality in E. coli. Each sgRNA (outside) was subjected to the transformation 

assay (inside) in E. coli expressing the Sth3Cas9 (blue) or the Sth1Cas9 (orange). Low transformation efficiencies 

indicate functional Cas9:sgRNA pairs through lethal self-targeting of the E. coli genome. Values reflect the geometric 

mean and S.E.M. of three independent experiments. 
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4.3 Discussion 

Recent structural and biochemical data has begun to shed light on the mechanism of DNA 

recognition and cleavage by Cas9 (Jinek et al., 2012; Jinek et al., 2014; Nishimasu et al., 2014; 

Anders et al., 2014). Electron micrographs of the apo-, RNA-bound and protein/RNA/DNA 

complexes indicated that upon binding guide RNA, Cas9 undergoes a dramatic conformational 

change to facilitate target DNA binding and cleavage (Jinek et al., 2014). Crystal structures 

show that, consistent with images from the electron microscope, the SpyCas9:sgRNA:DNA 

complex and apo-SpyCas9 occupy significantly different conformations, with substantial 

rearrangement of RNA-and DNA-binding domains taking place between the two structures 

(Jinek et al., 2014; Nishimasu et al., 2014). The nexus occupies a critical position in the 

SpyCas9-sgRNA:DNA complex, coordinating a number of key components of the protein and 

sgRNA, positioning both protein and RNA appropriately to receive target DNA duplexes for 

cleavage. Upon binding sgRNA:DNA, the arginine-rich bridge helix binds to the base of the 

nexus and to the lower stem. Additionally, the nexus interacts with two small regions (which 

we propose to establish as Nexus Interacting Region 1 (NIR1) 446-497 and Nexus Interacting 

Region 2 (NIR2) 1105-1138) from the two lobes of SpyCas9. Both of these regions are 

disordered in the apoSpyCas9 structure, and notably contain two tryptophan residues identified 

as being important in PAM recognition (Jinek et al., 2014). NIR2 also interacts directly with 

the lower stem, and the face opposite the nexus-binding site lies in close proximity to the 3ô 
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end of the target strand, suggesting that interaction with the nexus may be required to order the 

PAM recognition site. Notably, in the Actinomyces naeslundii Cas9 (AnaCas9) apo-structure 

(Jinek et al., 2014), NIR2 is ordered, and contains a ~ 50 amino acid insertion. Because NIR2 

is positioned to interact with the PAM duplex in the SpyCas9:sgRNA:dsDNA complex 

structure, it is tempting to speculate that AnaCas9 may recognize a larger nexus and potentially 

an extended accompanying PAM sequence.  

Altogether, these results reveal six distinct features within guide RNAs and establish 

the bulge and nexus as the most critical features for Cas9 targeting. This challenges the 

canonical view that the crRNA CRISPR repeat:tracrRNA anti-repeat is the driver of Cas9 

functionality and orthogonality (Esvelt et al., 2013; Fonfara et al., 2014). This also provides a 

basis for optimization of sgRNA composition and design. For instance, the dispensability of 

the upper stem, hairpin 1 and the sequence flexibility of the lower stem suggest the design of 

guide RNAs that are more compact and conformationally stable than traditional sgRNAs. This 

may open new opportunities to append RNA features to the CRISPR guides. Furthermore, the 

ability to dictate Cas9 orthogonality using chimeric sgRNAs with altered nexus and hairpin 

sequences opens new avenues for the exploitation of novel Cas9 proteins, with the potential to 

harness the diversity of natural Cas9 orthologs, including short Cas9 variants for convenient 

packaging and delivery. This also expands multiplexing opportunities, by using a single Cas9 

with various chimeric guides, or by concurrently using orthogonal systems with different 

combinations of standard or chimeric sgRNAs. Collectively, our findings open up new avenues 
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for Cas9-dependent DNA targeting, and set the stage for the development of next-generation 

CRISPR-based technologies.  

