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The University of Texas at Dallas, 2018 

ABSTRACT 

Supervising Professor:  Dr. Kelli L. Palmer 

The gut microbiome is composed of diverse bacterial, fungal and archaeal species which 

function dynamically and reside commensally within a host, proving health benefits such as 

immune stimulation, nutrient supplementation, and resistance to pathogen colonization. 

Enterococcus faecalis is a native, commensal inhabitant of the GI tract of most terrestrial 

animals. It is typically an underrepresented member of the healthy microbiome with its 

prevalence impeded by competing organisms. However, during antibiotic-mediated dysbiosis, its 

population blooms. E. faecalis can then enter the bloodstream and cause infections such as 

bacteremia and endocarditis. E. faecalis infections are challenging to treat due to their intrinsic 

resistance to certain antibiotics and propensity for acquiring antibiotic resistance genes through 

horizontal gene transfer. Sequence analysis of multidrug-resistant clinical isolates has revealed 

that these strains possess expanded genomes of which >25% is derived from mobile genetic 

elements. It has previously been observed that MDR strains of E. faecalis lack complete 

CRISPR-Cas systems. These are adaptive immune systems which protect bacteria from invading 



 

DNA elements. These systems are able to recognize and cleave specific sequences of DNA by 

using RNA guides. CRISPR-Cas systems have found many applications as genetic tools in the 

manipulation of DNA or the rational design of sequence-specific antimicrobials.   

In this dissertation, I inserted the interference machinery of a native E. faecalis CRISPR-Cas 

system into an MDR strain and restored activity for genome defense against plasmids using 

conjugation assays. I noted that CRISPR-mediated defense was not entirely effective in this 

species and a significant number of transconjugants were obtained even when the plasmid was 

targeted. Further examination of these transconjugants showed that they were unstable, and 

depending on the presence or absence of selection for the plasmid, the cells were able to either 

compromise their CRISPR system or lose the targeted plasmid. More importantly, this instability 

conferred a growth defect which could then be exploited in composite populations to selectively 

eliminate undesirable traits. Using this, we were able to target an antibiotic resistance gene and 

abolish resistance from heterogeneous populations of E. faecalis. Following this discovery, I 

improved the system by incorporating the entire CRISPR-Cas targeting system on a pheromone-

responsive plasmid (PRP) encoding a bacteriocin which enforced its maintenance. PRPs have 

notoriously high conjugation frequencies and are known to efficiently disseminate in E. faecalis 

populations in both in vivo and in vitro conditions. Using these plasmids, I was able to 

significantly decrease antibiotic resistance from in vitro populations and in an in vivo model of 

mouse gut colonization. The work presented here provides evidence supporting the use of 

CRISPR-targeting constructs in probiotics to reduce the circulation of undesirable traits among 

E. faecalis strains colonizing patients in hospitals with the aim of mitigating the occurrence of 

MDR infections. 
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CHAPTER 1 

INTRODUCTION 
 
 
1.1 Author Contributions 

This chapter was written by Marinelle Rodrigues (M.R.) and edited by Dr. Kelli L. Palmer 

(K.L.P.). 

 

1.2 Gut microbiome  

The mammalian gastrointestinal tract is inhabited by a diverse community of microbes that 

collectively constitute the gut microbiome. Its composition is variable across individuals and 

plays a major role in  health and well-being (1). This complex ecosystem is formed through the 

dynamic interplay of microbe-microbe and microbe-host interactions that can differ based on 

factors pertaining to the individual. Gut bacteria normally reside commensally within the host, 

living off the nutrients consumed, providing essential nutrients such as Vitamin K, and aiding in 

the digestion of cellulose and dietary fiber. The composition of the gut also changes based on 

their location within the gut, with certain niches being favored by certain groups of bacteria over 

others (2).  

 

Identifying and classifying the constituents of the gut microbiome used to be a complex process 

necessitating the culturing of various microbes before they could be classified. However, with 

the advent of high-throughput DNA sequencing, this process has become simpler and faster.  

More and more microbiomes have now been sequenced in various pathologies which has 

brought their importance into the limelight. Studies have demonstrated the role of the gut 
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microbiome in patients’ response to chemotherapeutic drugs (3), disorders like Type-1 diabetes 

(4), and autoimmune disorders like Crohn’s disease (5). It is also known that a balanced, healthy 

gut proffers colonization resistance to various pathogens, thereby exerting a protective effect on 

the host (6). It is clear that the microbiome can have a positive effect on the overall health of an 

individual, and further studies defining the exact roles of the various constituents could greatly 

impact health overall.  

 

While previous culture-based methods to identify constituents of the gut microbiome were 

unable to detect certain species, 16S rRNA deep sequencing directly from human fecal samples 

is able to identify even those bacterial species that are relatively underrepresented in the 

population. Previous studies have found that certain phyla are enriched in intestinal populations 

including Bacteroidetes and Firmicutes followed by Proteobacteria and Actinobacteria among 

others (7). Interestingly, in one study cataloguing the genes present in an individual’s 

microbiome, 40% of these genes were found to be shared with at least half the human 

population, lending credence to the theory of a specific functional significance of the 

microbiome (8). This indicates that there could exist a formula for a healthy microbiome even if 

variation across individuals was accounted for, and finding and monitoring the composition of it 

could be a useful yardstick for the detection and prevention of diseases.  

 

Gut dysbiosis refers to imbalances in the composition of the gut due to factors like diet, toxins, 

antibiotic usage, or immune deficiency. These events disrupt the equilibrium between different 

communities of microbes by skewing conditions in favor of some members over others. When 
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these ratios are disturbed, certain populations can bloom due to the lack of competition which in 

turn set up infections (9). Opportunistic pathogens such as Salmonella enterica (10, 11) and 

Enterococcus faecalis (12–14) are known to thrive in the dysbiotic gut environment. These 

pathogens are normally subdued in the population mainly due to the action of the competing 

microbes and intestinal factors (15). However, when this balance is disturbed, they can 

overpower the intestinal population and are also able to acquire genetic factors that confer 

virulence traits to the organism and allow it to cause infections (9). Antibiotic usage is a major 

perpetrator of such disturbances since they mostly target a broad spectrum of bacteria (16). 

These vacant niches are rapidly occupied by organisms that were either resistant to the drug or 

acquired resistance to it horizontally. Studies have shown that antibiotic treatment increases the 

prevalence of antibiotic resistance genes within the gut and lowers the integrity of the 

microbiome due to perturbations which reduces colonization resistance (17). This problem is 

becoming increasingly evident in hospitals where infections are a leading cause of mortality in 

patients. Antibiotics are dispensed regularly in these settings resulting in entire wards containing 

patients that are susceptible to infections. This, coupled with the rapid spread of certain 

pathogens through contaminated surfaces and contact with healthcare workers, leads to the rise 

of hospital-associated infections, many of which are multidrug resistant and therefore difficult to 

treat. It is clear that there is a need to develop specific antimicrobials that only target a subset of 

the population, thereby leaving the balance of the gut microbiome intact.  
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1.3 Enterococcus faecalis 

Originally classified as Streptococcus, Enterococcus was placed in its own genus in 1984, after 

16S sequencing and DNA hybridization data proved its divergence from other streptococci (18). 

Enterococci are normally recovered from stool samples of humans, birds and insects (19, 20) and 

their detection was considered an indicator of fecal contamination. However, these organisms are 

also commonly found in food sources obtained from animal origin and plants (21, 22), therefore 

their utility as a Fecal Indicator bacteria (FIB) is in question (23). The high prevalence of this 

genus as a gastrointestinal inhabitant of terrestrial organisms has been noted and it has been 

postulated that this commensalism has prevailed since terrestrialization first occurred in the 

Paleozoic era (24).  

 

The reason for the predominance of enterococci from such varied sources is their intrinsic 

durability. They are persistent organisms able to survive a wide range of environmental stressors 

such as alkaline or acidic conditions and even desiccation without the formation of spores (25, 

26). Enterococci are able to survive a temperature range of 5 to 50о Celsius allowing them to 

persist during the heat treatment of processed foods (27, 28). All these properties allow E. 

faecalis to persist on abiotic surfaces, from where they can be transmitted to hosts through direct 

contact and are subsequently ingested. Once consumed, enterococci display proficiency in 

colonizing the host gastrointestinal tract, first by-passing the acidic environment of the stomach 

and then enduring bile salts secreted by the liver. Once it reaches its niche, enterococci establish 

densities of 104-106 CFU/g while the rest of the gut is mainly occupied by anaerobic bacteria that 
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secrete factors limiting enterococcal colonization as well as stimulate the host epithelium to 

secrete factors that control gram-positive inhabitants (15). 

 

E. faecalis and E. faecium are the two most prevalent enterococcal species found within the 

human gut (29). They have gained recognition over the past few decades due to the high number 

of incidences of drug-resistant enterococcal infections, particularly in hospital settings. Hospital 

environments are hot-spots for infection, with contaminated surfaces being widespread and 

occasionally insufficient hygiene practiced by healthcare workers. This, coupled with the 

presence of immunocompromised patients or those undergoing antibiotic treatment, promotes the 

spread of infectious agents and can result in high incidences of hospital-associated or 

“nosocomial” infections. E. faecalis and E. faecium are notorious for their ability to cause 

serious bloodstream infections and endocarditis (30). The main sources of their introduction into 

the blood stream are contaminated catheters or central lines (31). However, it is also known that 

these strains are able to bloom in the dysbiotic gut of patients allowing them to reach sufficient 

numbers within the GI tract to traverse into the bloodstream through the liver or intestinal lining 

(32–34).  

 

The incidence of infections caused by enterococci is of extreme concern. According to recent 

statistics from the Centers for Disease Control, there were 66,000 instances of hospital-

associated enterococcal infections in the United States. Of these, 20,000 of the cases were 

reportedly resistant to the drug vancomycin, leading to 1300 fatalities (35). Resistance to 
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vancomycin leaves only limited treatment options to patients, which is why it is of interest to 

study the mechanisms by which enterococci are able to so easily procure resistance to antibiotics. 