4.4 Experimental procedures 

4.4.1 sgRNA engineering and DNA cleavage  

Guide RNAs were produced by in vitro transcription from dsDNA templates incorporating 

a T7 promoter, with templates assembled by PCR using internal assembly oligonucleotides 

containing the specific variant sequences and universal outer primer sequences corresponding 

to the T7 promoter (forward) and the 3ôend of the tracrRNA (reverse). Double-stranded DNA 

target regions for biochemical assays were amplified by PCR from HEK-293 (ATCC) genomic 

DNA (gDNA) isolated using QuickExtract (Epicentre). Cas9 was produced by the MacroLab 

at UC Berkeley as previously described (Jinek et al., 2012). Each sgRNA:Cas9 combination 

was incubated at 37°C for 10 minutes and cleavage reactions were initiated by the addition of 

target DNA to a final concentration of 12.5nM, before incubation for 15 minutes at 37°C. The 

appearance of DNA bands at ~320bp and ~180bp indicated cleavage.  

Percentage cleavage was calculated using the program Fiji (v2.0.0-rc-9, http://fiji.sc/Fiji) 

by measuring the ratio between the sum of area under peaks for cleavage bands and the sum 

of area under the parental cleavage bands. 

Cas9-expressing cell lines (HEK-293-spCas9) were generated by transfecting HEK-293 

cells with a linearized plasmid containing a Cas9-GFP fusion gene under the control of the 

CMV promoter and a neomycin resistance gene. gDNA was isolated from HEK-293-spCas9 
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cells 48 hours after guide RNA transfection. DNA for T7E1 assays was generated by PCR 

amplification of the target AAVS1 locus. Further details about material and procedures used 

for guide RNA generation, DNA template generation, in vitro transcription, target dsDNA 

generation, Cas9 protein production, DNA cleavage assays, cell culture and cell line 

generation, cell transfection, target dsDNA generation and T7E1 assay are available in the 

Supplemental Text materials and methods section.  

4.4.2 Orthogonal sgRNA:Cas9 system engineering  

The cas9 genes from the CRISPR1 locus and the CRISPR3 locus were PCR amplified 

from genomic DNA from S. thermophilus LMD-9, and cloned into pwtCas9-Bacteria 

(Addgene #44250) (Qi et al., 2013). To construct the sgRNA-expressing plasmids, the SpeI 

restriction site in the pdCas9-bacteria plasmid (Addgene #44249) (Qi et al., 2013) was removed 

and a gBlock (IDT) encoding a zraP-targeting sgRNA based on the CRISPR1 or the CRISPR3 

locus was combined with the PCR-amplified backbone of the pgRNA-bacteria plasmid 

(Addgene #44251) (Qi et al., 2013). E. coli K-12 was used for transformation assays 

(Supplemental Table S4), and transformation efficiency was calculated by dividing the number 

of transformants for the tested sgRNA plasmid (Supplemental Table S5) by the number of 

transformants for the psgRNA-C1-T4 control plasmid, as described previously (Gomaa et al., 

2014). Additional details about material and procedures used for plasmid construction, strain 

and growth conditions, and bacterial transformation assays are available in the Supplemental 

Text materials and methods section, as well as Supplemental Tables S4-S6.  



 

 

121 

4.5 Author Contributions  

A.E.B, P.D.D., A.A.G., A.P.M., C.L.B and R.B. conceived and designed the study. A.E.B. 

and K.M.S. performed computational analyses. P.D.D., E.M.S., C.H.N. and A.A.G. performed 

experiments. R.E.H., C.L.B., A.P.M. and R.B. analyzed data and wrote the manuscript, with 

contributing input from all authors. A.P.M., P.D.D., E.M.S, C.H.N., A.P.M., R.E.H, and R.B. 

declare competing financial interests as either employees or directors and as stockholders of 

Caribou Biosciences, Inc. Patent applications have been filed associated with this work. 