Since the work presented in this dissertation is focused on E. faecalis, the remainder of this 

introductory chapter will focus more on this species. E. faecalis isolates are intrinsically resistant 

to most beta-lactam antibiotics, displaying a tolerance to penicillin and semi-synthetic 

penicillins. This can be attributed to the production of low-affinity penicillin-binding proteins 

that ameliorate the effects of these drugs (36).  Aminoglycosides are also ineffective on 

enterococcal infections due to the low bioavailability of the compound within a host (37). These 

are examples of intrinsic resistance, where all members of the species can tolerate treatment with 

these antibiotics. However, E. faecalis has also developed sophisticated methods of 

disseminating antibiotic resistance genes horizontally on mobile genetic elements. Treatment of 

these enterococcal infections with erythromycin, tetracycline and chloramphenicol led to a rise in 

the incidences of antibiotic resistance through transfer of their corresponding resistance genes, in 

some cases rendering their administration obsolete (38). Vancomycin, a glycopeptide antibiotic, 

was approved by the FDA in 1958 and was used as a drug of last resort when treating drug-

resistant gram-positive infections. However, with its increased use, incidences of resistance also 

rose. The first vancomycin-resistant strain of E. faecalis, known as V583, was first isolated in 

1989 (39). It was found that vancomycin resistance was conferred by an operon situated on a 

conjugative transposon that had inserted into the genome (40). 

 

With advances in genome sequencing technology, research into the reason for the proclivity of 

certain E. faecalis strains to cause disease and how they differ from the majority of commensal 
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isolates was performed. These studies determined that drug resistant E. faecalis isolates like 

V583 possessed larger genomes compared to commensal isolates due to the acquisition of 

mobile genetic elements in the form of transposon insertions, prophages, and conjugative 

plasmids. More than 25% of the V583 genome was comprised of MGEs (40). These studies also 

observed a greater incidence of genome rearrangements and the presence of repetitive elements 

(41). Therefore, even if a segment of chromosomal DNA was not situated on a mobile genetic 

element, genome recombination events could occur and can result in the mobilization of this 

chromosomal segment on a horizontally-transferrable unit (42). This process is accentuated by 

the presence of pheromone-responsive plasmids, which are highly conjugative vectors unique to 

E. faecalis. It has been demonstrated how chromosomal elements can be transferred among 

strains through the use of these plasmids and is in agreement with the high degree of genome 

plasticity observed in this species (43, 44).  

 

Even though this high degree of promiscuity appears to be beneficial to the evolution of MDR 

strains of E. faecalis, entry of DNA is normally restricted in bacteria by genome defense 

systems. This presents them with a line of defense against bacteriophage and selfish genetic 

elements which can burden cells with their maintenance. These protective systems include innate 

immune systems like restriction modification systems, which recognize and cleave non-self 

DNA, and the adaptive immune system CRISPR-Cas, which targets and cleaves specific 

sequences of DNA. Hospital-isolates of E. faecalis have been found to lack CRISPR-Cas 

systems, which facilitates the acquisition of foreign DNA which may enhance their abilities to 

cause infection (45).  
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1.4 CRISPR-Cas  

Adaptive immunity was previously thought to only exist in higher order organisms like 

mammals. Systems of partially-palindromic repeats and tightly-associated genes that showed a 

high degree of conservation and that were found in multiple bacterial phyla were initially 

hypothesized to be an RNA silencing system designed to repress the expression of foreign DNA 

elements (46). These were called CRISPR-Cas systems (Clustered Regularly-Interspaced Short 

Palindromic Repeats and CRISPR associated genes) (47) and they were initially used as a typing 

system to keep track of the taxonomical divergence of strains within a species (48). Even though 

the presence of repetitive elements within the genomes of bacteria was well-established, the 

repeats of the CRISPR array were unusual in that they were always placed at regular intervals. 

Analysis of their intervening sequences, called “spacers” showed identity to mobile genetic 

elements like bacteriophage which seemed to indicate a potential defensive role for the system 

(49).  Cas genes that were invariably found closely associated with the CRISPR array were 

found to have domains associated with functions that suggested DNA interaction. The exact 

function of genome defense against bacteriophage was elucidated in 2007 by Barrangou and 

colleagues (50) in a monumental study that marked the beginning of a new era in the field.  

 

The basic mechanism of action for all CRISPR systems is conserved and has been reviewed 

recently (51) and is depicted in Figure 1.1. There are three steps in the process of CRISPR-

mediated immunity. The first step, called adaptation, is the process by which upon invasion, a 

segment of foreign DNA (called the protospacer) is incorporated into the CRISPR array as a new 

repeat-spacer unit. This usually occurs at the leader end of the CRISPR array (52). Adaptation 
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usually requires the action of the Cas1 and Cas2 proteins. The selection of the sequence to be 

incorporated is based the presence of an adjacent sequence called the PAM (Protospacer 

Adjacent Motif). This is a short motif, generally 3-7 nucleotides long, located adjacent to the 

protospacer sequence on the foreign DNA element (53). The next step in the CRISPR-Cas 

functioning is processing. In this step, the CRISPR array consisting of multiple repeats and 

spacers is first transcribed as one into a pre-CRISPR RNA transcript (pre-crRNA). This 

transcript is processed into shorter RNAs called mature CRISPR RNAs (crRNAs) (54). These 

crRNAs contain a spacer sequence which determines the target of the CRISPR targeting cassette. 

The final step in this process is called interference, wherein the Cas proteins guided by the 

crRNA are able to recognize and cleave the specified sequences of nucleic acid. Once a spacer 

has been added to the array, the strain can be considered immunized against future infections by 

the same element, and this protection can be inherited by daughter cells. The presence of the 

PAM sequence on the targeted MGE is necessary for the action of CRISPR-Cas (55). This motif 

also prevents active CRISPR-Cas complexes from targeting the specified sequence encoded by 

the CRISPR array on the DNA of the host (56).  

 

The identification and characterization of CRISPR-Cas systems within available sequenced 

genomes led to the classification of various CRISPR systems based on their mechanism of action 

and the cas genes associated with the arrays. There are two classes of CRISPR-Cas systems 

depending on whether DNA interference is carried out by a single or multiple-protein effector 

complex. Class I systems require a complex of Cas proteins which utilize the RNA guide to carry 
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out their function. Class II systems have a single protein in the complex carrying out the DNA 

interference activity. Apart from these broad classes, they are also classified into different types  

 

Figure 1.1. CRISPR-Cas mechanism for interference. A CRISPR-Cas system is depicted in the 
figure. Diamonds indicate spacer sequences and rectangles are repeats. Cas genes are shown 
upstream of the CRISPR array. The CRISPR array is first transcribed into a pre-crRNA which is 
processed to form shorter transcripts called mature crRNAs. Cas genes are expressed and either 
form a complex or have a single effector protein, which associates with a mature crRNA and is 
directed toward foreign DNA based on the spacer sequence specified by the crRNA guide. If the 
spacer sequence matches a sequence on the forign DNA, the Cas effector complex can then make 
a dsDNA break in the foreign DNA thereby protecting the host cell from invasion.  
 

based on the types of cas genes associated with the CRISPR array. Class I systems contain Type 

I systems (based on the presence of a homolog of cas3), Type III systems (cas10) and Type IV 

systems (csf1). Class II systems consist of Type II systems (cas9) and Type V (cpf). These 

classes are further divided into subtypes based on other genes that may be present in these 

systems (57). Although the basic function of CRISPR interference remains conserved across all 

these systems, there are several mechanistic differences between these systems. For example, 
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certain Type III systems cleave RNA as a substrate rather than DNA (58), and Type V systems 

cleave their DNA target up to 100 bp away from the recognition sequence (59). 

 

The mechanism by which CRISPR-Cas systems are regulated is of particular interest to study. 

For example, it was discovered that CRISPR-Cas was inactivated in laboratory conditions in E. 

coli due to silencing mediated by the histone-like nucleoid structuring (H-NS) protein (60). This 

was also found in Salmonella enterica serovar Typhi and Klebsiella pneumoniae which 

influences HGT acquisition and phage lysis in these bacteria (61, 62). The precise mechanism of 

derepression of the system is yet be deciphered, however, this is indicative of a possible 

metabolic cost to the expression of CRISPR-Cas systems. Since bacteria are more likely to be 

subjected to MGE invasion when present within a larger population, it is perhaps intuitive that 

quorum sensing has also been found to induce the expression of these systems (63, 64), while in 

Streptococcus thermophilus, the expression of Type I, Type II and Type III systems was 

enhanced upon phage infection suggesting that this form of regulation might be more prevalent 

(65). Phage infection is also known to alter host metabolite production which may explain how 

certain metabolites altered the expression of CRISPR-Cas systems (66, 67), but the specifics of 

this process are yet to be determined.  

 

The origin of CRISPR-Cas systems is yet to be fully elucidated. The Cas1 and Cas2 proteins are 

the most highly conserved Cas proteins found in nearly every characterized CRISPR-Cas system 

(57). They are primarily responsible for the adaptation function in response to infection. It has 

been shown that this Cas1 activity resembles activity of transposases and integrases that mediate 
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DNA cleavage and rejoining activities (68). In addition, Cas1 homologues have been found on 

the transposon family christened “Casposons”, where they mediate the excursions of these 

elements in and around the chromosome (69). Importantly, transposons are known to rely on 

repetitive elements at their extremities to excise and re-insert themselves at different locations, 

similar to their proposed recognition of repeat sequences in CRISPR arrays. Cas2, on the other 

hand, is related to a toxin module derived from toxin-antitoxin systems that mediate the 

persistence of mobile genetic elements within bacterial hosts. It has been hypothesized that the 

fully-functional CRISPR-Cas system was formed by the insertion of a Casposon near a pre-

existing innate immune system, but the veracity of this is yet to be resolved (70).  

 

1.4.1 Type II CRISPR-Cas systems 

The work presented here was performed solely on Type II CRISPR-Cas systems, therefore the 

remainder of this dissertation will focus on these systems. Type II CRISPR-Cas systems are 

defined based on their use of the Cas9 endonuclease for their DNA interference activity (Figure 

1.2). This single protein is responsible for the DNA cleavage activity of its system using an RNA 

guide to recognize specific sites (71). This system is the best studied system so far and has been 

well-characterized in Streptococcus pyogenes and Streptococcus thermophilus (71, 72) and has 

even found applications in other organisms due to the simplicity of being a single-protein 

effector that only requires an RNA guide (73). 

 

The Type II CRISPR system requires its signature Cas9 endonuclease in every single stage of its 

activity.  The Cas9 endonuclease contains two specific endonuclease domains, referred to as 
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HNH and RuvC, that are responsible for cleaving both strands of DNA during DNA interference 

(71). This protein also contains a domain that is responsible for recognizing the PAM sequence. 