4.6 Acknowledgements 

We thank all members of Caribou Biosciences, Inc. and of the CRISPR laboratory at NC 

State for constructive insights. We specifically thank Rebecca Slotkowski for technical 

assistance with cloning. This work was supported by start up funds from North Carolina State 

University, a grant from the National Science Foundation (CBET-1403135) to C.L.B. and R.B. 

and from the Keenan Institute of Engineering, Technology & Science to C.L.B. We thank 

Jennifer Doudna and Martin Jinek for critical reading of the manuscript and helpful 

discussions. The authors would like to thank their many colleagues and collaborators in the 

CRISPR field for their insights into these fantastic molecular systems. 

 

 



 

 

122 

4.7 References 

1. Anders, C., Niewoehner, O., Duerst, A., and Jinek, M. (2014). Structural basis of PAM-

dependent target DNA recognition by the Cas9 endonuclease. Nature. doi: 

10.1038/nature13579. 

2. Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S., Romero, 

D.A., and Horvath, P. (2007). CRISPR provides acquired resistance against viruses in 

prokaryotes. Science 315, 1709ï1712. 

3. Chen, H., Choi, J., and Bailey, S. (2014). Cut site selection by the two nuclease domains 

of the Cas9 RNA-guided endonuclease. J. Biol. Chem. 289, 13284-94. 

4. Chylinski, K., Le Rhun, A., and Charpentier, E. (2013). The tracrRNA and Cas9 families 

of type II CRISPR-Cas immunity systems. RNA Biology 10, 726ï737. 

5. Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jiang, 

W., Marraffini, L.A., et al. (2013). Multiplex genome engineering using CRISPR/Cas 

systems. Science 339, 819ï823. 

6. Deltcheva, E., Chylinski, K., Sharma, C.M., Gonzales, K., Chao, Y., Pirzada, Z.A., Eckert, 

M.R., Vogel, J., and Charpentier, E. (2011). CRISPR RNA maturation by trans-encoded 

small RNA and host factor RNase III. Nature 471, 602-607. 

7. Esvelt, K.M., Mali, P., Braff, J.L., Moosburner, M., Yaung, S.J., and Church, G.M. (2013). 

Orthogonal Cas9 proteins for RNA-guided gene regulation and editing. Nat. Methods. 10, 

1116-1121. 



 

 

123 

 

8. Fonfara, I. Le Rhun, A., Chylinski, K., Makarova, K.S., Lécrivain, A.L., Bzdrenga, J., 

Koonin, E.V., and Charpentier, E. (2013). Phylogeny of Cas9 determines functional 

exchangeability of dual-RNA and Cas9 among orthologous type II CRISPR-Cas systems. 

Nucleic Acids Res. 42, 2577-2590. 

9. Garneau, J.E., Dupuis, M.È., Villion, M., Romero, D.A., Barrangou, R., Boyaval, P., 

Fremaux, C., Horvath, P., Magadán, A.H., and Moineau, S. (2010). The CRISPR/Cas 

bacterial immune system cleaves bacteriophage and plasmid DNA. Nature 468, 67ï71. 

10. Gasiunas, G., Barrangou, R., Horvath, P., and Siksnys, V. (2012). Cas9-crRNA 

ribonucleoprotein complex mediates specific DNA cleavage for adaptive immunity in 

bacteria. Proc. Natl. Acad. Sci. USA 109, E2579ïE2586. 

11. Gilbert, L.A., Larson, M.H., Morsut, L., Liu, Z., Brar, G.A., Torres, S.E., Stern-Ginossar, 

N., Brandman, O., Whitehead, E.H., Doudna, J.A., et al. (2013). CRISPR-mediated 

modular RNA-guided regulation of transcription in eukaryotes. Cell 154, 442ï451. 

12. Gomaa, A.A., Klumpe, H.E., Luo, M.L., Selle, K., Barrangou, R., and Beisel, C.L. (2014). 

Programmable removal of bacterial strains by use of genome-targeting CRISPR-Cas 

systems. MBio. 5, e00928-13. 

13. Horvath, P., Romero, D.A., Coûté-Monvoisin, A.C., Richards, M., Deveau, H., Moineau, 

S., Boyaval, P., Fremaux, C., and Barrangou, R. (2008). Diversity, activity, and evolution 

of CRISPR loci in Streptococcus thermophilus. J. Bacteriol. 190, 1401-1412. 



 

 

124 

14. Jiang, W., Bikard, D., Cox, D., Zhang, F., and Marraffini, L.A. (2013). RNA-guided editing 

of bacterial genomes using CRISPR-Cas systems. Nat. Biotechnol. 31, 233-239. 

15. Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., and Charpentier, E. (2012). 

A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. 

Science 337, 816ï821. 

16. Jinek, M., Jiang, F., Taylor, D.W., Sternberg, S.H., Kaya, E., Ma, E., Anders, C., Hauer, 

M., Zhou, K., Lin, S., et al. (2014). Structures of Cas9 endonucleases reveal RNA-mediated 

conformational activation. Science 343, 6176. 

17. Makarova, K.S., Haft, D.H., Barrangou, R., Brouns, S.J., Charpentier, E., Horvath, P., 

Moineau, S., Mojica, F.J., Wolf, Y.I., Yakunin, A.F., et al. (2011). Evolution and 

classification of the CRISPR-Cas systems. Nat. Rev. Microbiol. 9, 467ï477. 

18. Mali, P., Yang, L., Esvelt, K.M., Aach, J., Guell, M., DiCarlo, J.E., Norville, J.E., and 

Church, G.M. (2013) RNA-guided human genome engineering via Cas9. Science 339, 

823ï826. 

19. Nishimasu, H., Ran, F.A., Hsu, D., Konermann, S., Shehata, S.I., Dohmae, N., Ishitani, R., 

Zhang, F., and Nureki, O. (2014). Crystal structure of cas9 in complex with guide RNA 

and target DNA. Cell 156, 935-939. 

20. Qi, L.S., Larson, M.H., Gilbert, L.A., Doudna, J.A., Weissman, J.S., Arkin, A.P., and Lim, 

W.A. (2013). Repurposing CRISPR as an RNA-guided platform for sequence specific 

control of gene expression. Cell 152, 1173ï1183. 



 

 

125 

21. Shalem, O., Sanjana, N.E., Hartenian, E., Shi, X., Scott, D.A., Mikkelsen, T.S., Heckl, D., 

Ebert, B.L., Root, D.E., Doench, J.G., et al. (2014). Genome-scale CRISPR-Cas9 knockout 

screening in human cells. Science 343, 84-87. 

22. Sander, J.D., and Joung, J.K. (2014). CRISPR-Cas systems for editing, regulating and 

targeting genomes. Nat. Biotechnol. 32, 347-355.  

23. Sapranauskas, R., Gasiunas, G., Fremaux, C., Barrangou, R., Horvath, P., and Siksnys, V. 

(2011). The Streptococcus thermophilus CRISPR/Cas system provides immunity in 

Escherichia coli. Nucleic Acids Res. 39, 9275ï9282. 

24. Sternberg, S.H., Redding, S., Jinek, M., Greene, E.C., and Doudna, J.A. (2014). DNA 

interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 507, 62-67. 

25. Wang, T., Wei, J.J., Sabatini, D.M., and Lander, E.S. (2014). Genetic screens in human 

cells using the CRISPR-Cas9 system. Science 343, 80-84. 

 

 

 

 

 



 

 

126 

4.8 Supplemental information 

Supplemental information for this chapter includes three figures, three tables, and 

Supplementary Experimental Procedures, and can be found along with the published article 

online at: http://dx.doi.org/10.1016/j.molcel.2014.09.019. 
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Chapter 5 

Conclusions and future work  
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The discovery process for traditional antibiotics takes several years of investigation and 

screening to find an effective antibiotic molecule. In this thesis, I introduced the 

bacteriophage/CRISPR-Cas platform as a novel alternative that replaces the lengthy discovery 

process with a robust design approach. With such capabilities, this platform could represent a 

sustainable solution to generate effective treatments for multidrug-resistant bacterial 

infections. 