Apart from this protein and the CRISPR array, Type II systems also contain another non-coding 

RNA that plays a pivotal role in all stages of CRISPR activity, called the tracrRNA (trans-

activating CRISPR RNA) (74). This RNA was found to have partial complementarity to the 

repeats of the array, allowing it to base-pair with the repeat sequences of crRNAs. During 

adaptation, it was found that in addition to the Cas1 and Cas2 proteins that are universally found 

in all Type II systems, the Cas9 endonuclease and the tracrRNA were essential (75, 76). The 

necessity of Cas9 in this process might stem from its recognition of the PAM sequence, as its 

nuclease function was found to be dispensable in spacer adaptation assays. It is also interesting to 

note that, in S. thermophilus, absence of Cas9 nuclease activity leads to increased rates of 

acquisition of spacers that target chromosomal elements, which indicates a cost to the 

maintenance of active CRISPR-Cas systems (76).  

 

During the processing step, the entire CRISPR array is transcribed as a single RNA transcript 

which is then associated with the tracrRNA via base-pairing at intervals forming double stranded 

RNA substrates. The secondary structure formed is recognized by the Cas9 endonuclease which 

then occludes part of this dsRNA structure while a host-encoded ribonuclease (RNase III, which 

indiscriminately cleaves double-stranded RNA substrates within the cell) cleaves the pre-crRNA 

into fragments (74). This yields a mature crRNA which remains associated with the Cas9 

endonuclease and tracrRNA in a complex primed for recognizing and targeting specific 

sequences of DNA dictated by the crRNA guide.  
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The dynamics of Cas9 after “programming” have been well-studied in in vitro conditions. Cas9 

interacts with DNA by three-dimensional random collisions, sampling sequences randomly until 

it recognizes a PAM. Only once this PAM site is recognized does Cas9 query the adjacent DNA 

sequence for complementarity to the spacer guide. If the sequence does not match, Cas9 

 

Figure 1.2. Type II CRISPR-Cas system mechanism of processing and interference. The full 
CRISPR-Cas system is shown in the figure, including the tracrRNA, the cas genes and the CRISPR 
array. The full CRISPR array is first transcribed as the pre-crRNA, which is bound by the Cas9 
endonuclease, the tracrRNA and RNase III and cleaved to form a mature crRNA which remains 
associated with Cas9 and tracrRNA. This forms the CRISPR-targeting complex, which can then 
be directed toward foreign DNA and cleaves it based on sequence complementarity to the spacer 
guide sequence.  
 

dissociates from the DNA and continues sampling. However, if the sequence does match, it 

proceeds to destabilize the dsDNA duplex by causing the complementary strand of DNA to form 

base-pairs with the RNA guide instead in a sequential manner. This forms an RNA-DNA 

heteroduplex which in turn activates the nuclease domains of the Cas9 endonuclease that cleave 

each strand of the DNA molecule (77).   
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Prior to the discovery of CRISPR-Cas, DNA cleavage for the purpose of genome editing or 

transcriptional alteration was done using Zinc finger nucleases and Transcription-activator-like 

(TAL) endonucleases which was difficult and required precise structural manipulation (78, 79). 

Using CRISPR, however, the specific DNA sequence targeted for cleavage could simply be 

specified by changing the sequence present on an RNA guide, which presented a breakthrough in 

the field of genetic engineering. A system of genome editing was quickly engineered that was 

found to be effective in both prokaryotic as well as eukaryotic organisms (80–83). The principle 

behind these techniques is the lethality of double-stranded DNA (dsDNA) breaks to the 

chromosome of any host cell. Therefore, by programing the Cas9 protein to cleave a specific 

sequence and also providing a recombination template with the desired modified sequence, the 

DNA sequence can be modified. This has been applied in multiple organisms, and the process 

has become a routine genetic tool today. This technology has also been applied in the study of 

gene function, genomic imaging, and even epigenomic editing (84).   

 

Another potential application of this system is potentially their administration as sequence 

specific antimicrobials. Overuse of broad spectrum antibiotics has led to an increase in the 

prevalence of resistance genes which are often horizontally acquired and spread among 

populations in the microbiome (85, 86).  The use of CRISPR-Cas as sequence-specific 

antimicrobials due to the lethality of dsDNA breaks is an appealing concept which has been 

explored by several studies (87–89). These first established the inability of CRISPR-Cas systems 

to co-exist with a target within the same cell. Several deployed CRISPR systems targeting 

antibiotic resistance genes on engineered phage that lysogenize host cells. They found that these 
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were able to reduce the prevalence of antibiotic resistance in vitro and they also obtained 

promising results in in vivo studies using a mouse skin colonization model and a moth infection 

model (88, 89). Better deployment of these systems would maximize their efficiency and perhaps 

pave the way for their implementation in clinical settings (90). 

 

1.4.2 CRISPR-Cas systems in E. faecalis 

E. faecalis contains Type II CRISPR-Cas systems (45), which interestingly have a higher 

prevalence among pathogens than any other CRISPR system (91). These have been further sub-

categorized as Type II-A systems due to the presence of Csn2, a protein that was found to be 

essential for adaptation (57, 76).  As mentioned earlier, MDR strains of E. faecalis are known to 

lack complete systems. This is hypothesized to have facilitated their acquisition of MGEs and 

subsequently contributed to their pathogenesis (45). There have been three CRISPR-Cas systems 

that have been identified across E. faecalis strains, referred to as CRISPR1-Cas, CRISPR2 and 

CRISPR3-Cas (Figure 1.3). The presence of CRISPR1-cas and CRISPR3-cas is variable across 

isolates. However, CRISPR2 which only consists of an orphan CRISPR array lacking cas genes, 

is present in every isolate of E. faecalis characterized till date (92). It is also interesting to note 

that the direct repeat sequences found in CRISPR1-cas and CRISPR2 are identical, suggesting 

that they are functionally related.  

 

Before their function was elucidated, an application of CRISPR systems was as a typing system 

to classify various strains based on their spacer content (48). This method is feasible, since 

adaptation occurs infrequently, and, due to the high distribution of PAMs and potential 
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protospacers in genomes, the probability of two separate strains independently acquiring the 

same spacer is highly improbable. A popular method for assessing the relatedness of different E. 

faecalis strains is by Multi-locus sequence typing (MLST) (44). This requires the sequencing of 

seven different well-conserved loci and tracking lineages based on sequence variants in these 

genes. Once these were identified, they are assigned a sequence type based on their allelic profile 

in regards to these genes and they can then be further categorized into groups depending on the 

number of shared alleles (for e.g. n = 6 if they shared 6 alleles, etc.). A study on CRISPR typing 

in E. faecalis found that only examining the CRISPR2 array could predict the correct n = 6 

groups 79% of the time (92). Since MLST and its subsequent groups can distinguish between 

clinical isolates versus commensal isolates, this was an important observation simplifying the 

number of loci that need to be sequenced before classifying an isolate.  

 

 

 

 

 

Figure 1.3. Distribution of CRISPR-Cas systems in E. faecalis. Representative CRISPR-Cas 
systems are shown in the figure. T11 encodes CRISPR3-Cas and the orphan CRISPR2 locus. 
OG1RF encodes CRISPR1-Cas and the orphan CRISPR2 locus, and V583 only encodes the 
orphan CRISPR2 locus. 
 

Recent work on E. faecalis CRISPR-Cas systems demonstrated their activity against conjugative 

plasmid transfer of pheromone-responsive plasmids (93). These showed activity for CRISPR3-
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Cas systems as well as the CRISPR2 locus in the presence of CRISPR1-Cas9 in the strain T11. 

The PAM sequence was identified in the study as well and an analysis of spacer identities 

revealed the presence of both plasmid and phage (or putative phage) targets. Importantly, this 

study documented absence of CRISPR2 activity in the absence of CRISPR1-Cas, proving that 

MDR strains that only possess this locus are indeed defective for genome defense imparted by 

this locus. Another interesting observation was the occurrence of transconjugants despite active 

CRISPR defense against the plasmid, which might allude to an enhanced ability of this species to 

accept MGEs.  

 

1.5 Pheromone-responsive plasmids (PRPs) 

Bacterial cell-cell communication is normally achieved through the use of small molecular 

signals that mainly consist of processed/unprocessed peptides as well as other signaling 

molecules (94). This signaling is usually utilized as a sensing mechanism to detect the population 

density and accordingly turn on pathways such as luminescence in Vibrio fischeri and nodule 

formation in the plant symbiont Sinorhizobium meliloti (95, 96). Analogous to this system is the 

pheromone response system utilized by PRPs in E. faecalis (97). This signaling mechanism has 

been co-opted by these plasmids as a method to detect the presence of plasmid-free cells in the 

vicinity. Once detected, a tightly-controlled transcription pathway is induced and, results in the 

production of a proteinaceous “aggregation substance” which binds specifically to “enterococcal 

binding substance” resulting in cell to cell contact (98). This facilitates efficient plasmid transfer 

and results in conjugation frequencies that may reach frequencies of 0.1 transconjugants per 

donor (99). Aside from being implicated in the dissemination of drug resistance genes (41), these 



 

19 

plasmids are also attributed with potentiating the virulence of strains merely by the production of 

aggregation substance (100–102). 

 

 This pheromone-response machinery encoded on PRPs is unique to E. faecalis, although a few 

PRP replicons have been found in E. faecium (103, 104). As many as 3 of these elements have 

been found to simultaneously reside in a single E. faecalis isolate (105). These plasmids enforce 

their own survival through addiction modules such as toxin-antitoxin systems and through 

bacteriocin production (106, 107). This ensures their continued carriage by host cells which, 

coupled with their ability to conjugate at high rates, leads to their persistence in populations and 

explains the high rate of their discovery among clinical isolates from around the world. 

It appears as though E. faecalis has co-opted these plasmids for the acquisition and dissemination 

of considerable amounts of DNA. These plasmids can be large (>100 kb) and often encode the 

entire replication and conjugation machinery necessary for their propagation (108). There are 

several properties of PRPs that make them highly specialized and important for study. These are 

discussed further below. 

 

1.5.1 Tight control of pheromone response 

The actual conjugal transfer of these plasmids is believed to be achieved via a homolog of a 

Type IV secretion system tuned to the transfer of DNA rather than proteins (109). This involves 

the assembly of a structure composed of multiple protein subunits. Since this would require 

considerable expenditure of energy, it would benefit these cells to only assemble them when 

absolutely required (i.e. only when there is a plasmid-free recipient cell in the vicinity). This 
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sensitivity and exclusivity is achieved with the help of a tightly controlled mechanism involving 

a combination of inhibitory factors and regulatory RNAs (110).  

 

The regulatory system on the PRP pAD1 consists of a plasmid-encoded inhibitor peptide (iAD1) 

that, in the un-induced state, interacts with TraA (a negative regulator) shutting down 

transcription from two promoters. One promoter regulates the transcription of iad1 and traD, and 

the second downstream promoter regulates traE1 (a positive regulator) (111). Downstream of 

iad1 and traD are two transcription terminators that serve to eliminate any leaky transcription 

from the early promoter. When the presence of cAD1, the stimulatory peptide, reaches a certain  

 

 

Figure 1.4. Regulation of pheromone response from pAD1. The top panel shows how in the 
uninduced state, TraA bound by iad represses the promoter upstream of iad. Any basal 
transcription is terminated at terminators T1 and T2 to the left of traD ensuring no expression of 
traE1. The bottom panel shows the induced state where cAD1 is present. It binds to TraA and 
prevents it from binding to the promoter region and repressing transcription. Transcription is now 
elevated and TraE1 is expressed and it both regulates its own transcription as well as induces the 
expression of aggregation substance and structural genes required for conjugation.  
 

threshold quantity, the plasmid is induced. The pheromone competes with iAD1 for binding to 

TraA and allosterically inhibits it from binding to and blocking the two promoters. Under these 
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conditions, TraE1 is expressed and able to bind to its own promoter as well as a downstream 

promoter regulating asa1 ensuring transcription of aggregation substance and ultimately the 

physical units of the conjugation machinery (112).  

 

The pheromone-response system of pPD1 is similar to the mechanism described for pAD1. Here, 

the plasmid repressor, TraA is found to bind to 3 sites upstream of the promoter of the repressor 

peptide iPD1, known as tab1, tab2 and tab3 (113). In the presence of only the inhibitor peptide, 

TraA binds tab1 and represses transcription of iPD1. It also binds downstream between two 

terminator sites located after iPD1 and presumably enhances transcription termination at this 

point. When the concentration of cPD1 is sufficient to trigger the pheromone response, it binds 

TraA and enhances its binding to tab3 which is able to enhance transcription of the inhibitor and 

encourages continued transcription past the terminator. In addition, TraA binding to the 

terminator sequences is also abolished and transcription of aggregation substance as well as other 

structural genes are induced leading to efficient conjugation. 

 

This complex regulation demonstrates the strength and stringency of the pheromone response as 

well as how different plasmids utilizing different pheromones are able to regulate conjugation 

using related mechanisms. Another benefit of the system is the concurrent up-regulation of the 

inhibitory peptides in addition to the induction of the conjugation genes (114). This ensures that 

the conjugative response is not extended and can be terminated by the slightest shift in the 

balance of the stimulatory and inhibitory peptides.  
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1.5.2 Aggregation substance (AS) 

A hallmark of PRP transfer in E. faecalis is the production of a surface-bound 

glycoprotein/aggregation substance (AS) that enhances the association of donor cells with 

plasmid-free recipient cells (Figure 1.5) (115). It has long been considered a virulence factor for 

a multitude of reasons, including its association with PRPs that more often than not encode 

antibiotic resistance genes. In an effort to prove this, the effect of aggregation substance on 

virulence has been explored in several in vivo studies. It was found that cells positive for AS 

were significantly more likely to cause mortality in a rabbit model for endocarditis (100). It was 

also found that the presence of aggregation substance enhanced the ability of cultured 

enterocytes to endocytose E. faecalis (116). While studying the effect of this surface protein on 

the immune system, it was again found to increase adherence of E. faecalis cells to neutrophils 

and macrophage. However, after these cells were phagocytosed, they were able to survive in the 

intracellular environment significantly longer due to suppression of respiratory burst in these 

cells (117). These studies support a role for aggregation substance in the virulence of this 

opportunistic pathogen, but it should also be noted that AS is also present in a probiotic E. 

faecalis strain, Symbioflor1, that has been used for years with no reported adverse effects (118). 

Therefore, even though it may enhance the ability of E. faecalis to colonize the host and cause 

infection, it is not a decisive indicator of virulence.  

 

The aggregation substance homologs found in pAD1, pPD1 and pCF10 share >90% identity over 

the entire protein, however. However, the protein contains one variable region in the N-terminus 

which possesses only 30% to 40% identity (119). Like most surface proteins, AS contains an N-
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terminal signal sequence and a C-terminal LPXTG motif required for anchoring to the cell wall 

(120).  

 

 

Figure 1.5. Pheromone-responsive plasmid mechanism. A donor cell bearing a PRP is in an 
uninduced state, while a recipient cell produces short peptides called pheromones. Once these 
pheromones have been detected by the donor cell, it becomes induced and produces aggregation 
substance (purple ovals). These coat the surface of the donor cell and cause it to form aggregates 
with the recipient cell. The PRP can then be transferred efficiently due to the cell-cell contact. 
 

1.5.3 Post-segregational Killing 

Plasmid persistence is usually enforced via post-segregational killing (PSK) mechanisms that 

punish host cells that do not acquire a copy of the plasmid after cell division (121). Pheromone 

responsive plasmids indeed encode these systems which facilitate their persistence in populations 

(106). Typical PSK systems rely on stable toxins being kept under constant inhibition or removal 

via unstable RNAs or proteins which need to be constantly expressed. During cell division, the 
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toxin persists in both daughter cells and loss of the plasmid by one of the cells results in a 

scarcity of antitoxin without which, the cell is subjected to toxin-mediated death (122).  

 

There are three types of PSKs, designated Type I, Type II and Type III, depending on their mode 

of operation (122). Both Type I and Type III systems use a regulatory RNA as an antitoxin, 

while Type II systems are entirely protein-based. Only Type I and Type II systems have been 

identified in enterococci, of which there is only one example of a Type I system (encoded on the 

par locus on pAD1). This locus encodes convergent transcripts; the first encodes the mRNA for 

the Fst toxin, while the oppositely transcribed RNA is the “antitoxin” (123). The antitoxin 

inhibits the formation of the toxin by base-pairing to the mRNA transcript at certain sites, 

resulting in the obstruction of ribosome binding to the toxin mRNA, thus preventing the 

translation of the toxin mRNA. Studies have confirmed the differences in stability of these two 

transcripts (124). This same system is also found on the pAD1-homologue, pTEF1, in the MDR 

strain V583 (125). 

 

1.5.4 Bacteriocins 

Bacteriocins also enforce the maintenance and propagation of some PRPs in competitive 

environments (126). They are ribosomally synthesized peptides with antimicrobial activity that is 

usually active against closely-related bacteria. Bacteriocins are encoded by several conjugative 

elements across E. faecalis isolates. These systems are usually found as part of operons encoding 

the corresponding bacteriocin as well as other accessory proteins involved in its modification, 

export and immunity. They are currently classified into two groups: Class I and Class II. Class I 
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consist of lantibiotics, which are modified peptides containing lantithione-type residues, while 

Class II consist of unmodified non-lantibiotics (127). Cytolysin, a common hemolysin 

bacteriocin, belongs to Class I, however it is one of the few bacteriocins found in E. faecalis to 

belong to this class, despite being overrepresented amongst clinical isolates of E. faecalis (128). 

There have been numerous examples of Class II bacteriocins identified such as AS-48, 

bacteriocin 31 (bac-31), and bacteriocin, 41, strikingly all these bacteriocins are encoded by 

pheromone responsive plasmids (129–131). This attribute of PRPs is probably the leading cause 

of their occurrence amongst isolates since these affect surrounding cells as well by enforcing 

their own propagation.  

 

Figure 1.6. Alignment of sequences encoding as-48 and bac-21. The sequences for the as-48 
operon were aligned to the bac-21 operon. Percent identities for each gene were included in the 
figure. The predicted bac operon appears to contain a homolog of as-48D1 not annotated in the 
literature depicted here as bacE1.  
 

Although circular bacteriocins are grouped under Class II, they are different from other members 

of this class due to their circular structures. AS-48 is an example of a circular bacteriocin which 

is identical in amino acid sequence to bac-21 (132, 133). An alignment of the sequences for both 

operons is depicted in Figure 1.6. 
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AS-48 consists of a 70 amino acid peptide with its N-terminal and C-terminals linked forming a 

circular molecule (134). It is of interest to study due to its broad spectrum of activity against both 

gram-positive and gram-negative bacteria implying a potential application in the suppression of 

undesirable species in the food industry. This bacteriocin works by targeting the cell membrane 

of gram-positive and, at higher concentrations, gram-negative bacteria, causing loss of 

membrane potential and leakage of cytoplasmic contents (135, 136). The mechanism for AS-48 

immunity is of interest. It was found that as-48D1 was essential for partial immunity and full 

immunity required the genes as-48B (bacB), as-48C1 (bacD) and as-48D (bacE) (137). As-48D 

was shown to have a high degree of homology to a group of ABC transporters which were 

previously implicated in E. coli as pertaining to resistance to antimicrobial peptides (137, 138). 

The protein as-48C1 contains several hydrophobic domains which may be membrane spanning 

domains and interact with as-48D to export the mature as-48 peptide. It was also found that the 

interruption of this gene only led to a decrease in the amount of peptide formed, indicating an 

accessory role. This leaves as-48B and as-48C as potential major players in the processing and 

cyclisation of the ribosomally-synthesized as-48A (137).   

 

As-48 possesses multiple characteristics ideal for application in the food industry. Its broad 

spectrum of activity is functional in a wide range of temperatures and pH values. In addition, it 

was also found that its activity against problematic strains of gram-negative bacteria could be 

significantly augmented by exposure to heat, acid and alkaline pH values of 9.0 (139). AS-48 has 

bactericidal activity against major food pathogens including Salmonella, Listeria monocytogenes 
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and Bacillus cereus which, coupled with its high stability, makes it a lucrative antimicrobial tool 

to apply in the food industry (140–143).   

 

1.6 Probiotics 

Probiotics are defined as viable microorganisms that may be administered to individuals for the 

specific purpose of improving a specific ailment or for the general maintenance of health (144). 

Viable microorganisms are a constituent of many common foods such as yogurt and cultured 

vegetables and have over the years been ascribed with great health benefits such as 

immunomodulation and treating irritable bowel syndrome (145). However, there is a dearth of 

scientific studies that can irrefutably link the use of probiotics to the improvement of these 

ailments. This is due to the sample variation that arises from differences in microbiota and other 

host factors in a given sample of individuals. Therefore, this would mean a considerable expense 

to carry out laborious clinical trials spanning a large sample size to yield a definitive result (146).  