Throughout this thesis, the Type 1-E CRSPIR-Cas system has been shown to (1) 

circumvent antibiotic resistance, (2) achieve sequence-specific killing and distinguish between 

highly related strains as well as between commensal and pathogenic bacteria, (3) be 

programmed to target virtually any bacterium as long as some genomic sequence information 

is available, and (4) be guided by CRISPR RNAs that are packaged and delivered to target 

bacteria using genome-engineered P1 bacteriophage. These findings can be supplemented by 

a number of studies to further develop and test the platform. In the following sections, some 

of these studies are discussed. 

5.1 Preventing the accidental packaging of the coi plasmid 

In Figure 3.1, a number of the targeted cells received the coi plasmid, suggesting that it 

was packaged by phage particles. Allowing the delivery of this plasmid by P1 bacteriophages 

to target strains poses the risk of delivering antibiotic resistance. In order to address this issue, 

the plasmid DNA can be checked for packaging initiation sites (pacS). These sites are required 
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to initiate packaging by P1 bacteriophage and their presence in the coi plasmid could explain 

the accidental packaging1. By eliminating these sites from the coi plasmid through the 

introduction of silent mutations, packaging of such plasmid may be reduced or even eliminated. 

5.2 Packaging and delivery of the complete CRISPR-Cas Type 1-E system 

using P1 bacteriophages 

In this thesis, P1 bacteriophages were used to eliminate an E. coli strain by delivering 

CRISPR guide-expressing DNA to cells that endogenously expressed cas genes. This setup 

limits the use of this platform to bacterial targets that have identified and active CRISPR-Cas 

systems. In order to overcome this limitation, one possibility is using P1 bacteriophages to 

deliver the cas genes as well.   

The maximum DNA size (selection marker and CRISPR guide DNA) that was inserted 

into the P1 genome through homology recombination was 1.4 kb as shown in this work. The 

Type 1-E cas genes consist of the cas3 gene (2.7 kb) and the Cascade operon (4.4 kb). The 

large sizes of these genes will pose a challenge with respect to (1) successful recombination 

into the P1 genome, and (2) packaging the larger, engineered P1 genome into the bacteriophage 

particles. 

Using the ɚ-red recombination technique, scientists have been able to recombine DNA 

sizes up to 28 kb into a plasmid DNA using homology arms less than 60 bp and with success 

rate of 83% in E. coli2. Hence, from a recombineering stand point, it is possible to insert cas3 

and Cascade operon to the P1 genome.  
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From a packaging stand point, P1 bacteriophage follows a ñheadfulò packaging 

mechanism, where the capacity of the viral capsid determines the size of the single DNA 

molecule being packaged3. The full capacity of P1 capsids is 110 kb, on the other hand the full 

double-stranded P1 genome is 93.6 kb1. Hence, it is theoretically possible to introduce both 

cas3 and CASCADE (total size of 7.1 kb) in addition to the kanamycin resistance marker and 

the CRISPR guide DNA (1.4 kb) to the P1 genome while maintaining packaging of the whole 

P1 genome post insertion. However, the effect of such increase in the genome size on 

packaging will remain to be tested by numerating the number of P1 particles using the approach 

followed in chapter 3 of this thesis. 

5.3 Analyzing bacterial escapes and developing countermeasures 

In chapter 2 of this thesis, CRISPR-Cas mediated killing was shown by electroporation of 

a plasmid encoding genome-targeting crRNAs. While the killing efficiency was up to 

99.999%, there were a few escapes observed in the plates and analyzed. It was found that 

plasmids isolated from these escape mutants either lacked the genome-targeting CRISPR 

spacers or some components of the cas genes. A similar analysis still needs to be conducted in 

the case of using P1 bacteriophages to explore and circumvent possible means of escape. Some 

of which are predicted and discussed below. 

 In a similar manner to the plasmid system, it is possible that escapes might receive 

defective bacteriophages that are missing a component or more of the CRISPR-Cas system. In 

this case, multiple doses of treatment could possibly eliminate escapes.  
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Another possible route of escape  often used by bacteria is adsorption inhibition by 

mutating surface receptors recognized by the bacteriophage4. In such case, multiple doses of 

treatment are not likely to eliminate the escapes. Possible remedies would be engineering P1 

tail proteins to bind conserved receptors that are less likely to mutate or developing P1 

bacteriophage cocktails that cover a wide range of receptors.  