There are several considerations that need to be made in selecting a potential probiotic (147). 

First, characterization of the strain and identifying the safety concerns for the species and genus 

needs to be carried out. Next, studies need to be performed in order to ascertain the capacity of 

the strain to overcome barriers to colonization such as stomach acids and bile salts in order to 

successfully colonize the GI tract. Finally, a beneficial effect attributed to the colonization of the 

probiotic strain such as immunomodulation and suppression of harmful bacteria should be 

ascertained. Currently, only a few bacteria of certain genera are referred to as probiotics and 

incorporated into such supplements, mainly LAB (Lactic Acid Bacteria, such as Lactobacillus, 

Lactococcus, and Bifidobacterium) and Saccharomyces (148).  
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1.6.1 Lactic acid bacteria as probiotics 

LAB have been consumed in fermented dairy products for many years. Their effectiveness as 

probiotics might stem from their acid production in fermented products giving them an 

advantage during the passage through the acidic gastrointestinal tract. As for the safety of such 

strains, members of the Lactobacillus and Lactococcus genera have been given GRAS 

(Generally regarded as safe) status (149). There have been several short-term pre-clinical trials 

that can attest to the safety of certain probiotic strains. These studies were performed in animal 

models where they concluded that it was not possible to reach fatal dosage levels for these 

probiotic strains (147). In addition, short-term studies in healthy volunteers concluded that these 

probiotics did not induce any adverse effects (150).  

 

In the case of Enterococcus, there have been several examples of certain specific enterococcal 

strains utilized as probiotics for promoting gut health with no adverse effects. The best known 

example is Symbioflor1, which is a strain of E. faecalis used to treat bronchitis due to its role as 

an immunomodulator (118). Apart from its role in probiotics, Enterococcus also plays a major 

role in the food industry. For example, due to bacteriocin production, they are known to suppress 

the growth of the major foodborne pathogen Listeria monocytogenes (140). However, several 

members of this genus have developed into dangerous opportunistic pathogens with a propensity 

for causing infections in hospital settings (151). It is vitally important to be able to distinguish 

between commensal strains and the problematic isolates which are capable of causing lethal 

multidrug resistant bloodstream infections. Studies on clinical isolates of E. faecalis report that 

they possess expanded genomes consisting of multiple MGEs which harbor drug resistance 
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genes and virulence factors that can facilitate infection (41, 45). Therefore, the addition of 

enterococci to probiotic formulations should still be approached with caution due to the 

possibility of them acquiring such traits and subsequently causing MDR infections. It might 

prove beneficial to modify these strains such that they are incapable of harboring certain 

virulence factors that might enable them to cause aggressive disease in their host.  

 

1.7 Justification of study 

Infection is a significant cause of patient mortality in hospitals (152). The agents responsible for 

causing these can be transmitted through contact with contaminated surfaces or healthcare 

workers and are able to cause infections in immunocompromised patients (153). Moreover, the 

likelihood of contracting infections increases with the use of devices such as urinary catheters 

and central lines (154, 155). It has also been shown that antibiotic usage enhances the probability 

that a patient may contract an infection, leading to a predisposition of certain patients to 

contracting these diseases. E. faecalis is a leading cause of dangerous nosocomial infections, 

particularly bloodstream infections such as bacteremia and endocarditis (31). Vancomycin-

resistant E. faecalis infections are difficult to treat particularly because of the propensity of this 

species to acquire antibiotic resistance genes. Such infections are usually treated with 

daptomycin or linezolids, but instances of resistance to even these drugs are being reported (156, 

157).  

Despite the occurrence of complete CRISPR-Cas systems in the genomes of E. faecalis 

commensal isolates, the mechanism of their loss/ inactivation from MDR strains is unknown 

(45). In addition, the reason for the persistence of the orphan CRISPR locus in strains despite the 
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loss of the entire CRISPR1-Cas system is also of interest to study (92). Studying the role of 

CRISPR-Cas on the horizontal transfer of antibiotic resistance genes may provide valuable 

insight on the evolution of MDR E. faecalis.  

 

Over the course of my doctoral research, I embarked on the study of the orphan CRISPR2 locus 

of E. faecalis in relation to its potential role in genome defense and the reason for its ubiquity in 

isolates. In Chapter 2, the activity of the CRISPR system was assessed using conjugation assays. 

Reductions in conjugation frequency were observed between targeted and non-targeted plasmids 

confirming the activity of the CRISPR-Cas system. We showed that spacers associated with 

terminal repeats are inactive for genome defense due to the degeneracy of it sequence and that 

this likely facilitates the persistence of CRISPR2 in genomes. More importantly, our results 

indicate that E. faecalis is able to tolerate CRISPR-targeted constructs transiently and, depending 

on the presence of selective pressure for the construct, the targeted elements are eliminated or 

CRISPR-Cas mutants emerge. However, we found that these transiently tolerant transconjugants 

possessed a growth defect in the presence of selection, which we showed can be used to 

eliminate specific strains from heterogeneous populations. Utilizing this principle, we were able 

to eliminate antibiotic resistance from populations of E. faecalis using conjugative plasmids 

bearing CRISPR guides. In Chapter 3, we used the PRP pPD1 as the plasmid vehicle to dispense 

the entire CRISPR-Cas targeting cassette among E. faecalis populations. This PRP was 

previously shown to conjugate at high rates in vivo and enforce its persistence via the production 

of bacteriocins (158). Using these modified plasmids targeting common antibiotic resistance 

genes, we were able to reduce antibiotic resistance from populations only when specifically 
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targeted. We also showed we could achieve a reduction of antibiotic resistance in an in vivo 

mouse model of colonization. This provides a clinical context for the potential application of 

these plasmids as probiotics in the removal of MDR E. faecalis strains from the GI tract of 

patients in hospitals. Therefore, we envision this technology as a method for reducing the 

occurrence of MDR infections in these settings.  
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CHAPTER 2 

EXPLOITING CRISPR-CAS TO MANIPULATE 

 ENTEROCOCCUS FAECALIS POPULATIONS 
 
 

2.1 Author contributions 

The original manuscript with the same title was published in eLife with Karthik Hullahalli (K.H.) 

and K.L.P. K.H. and M.R. contributed equally to the work. Experimental design was done by 

K.H., M.R. and K.L.P. Design and construction of vectors and strains were performed by K.H. 

and M.R. Conjugation assays were performed by K.H. and M.R. K.H. performed the in vitro 

evolution assay and M.R. created the self-targeting constructs and performed those conjugation 

assays. Competition experiments were performed by K.H. and M.R. K.H., M.R. and K.L.P. 

prepared the manuscript.  

 

2.2 Abstract 

CRISPR-Cas provides a barrier to horizontal gene transfer in prokaryotes. It was previously 

observed that functional CRISPR-Cas systems are absent from multidrug-resistant (MDR) 

Enterococcus faecalis, which only possess an orphan CRISPR locus, termed CRISPR2, lacking 

cas genes. It was of interest to investigate how the interplay between CRISPR-Cas genome defense 

and antibiotic selection for mobile genetic elements shapes E. faecalis populations. Here, we 

demonstrate that CRISPR2 can be reactivated for genome defense in MDR strains. Interestingly, 

we observe that E. faecalis transiently maintains CRISPR targets despite active CRISPR-Cas 

systems. Subsequently, if selection for the CRISPR target is present, toxic CRISPR spacers are 

lost over time, while in the absence of selection, CRISPR targets are lost over time. We find that 
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forced maintenance of CRISPR targets induces a fitness cost that can be exploited to alter 

heterogeneous E. faecalis populations. 

 

2.3 Introduction  

Enterococcus faecalis is a gram-positive opportunistic pathogen that commensally inhabits the 

gastrointestinal tracts of humans and other mammals (1). Enterococcal infections are considered 

serious public health threats, and rising antibiotic resistance makes these infections particularly 

difficult to treat (2-5). Sequence analysis of multidrug-resistant (MDR) isolates of E. faecalis 

reveals that they typically possess expanded genomes relative to more drug-sensitive isolates and 

have acquired large segments of mobile DNA in the form of prophage, genomic islands, 

transposons, and plasmids (6-9). These extraneous DNA elements often encode antibiotic 

resistance determinants and virulence factors that facilitate host infection and colonization, thus 

making the horizontal dissemination of DNA one of the prime causative factors for the emergence 

of MDR E. faecalis (10).  

 

Clustered Regularly-Interspaced Short Palindromic Repeats and their associated Cas proteins 

(CRISPR-Cas) are adaptive immune systems employed by bacteria to reduce the prevalence of 

mobile genetic elements (MGEs), such as bacteriophage and plasmids, in their populations (11). 

Some E. faecalis encode Type II CRISPR-Cas systems, defined by the presence of cas9, and which 

consist of two main components: a CRISPR array and cas genes. The mechanism of Type II 

CRISPR-Cas systems has been well characterized (12-17). The CRISPR array consists of 36 bp 

repetitive DNA elements (repeats) interspersed by 30 bp sequences usually derived from foreign 
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DNA (spacers). The cognate spacer sequence present in foreign DNA, termed the protospacer, is 

usually located proximally to a conserved DNA sequence referred to as the protospacer adjacent 

motif (PAM). The final spacer in the CRISPR array (terminal spacer) is followed by a degenerated 

repeat (terminal repeat). During CRISPR interference, the Cas9 endonuclease is guided to DNA 

targets by CRISPR RNAs (crRNAs), which are processed transcripts derived from the CRISPR 

array. An active Cas9-crRNA targeting complex is also associated with a trans-activating crRNA 

(tracrRNA), which is partially complementary to the repeats of the CRISPR array. This targeting 

complex samples PAMs in DNA, and once it encounters a match to the affiliated crRNA spacer 

sequence, Cas9 creates a double-stranded break in the target DNA. Three Type II CRISPR occur 

with variable distributions in the E. faecalis species, including two that possess cas genes 

(CRISPR1 and CRISPR3, which are Type II-A systems (18)), and one orphan array (CRISPR2) 

that is ubiquitous but lacks associated cas genes (9, 19, 20). The orphan locus possesses repeats 

identical to those in CRISPR1, but not CRISPR3. Further, the consensus PAM sequences for 

CRISPR1-Cas and CRISPR are identical (NGG), while the PAM for CRISPR3 is distinct 

(NNRTA) (21). The cas9 associated with CRISPR3 is distinct in sequence and function from the 

CRISPR1 cas9. We have previously shown that CRISPR3-Cas9 cannot confer defense from 

conjugative plasmids using CRISPR2 spacers (21). 

 

An inverse correlation between the occurrence of Type II CRISPR-Cas systems and antibiotic 

resistance has been reported for E. faecalis (19). All E. faecalis isolates possess a CRISPR2, but 

most MDR strains lack the functional CRISPR1-Cas or CRISPR3-Cas systems (19, 20). In this 

study, using conjugation assays, we find that CRISPR2 is functional for sequence interference in 
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otherwise cas-deficient MDR E. faecalis isolates upon the introduction of CRISPR1-cas9. We 

provide a mechanism for the ubiquitous presence of CRISPR2 in MDR enterococci despite the 

locus being natively inactive for genome defense in those strains. Intriguingly, we also find that E. 

faecalis can temporarily tolerate CRISPR-targeted plasmids, and that strains forced to maintain 

CRISPR targets exhibit a growth defect and can be outcompeted by other strains. We present a 

novel approach to alter the structure of E. faecalis populations by exploiting CRISPR-Cas, 

selection, and intraspecies competition. This approach could be applied in the future to reduce 

intestinal carriage of MDR E. faecalis and the risk of MDR E. faecalis infections occurring 

secondary to antibiotic therapy in high-risk patients (22-25).  

 

2.4 Results 

Design of a rapidly modifiable conjugation assay to study CRISPR function in E. faecalis. 

V583 is a model MDR E. faecalis strain, and was the first fully sequenced vancomycin-resistant 

isolate in the U.S. (8). It possesses an expanded genome relative to commensal isolates, and its 

sole CRISPR locus is the orphan CRISPR2 (7, 9). We have previously reported that CRISPR-Cas 

lowers the frequency of acquisition of large (50-70 kbp) conjugative pheromone responsive 

plasmids (PRPs) in E. faecalis T11, a strain closely related to V583 but lacking the HGT-driven 

genome expansion characteristic of V583 (21). However, it remained to be determined whether 

the CRISPR2 locus of MDR strains possessing different spacer dispositions was also active. In 

order to test the functionality of CRISPR-Cas across a wide range of isolates, we developed a 

method to rapidly create protospacer-bearing conjugative plasmids. First, we inserted the oriT 

sequence from the pheromone-responsive plasmid pCF10 into the cloning vector pLZ12 (26), 
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creating pKH12. pKH12 was linearized via PCR using primers with overhangs engineered to 

introduce different protospacers with the CRISPR1/CRISPR2 NGG PAM sequence (21) to 

generate the pKHSX series, where X defines a spacer from our CRISPR dictionary (20). We then 

examined a series of E. faecalis strains to identify suitable plasmid donors. CK111SSp(pCF10-

101) (27) was found to be an effective donor that was able to mobilize pKH-derivatives into a 

variety of strains. Since CK111SSp(pCF10-101) encodes a CRISPR1-Cas system, we also 

generated strain C173, with ermB disrupting the CK111SSp(pCF10-101) cas9 locus. C173 was 

used as a donor to analyze the functions of spacers that are also present in the CK111SSp(pCF10-

101) CRISPR1 or CRISPR2 arrays. The experimental scheme for conjugation assays is shown in 

Figure A.1 of Appendix A. 

 

When possible, conjugation frequencies were determined as the ratio of transconjugants per donor, 

as is routine for the field. However, E. faecalis Merz96 and DS5 both showed bactericidal activity 

against CK111SSp(pCF10-101). Zones of inhibition were observed after spotting overnight 

cultures of Merz96 and DS5 onto CK111SSp(pCF10-101) lawns (data not shown). For these 

strains, conjugation frequencies were determined as the ratio of transconjugants per recipient.  

 

CRISPR1-Cas and CRISPR2 are functionally linked across diverse E. faecalis lineages. 

CRISPR1-cas and CRISPR2 are the most prevalent CRISPR loci in E. faecalis (20). These 

CRISPR arrays contain identical repeats and differ only in their conserved locations in the 

chromosome and in the sequence of the terminal repeat (discussed later). We sought to confirm 

whether we could detect CRISPR1-Cas function using conjugation assays with pKHSX plasmids 
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and if this assay could be used across genetically diverse E. faecalis isolates. We first assessed 

ATCC 4200RF, isolated from the bloodstream of a rheumatic fever patient in 1926, two years prior 

to the discovery of penicillin (28). CRISPR function in ATCC 4200RF was assessed with 

pKHS244, which contains the protospacer target for S244 present in the CRISPR1 array (Figure 

2.1A). Conjugation frequencies of plasmids containing the protospacer were normalized to those 

of pKH12. We found that pKHS244 had a 56-fold lower acquisition rate than pKH12, and this 

phenotype was lost in ATCC 4200RFΔcas9, confirming that the reduction in conjugation 

frequency was due to CRISPR interference (Figure 2.1B). Additionally, we confirmed CRISPR1 

activity in strains OG1RF and DS5 using pKHS96 and pKHS119, respectively (Figure A.2 of 

Appendix A). OG1RF is an oral commensal isolate that has been well characterized (9, 29). DS5 

is an erythromycin and tetracycline resistant isolate first described in 1974, and contains 3 

extrachromosomal plasmids (30) despite the fact that it possesses the entire CRISPR1-Cas system 

(19). Our results demonstrate that a small conjugative vector can be used as an effective tool to 

evaluate the functions of individual spacers across a multitude of E. faecalis strains. 

 

We have previously established that CRISPR1 and CRISPR2 are functionally linked in E. faecalis 

T11 (21). We confirmed this in ATCC 4200RF with plasmid pKHS11, which is targeted by S11 

on the ATCC 4200RF CRISPR2 locus. We observed a cas9-dependent decrease in conjugation 

frequency of pKHS11 relative to pKH12 (Figure 2.1C).  
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Table 2.1. Strains and plasmids used in this study 

 
Organism Strain Name Description Ref 

E. coli EC1000 a E. coli cloning host, providing repA in 

trans.F- , araD139 (ara ABC-leu)7679, 

galU, galK, lacX74, rspL, thi, repA of 

pWV01 in glgB, km 

(78) 

 
JM109  E. coli cloning host, F´ traD36 proA+B+ 

lacIq Δ(lacZ)M15/ Δ(lac-proAB) glnV44 

e14- gyrA96 recA1 relA1 endA1 thi hsdR17 

New England 

Biolabs 

E. faecalis V583 a MDR bloodstream isolate, resistant to 

vancomycin, gentamicin, and erythromycin 

(31) 

 
V649 V583 + cas9/tracrRNA This study 

 
V485 V649 with the CRISPR2 terminal repeat 

replaced with a direct repeat 

This study 

 
V254 V649 ΔPCRISPR2 This study 

 
Merz96 a MDR bloodstream isolate, resistant to 

vancomycin, gentamicin, tetracycline, and 

erythromycin 

(32) 

 
M236 Merz96 + cas9/tracrRNA This study 

 
ATCC 4200RF Spontaneous Rifampicin and Fusidic Acid 

resistant derivative of ATCC 4200 

This study 

 
ATCC 4200 

Δcas9 

ATCC 4200RF with an in frame deletion of 

cas9 

This study 
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OG1RF a Oral isolate, resistant to rifampicin and 

fusidic acid 

(29, 79) 

 CK111(pCF10-

101) b 

Spectinomycin resistant derivative of OG1 

containing repA in trans.  Utilizes pCF10 

ΔoriT to mobilize shuttle vectors containing 

pCF10 oriT 

(27) 

 
CK111SSp 

(pCF10-101) 

Spontaneous Streptomycin resistant 

derivative of CK111(pCF10-101) 

This study 

 
DS5 Isolate from unknown source, erythromycin 

resistant 

(30) 

 
C173 CK111SSp(pCF10-101) with ermB 

disrupting the cas9 locus. 

This study 

 
T11RFΔCR3cas9 T11RF with an in-frame deletion of 

CRISPR3-cas9 

(21) 

 
T11CR1 T11RFΔCR3cas9+CR1cas9 (21) 

    
 

Plasmid  Description Ref 

 
pLT06 a Carries temperature sensitive repA to select 

for chromosomal integrants and pheS to 

select for plasmid-free cells 

(74) 

 
pHA101 pLT06 + oriT (73) 

 
pWH03 pLT06 containing homologous fragments to 

GISE 

(80) 

 
pG19 pWH03 + CRISPR1-cas9/tracrRNA (21) 
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pVP31 pLT06 derivaitve used to delete CRISPR1- 

cas9 

This study 

 
pMR23 pHA101 derivative used to knock in the 

wild-type V583 CRISPR2 locus to its native 

genomic position 

This study 

 
pMR23 R-67-R-

12-R 

pHA101 derivative used to knock in the 

V583 CRISPR2 locus with the terminal 

repeat replaced with a direct repeat 

This study 

 
pMR28 pHA101 derivative used to delete the 

promoter of the CRISPR2 transcript from 

the V583 chromosome 

This study 

 
pGE17 Gibson-assembled plasmid used to insert 

ermB into the cas9 locus of CK111SSp 

This study 

 
pMSP3535 a Nisin inducible cloning vector for use in 

lactic acid bacteria 

(75) 

 
pAS201 pMSP3535 + CRISPR1-cas9 This study 

 
pGEM Commercially available E. coli cloning 

vector 

Promega 

 
pLZ12 c E. coli/Streptococcal shuttle vector (26) 

 
pKH12 pLZ12 + oriT This study 

 
pKHSX pKH12 with spacer X + NGG PAM This study 

 pCR2 pKH12 containing the V583 CRISPR2 

locus 

This study 
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 pCR2-ermB pCR2 with a spacer targeting ermB This study 

 pCR2-Phage1 pCR2 with a spacer targeting prohage 

Phage01 

This study 

 
pAM771 a non-cytolytic derivative of pAD1 

mutagenized with Tn917, carries 

erythromycin resistance 

(54) 

 

a Strain or plasmid provided by Dr. Michael Gilmore of Massachusetts Eye and Ear Infirmary 
and Harvard Medical School.   
b Strain provided by Dr. Gary Dunny of University of Minnesota 
c Plasmid provided by Dr. Breck Duerkop of University of Colorado School of Medicine. 
 