Finally, restriction-modification (R-M) systems may represent a third route of escape. 

These systems are naturally employed by bacteria to destroy foreign DNA elements5,6. There 

are 5 known types of these systems, all including a restriction enzyme activity and a methylase 

activity. In general, a methyltransferase enzyme methylates the chromosomal DNA protecting 

it from cleavage by the restriction enzyme. On the other hand, the restriction enzyme cleaves 

unmethylated DNA (e.g. foreign bacteriophage DNA). P1 bacteriophage has the ability to 

counteract a number of entrobacterial type I R-M systems through the DarA and DarB proteins 

packaged in the head1. However, the presence of other types of R-M systems in the target 

bacterium would possibly destroy the P1 DNA. Countermeasures for these situations could be 

pre-methylation of the P1 DNA prior to packaging either in vivo or in vitro. 

5.4 P1 genome-mediated DNA delivery and CRISPR-Cas targeting of multiple 

gram-negative pathogens 

The P1 bacteriophage has been shown to package and deliver DNA encoded on phagemids 

to a number of laboratory bacterial strains and clinical isolates including Enterobacteriaceae 

(Escherichia coli, Shigella flexneri, Shigella dysenteriae, Klebsiella pneumoniae and 
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Citrobacter freundii) and Pseudomonadaceae (Pseudomonas aeruginosa)7. However, it has 

been shown in chapter 3 of this thesis that the packaging and delivery of DNA encoded on the 

P1 genome is a 100-fold more frequent than phagemids when tested in two E. coli strains. 

While these results show that P1 genome offers a more efficient delivery vehicle than the P1 

phagemid in E. coli, it is yet to be tested against a wider range of bacteria.   

Through this thesis, the P1 genome was used to deliver kanamycin resistance to multiple 

strains of E. coli and Shigella flexneri. Other gram-negative pathogens to be explored for DNA 

delivery in future work would include Klebsiella, Pseudomonas, Acinetobacter, and 

Campylobacter. In addition to E. coli and Shigella, these pathogens are annually responsible 

for 386,000 multidrug resistant infections and 18,700 deaths in the USA according to the 

CDC8. 

  Successful DNA delivery using the P1 genome to these pathogens offers the possibility 

of delivering full CRISPR-Cas systems and inducing sequence-specific cell death. In order to 

achieve that, genome-targeting CRISPR spacers could be designed following the approaches 

used in Chapter 2. The CRISPR DNA will then be cloned to P1 genomes harboring cas genes. 

Finally, P1 bacteriophage could be used to package and deliver the full genome-targeting 

CRISPR-Cas system to eliminate a single or multiple pathogens based on the specificity of the 

CRISPR RNA design. Such approach emphasizes to the ability of using this technology to 

ñdesignò and ñcontrolò the specificity of treatments rather than having to screen millions of 

compounds in order to discover an effective small molecule antibiotic. 
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5.5 Scale-Up of P1 bacteriophage production and purification for pre-clinical, 

and clinical trials 

The path to introduce a therapeutic to the market involves a number of safety tests, pre-

clinical, and clinical trials. At this point, it is difficult to predict the kind of tests that will be 

mandated by the FDA for the bacteriophage/CRISPR-Cas platform due to its novelty. 

However, it will be essential to develop purification techniques to remove contaminates such 

as endotoxins from the bacteriophage solution. In addition, the current laboratory production 

process will need to be scaled-up to match the quantities needed for trials.  
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Appendix A 

Reprint from Ahmed A. Gomaa, Heidi E. Klumpe, Michelle L. Luo, Kurt Selle, Rodolphe 

Barrangou, Chase L. Beisel. 2014. Programmable removal of bacterial strains by use of 

genome-targeting CRISPR-Cas systems. mBio 5, e00928ï00913. 
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