We then sought to examine if this interaction was preserved in MDR strains that natively lacked 

the CRISPR1-Cas system, since that had yet to be determined. We used the hospital-adapted 

strains V583 and Merz96, both MDR bloodstream infection isolates (31, 32). Since these strains 

lack CRISPR1-Cas, cas9 with its predicted promoter and predicted tracrRNA was introduced into 

a previously established chromosomal insertion site for expression in E. faecalis (21, 33). The 

resulting strains were designated V649 and M236, originating from V583 and Merz96, 

respectively (Figure 2.2A and Figure A.3A of Appendix A). We observed cas9-dependent 

decreases in conjugation frequencies of protospacer-bearing pKHSX plasmids relative to pKH12 

for both V583 and Merz96 derivatives (Figure 2.2B and Figure A.3B of Appendix A).  
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Figure 2.1. CRISPR defense in ATCC 4200RF. (A) ATCC 4200RF CRISPR1 and CRISPR2 
arrays are shown. Spacers assessed for functionality in CRISPR1 or CRISPR2 are shown in red. 
Fold changes of transconjugants per donor relative to pKH12 are shown for CRISPR1 using 
pKHS244 (B) and CRISPR2 using pKHS11 (C). pAS201 encodes CRISPR1-cas9 in a pMSP3535 
backbone to complement the cas9 deletion strain. Reactions containing pMSP3535 and pAS201 
were performed on BHI with erythromycin, and C173 was the donor for all reactions. The 
geometric mean and geometric standard deviation of 5 and 3 independent biological replicates for 
CRISPR1 and CRISPR2, respectively, are shown. ***p<0.001, **p<0.01. 
 

Previous transcriptional profiling performed in E. faecalis V583 (34, 35) identified bidirectional 

transcripts spanning the CRISPR2 region in V583. We independently confirmed the presence and 

start site of the transcript originating from the CRISPR2 leader region using primer extension; we 

refer to this as the CRISPR2 transcript hereafter. The transcriptional start site we identified for the 

CRISPR2 transcript occurs at 85 bp upstream of the first nucleotide of the first CRISPR2 repeat, 

which agrees with previous findings (35). To determine if CRISPR2 transcription is required for 
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genome defense, ~50 bp of its promoter was deleted from V649, creating the strain V254. V254 

shows conjugation frequencies for pKHS67 similar to that of pKH12 (Figure 2.2B). Collectively, 

these data demonstrate that functional linkage of CRISPR2 and CRISPR1-Cas9 is preserved across 

diverse lineages of E. faecalis. Moreover, CRISPR2 can be activated for genome defense in cas 

deficient MDR strains of E. faecalis. 

 

Figure 2.2. Assessment of CRISPR2 function in V583. (A) Genotypes of relevant strains are 
diagrammed. In V485, the CRISPR2 terminal repeat is replaced with a direct repeat. Spacers in 
red were experimentally determined to provide genome defense, while blue spacers do not provide 
genome defense. (B) Conjugation frequencies relative to pKH12 are plotted for pKHS67 transfer 
into V583, V649, and V254. The geometric mean and geometric standard deviation are shown for 
4 independent biological replicates. (C) Conjugation frequencies relative to pKH12 are plotted for 
pKHSL and pKHS67 transfer into V583, V649, and V485. pKHSL contains the S12 sequence 
from the V583 CRISPR2 array. The geometric mean and geometric standard deviation for 3 
independent biological replicates are shown. ***p<0.001, **p<0.01. 
 



 

57 

Sequence-degenerated terminal repeats create functionally inactivated terminal spacers. In 

many CRISPR-Cas loci, the terminal CRISPR repeat is degenerated in sequence relative to the 

direct repeats (36-38). CRISPR2 terminal repeats completely degenerate after 19 bp, and the 

majority of arrays (including in V583) contain two polymorphisms within those 19 bp. These 

two polymorphisms are not observed in the majority of CRISPR1 terminal repeats, which 

degenerate after 22 bp (Figure A.4 of Appendix A). We hypothesized that the degeneracy of the 

terminal repeats of both CRISPR1 and CRISPR2 causes a loss of function in the terminal spacer, 

since the association of the crRNA with the tracrRNA would be disrupted. V583 contains two 

spacers: S67, the target of our previous assay (see Figure 2.2A), and S12, which is associated 

with the terminal repeat. We first examined whether S12 was functional for genome defense. To 

avoid confusion, we named the engineered plasmid with the S12 protospacer target, pKHSL. As 

predicted, pKHSL conjugation frequency was equivalent to pKH12 in V649, revealing the lack 

of function of S12. This phenomenon was also apparent for terminal spacers in both the 

CRISPR1 and CRISPR2 arrays in ATCC 4200RF, as the deletion of cas9 had no effect on the 

conjugation frequencies of plasmids bearing a terminal protospacer (Figure A.5A-B of Appendix 

A). To confirm that this was due to the degenerated repeat, we replaced the terminal repeat in 

V649 with a direct repeat, creating the strain V485 (Figure 2.2A). In V485, S12 is active for 

interference (Figure 2.2C).  

  

Effect of CRISPR-plasmid incompatibility on maintenance of plasmids and spacers. Despite 

the fact that the intact CRISPR-Cas interference machinery in V649 targets pKHS67 for cleavage, 

we were still able to obtain transconjugants at approximately ~105 CFU/mL, in agreement with 



 

58 

previous findings for the native CRISPR3-Cas system of E. faecalis T11 (21). This initially 

suggested that a large number of cells with CRISPR-inactivating mutations existed in the recipient 

population. If the CRISPR machinery was mutated before conjugation occurred, no change should 

occur in the maintenance of plasmids. To assess this, we conjugated pKHS67 into V583 and V649, 

and passaged two transconjugants each for 14 days. Cas9-dependent plasmid loss was observed in 

pKHS67 transconjugants in the absence of selection for the plasmid (Figure 2.3). CRISPR 

adaptation (i.e., new spacer addition) against pKHS67 was not observed. We infer that the 

CRISPR-Cas machinery was functional in the V649 transconjugants prior to conjugation.  

 

We next examined the effect of forced maintenance of CRISPR targets over time. We monitored 

spacer deletion, as this is a rapidly screenable phenotype for variation in the CRISPR locus. 

Amplification of CRISPR2 from each passage revealed spacer loss events in 2 of 4 V649 pKHS67 

transconjugants passaged with antibiotic selection for the plasmid (Figure 2.4A). The other 2 V649 

pKHS67 transconjugants maintained pKHS67 with selection over the course of 14 days with no 

detectable spacer deletion events. These results are summarized in Figure 2.4. Importantly, we 

observe that E. faecalis cells can proliferate for days with their CRISPR-Cas system in conflict 

with a CRISPR target. Our results are in contrast with previous findings in other organisms, where 

the investigators describe the inability for CRISPR systems and their targets to co-exist in the same 

cell without mutations (39-42). In E. faecalis, forced maintenance of a CRISPR target results in a 

fitness cost to the cell (Figure A.7 of Appendix A). We propose that, during passaging with or 

without selection, cells that are best adapted to overcome the CRISPR-induced fitness cost 

proliferate over time. When selection for the plasmid is present, the most competitive mutants have 
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compromised the integrity of the CRISPR-Cas machinery likely through multiple mechanisms, 

one of which is spacer deletion. In the absence of selection, the fitness cost is overcome by plasmid 

loss. 

 

Figure 2.3. Plasmids are lost in a cas9-dependent manner in the absence of selection. Fraction 
of cells containing pKHS67 was determined by CFU-camR/Total CFU. Cultures were passaged 
for 2 weeks in the absence of chloramphenicol. The geometric mean and geometric standard 
deviation from two independent biological replicates each from two transconjugants (total 4 
unique transconjugants) are shown. Strains are defined in Figure 2.3. 
 

Terminal degenerate repeats prevent homologous recombination in E. faecalis CRISPR2. 

The development of the spacer deletion assay allowed us to examine a largely unexplained 

characteristic of endogenous CRISPR systems: the role of terminal repeats and the conservation 

of terminal spacers (20, 37, 43, 44). To quantify this conservation, we returned to our previous 

analysis of CRISPR2 arrays in E. faecalis (20). We generated a conservation index defined by the 

probability of a spacer in a particular position only existing in that position, taking into account 78 
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unique CRISPR2 arrays (Figure A.6 of Appendix A). Expectedly, the fractional conservation value 

of the terminal spacer is 0.999; that is, if a spacer is found in the terminal position, it is likely to 

only exist in the terminal position. Spacers upstream in the array show fractional conservation 

values of ~0.5, meaning that there is a 50% probability that a spacer found upstream in the array 

will be found in the same position in a different array. Therefore, terminal spacers are the least 

likely to be lost from the CRISPR array. 

  

Since we observe that terminal spacers are naturally non-functional for genome defense due to the 

degenerate downstream repeat (Figure 2.2C), it was of interest to determine if any evolutionary 

advantage is provided by the terminal degenerate repeats. A previous study proposed that terminal 

repeats act as “anchor” units to preserve CRISPR integrity by preventing homologous 

recombination (38). Moreover, it is widely understood that terminal spacers correspond to the 

“oldest” memories of the CRISPR array, since adaptation occurs at the leader end (45, 46). In our 

spacer deletion assay, consistent with the proposed role of terminal spacers to prevent homologous 

recombination, we observed only non-terminal spacer deletions when selection was applied to 

V649 pKHS67 transconjugants (Figure 2.4). We also passaged V485 pKHS67 transconjugants for 

14 days, observing terminal and non-terminal spacer deletions in 2 of 3 cases. To increase the 

sample size, pKHS67 was conjugated into V649 and V485, and ten transconjugants each were 

passaged with selection for ten days. Three terminal spacer deletion events were observed in V485, 

while no terminal spacer deletion events were observed in V649 (Figure 2.4B). This observation 

provides evidence that terminal degenerate repeats in CRISPR2 prevent homologous 
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recombination and facilitate the persistence of the ubiquitous CRISPR2 array in E. faecalis. 

Additionally, this phenomenon helps explain the high degree of conservation of terminal spacers. 

 

Figure 2.4. Effects of antibiotic selection on spacer content, and the role of terminal repeats. 
(A) Experimental schematic for spacer deletion assay. Transconjugants of V583, V649, and V485 
with pKHS67 were passaged in the presence of chloramphenicol selection and CRISPR2 size was 
monitored across 14 days. Representative gel images are shown for all 14 days. −, negative control 
(water); +, positive control (V583 gDNA). (B) The experiment from (A) was repeated only for 10 
transconjugants each of V649 and V485, and the CRISPR2 sizes from day 10 are shown for all 10 
clones. Blue star indicates two-spacer deletions, which were only observable with V485. 
 

CRISPR-plasmid incompatibility alters population structure. We observed that 

transconjugants with plasmids in conflict with CRISPR spacers exhibited an extended lag phase 

when grown with selection (chloramphenicol), while control transconjugants exhibited no such 

defect (Figure A.7 of Appendix A). We hypothesized that this growth defect, in the presence of 

selection, could be exploited for the selective removal of strains based on CRISPR incompatibility. 

To test this, conjugation reactions containing mixed donors, recipients, and transconjugants were 
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used as inocula for overnight cultures supplemented with chloramphenicol. This allows for a 

measurement of the competitive fitness of each strain when forced to maintain a plasmid. CFU 

counts of donors and transconjugants were conducted from the mating reaction itself and from 

each day of chloramphenicol passaging. Changes between the relative abundance of each strain 

before and after chloramphenicol passaging would reveal any inhibitory effects of forced 

maintenance of CRISPR targets in competitive environments relative to controls. 

 

First, we examined the effects of using the donor strain CK111SSp(pCF10-101) as the competitor 

against V583 and V649 using a 1/1,000 dilution of the conjugation reaction in BHI supplemented 

with chloramphenicol. We used pKH12 and pKHS67 to confer either no defense or CRISPR 

interference against the plasmid, respectively, in V649. When pKH12 and pKHS67 are conjugated 

into V583, V583 remains abundant in the population chloramphenicol passage (Figure 2.5A-B) 

and is ultimately able to outcompete CK111SSp(pCF10-101). Similarly, when pKH12 is 

conjugated to V649, CK111SSp(pCF10-101) is also ultimately outcompeted (Figure 2.5C). 

However, when pKHS67 is conjugated to V649, the V649 CFU is dramatically reduced in the 

population when passaged in chloramphenicol, while CK111SSp(pCF10-101) remains abundant 

(Figure 2.5D). Importantly, our data suggest that V583 and V649 naturally outcompete 

CK111SSp(pCF10-101) in BHI when no CRISPR conflict is present. However, when CRISPR 

conflict is applied, the opposite effect is seen. We also note that a 1/10,000 dilution of the mating 

reaction yields similar experimental results but requires fewer days of passaging (Figure A.8 of 

Appendix A), and this higher dilution was utilized for subsequent experiments. This demonstrates 
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that competitive environments and CRISPR incompatibility can be used to remove certain MDR 

E. faecalis from a population in vitro. 

 

Figure 2.5. CRISPR alters population structure in vitro in a two-strain competition. 
Conjugation competition assays were performed with CK111SSp(pCF10-101) and V583 with (A) 
pKH12 and (B) pKHS67 using a 1/1000 dilution of the initial mating reaction for the first 
chloramphenicol passage. Experiments with CK111SSp(pCF10-101) and V649 were 
simultaneously performed with (C) pKH12 and (D) pKHS67. ‘X’ values indicate those that fell 
below the threshold of detection. Geometric mean and standard deviation are shown for 3 
independent biological replicates. V583 and V649 genotypes have been shown again for clarity. 
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Figure 2.6. CRISPR defense alters population structure. The relative abundances of V583, 
V649, CK111SSp(pCF10-101), and ATCC 4200RF carrying a plasmid are plotted against the 
number of passages in chloramphenicol. Independent replicates are shown along with the 
geometric mean and geometric standard deviation. CK111SSp(pCF10-101), ATCC 4200RF, and 
V583 were propagated with (A) pKH12, (B) pKHS11 and (C) pKHS67. CK111SSp(pCF10-101), 
ATCC 4200RF, and V649 were also propagated with (D) pKH12, (E) pKHS11 and (F) pKHS67. 
The fraction of chloramphenicol resistant population was determined by strain-specific camR 
CFU/total camR CFU. ‘X’ indicate values that fell below the threshold of detection. Strain 
genotypes are shown for clarity. 
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To examine this effect on more complex systems, we conjugated pKH12, pKHS11, and pKHS67 

from CK111SSp(pCF10-101) into ATCC 4200RF (possesses CRISPR1-Cas and S11) and either 

V583 or V649 (possess S67 but differ in cas9 presence). As expected, when pKHS67 is propagated 

in the population, V649 falls to 0.001% of the population after the chloramphenicol passage. 

However, when pKHS11 is propagated, ATCC 4200RF falls below the threshold of detection, and 

V649 and CK111SSp(pCF10-101) dominate the population. It should be noted that in almost all 

experimental scenarios, V583 and V649 are more competitive than ATCC 4200RF. Only when 

challenged with CRISPR incompatibility by pKHS67 is V649 less competitive than ATCC 

4200RF. Expectedly, V583 is never removed from the population since it lacks a functional 

CRISPR-Cas system. This experiment is summarized in Figure 2.6.  

 

CRISPR-mediated removal of antibiotic resistance genes. In natural E. faecalis populations, 

antibiotic resistance genes and virulence factors are often disseminated on PRPs, which are large 

mobilizable plasmids unique to the E. faecalis species, and which often encode toxin-antitoxin 

systems or bacteriocins to promote self-preservation (47-49). Targeting PRPs may be a viable 

method to combat the spread of antibiotic resistance and virulence genes in E. faecalis. Previous 

studies have shown that the employment of self-targeting spacers is lethal to bacteria (40, 41, 50-

52). However, in E. faecalis, we find that CRISPR systems and their targets can temporarily co-

exist in the same cell, albeit at a fitness cost. We sought to capitalize on this and utilize CRISPR 

targeting in conjunction with competition to selectively deplete antibiotic resistance from 

enterococcal populations.  
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To engineer self-targeting constructs, we inserted the entire CRISPR2 locus from V583 into 

pKH12, generating pCR2. We then manipulated this locus to target two genes in V583: the ermB 

gene encoding erythromycin resistance located on the PRP pTEF1, and the EF0348 locus 

(encoding a putative phage tail protein) located on prophage 1 (8), generating pCR2-ermB and 

pCR2-Phage1, respectively. These plasmids were introduced into CK111SSp(pCF10-101) and 

conjugated into V583 and V649. Similar to native CRISPR-Cas defense, we observed a cas9-

dependent reduction in pCR2-ermB and pCR2-Phage1 conjugation frequency relative to pCR2 

(Figure 2.7A-B). However, what we term here as a reduction in “conjugation frequency” should 

be further examined, since neither pCR2 derivative is targeted by the chromosomal CRISPR-Cas 

system. Rather, we hypothesize that the reduction in apparent conjugation frequency is due to 

growth inhibition in competitive mixtures. During initial growth of the conjugation reaction, cells 

that are subject to genomic ‘self-targeting’ are less competitive, which allows surrounding cells 

(donors and plasmid-free recipients) to outcompete transconjugants during the course of the 

mating reaction. This results in significantly fewer transconjugants observed relative to controls. 

Nonetheless, our data show that targeting a native PRP in V649 was as detrimental to V649 as 

targeting a chromosomal region. This is presumably because pTEF1 loss activates toxin-mediated 

killing via its predicted toxin-antitoxin system (48). Importantly, V649 transconjugants containing 

pCR2-ermB retained phenotypic resistance to erythromycin despite CRISPR targeting of ermB 

(data not shown). However, they exhibited a growth defect with chloramphenicol selection for 

pCR2-ermB (Figure A.7 of Appendix A). 
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We subsequently used pCR2-ermB to target pAM771; this plasmid is a non-cytolytic derivative of 

pAD1, a well-characterized PRP, which was obtained by mutagenesis with Tn917 conferring 

erythromycin resistance via ermB (53, 54). We generated pAM771 transconjugants in a CRISPR3 

cas9 deletion mutant of E. faecalis T11, and a derivative of this strain expressing CRISPR1-cas9 

and tracrRNA (referred to as T11CR1 (21)). These ermB-encoding transconjugants were then used 

as recipients for conjugation with pCR2 and pCR2-ermB. We found that there was no reduction in 

conjugation frequency into these strains when transconjugants were selected with chloramphenicol 

(for pCR2 transconjugants) and rifampicin plus fusidic acid (for recipient cells). However, the 

number of transconjugants that retained erythromycin resistance was reduced 261-fold when 

pCR2-ermB was conjugated into T11CR1 (Figure 2.7C). We conclude that pTEF1 loss is not well 

tolerated by V649 but pAM771 loss is easily tolerated by T11CR1. 

 

Finally, we evaluated the effect of targeting ermB in conjugation-competition assays, using 

CK111SSp(pCF10-101) as the donor and V649 (natively possesses pTEF1) and T11CR1 pAM771 

as recipients (Figure 2.8A). When pCR2-ermB is propagated, erythromycin-resistant CFU 

decrease to 0.016% of the population, while the total V649 CFU falls below the threshold of 

detection after one passage in chloramphenicol. T11CR1 remains abundant, further emphasizing 

that loss of pAM771 is well tolerated by T11CR1. The total erythromycin resistant CFU is greater 

than total V649 CFU, indicating that residual erythromycin resistance in the population is due to 

pAM771. As expected, erythromycin resistance is not eliminated when pCR2 is propagated 

(Figure 2.8). If T11CR1 pAM771 is excluded from the experiment (competition only with V649 

and CK111SSp(pCF10-101)), threshold of detection (Figure A.10 of Appendix A). Taken together 
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Figure 2.7. Transfer frequencies of 'self-targeting' plasmid constructs. (A) Conjugation 
frequency with pCR2-ermB are shown relative to pCR2 in V583 and V649. Transconjugants were 
selected on vancomycin and chloramphenicol. (B) Conjugation frequency with pCR2-Phage1 are 
shown relative to pCR2 in V583 and V649. (C) Conjugation frequency of pCR2-ermB are shown 
relative to pCR2 with varying transconjugant selection in T11RFΔCR3cas9 and T11CR1. The 
geometric mean and geometric standard deviation of 3 independent biological replicates are 
shown. **p<0.01, ***p<0.001. 
 

we conclude that pAM771, but not T11CR1, is suppressed by targeting ermB since loss of 

pAM771 is tolerated, while V649 is eliminated if pCR2-ermB is propagated since loss of pTEF1 

is not tolerated. Our data indicate that CRISPR delivery via conjugation induces a fitness cost in 

the presence of selection that can be exploited in competitive environments to reduce the 

prevalence of specific genes and specific MDR strains from E. faecalis populations. 
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Figure 2.8. CRISPR targeting removes specific antibiotic resistances from populations in 
vitro. (A) Genotypes of select strains and plasmids are shown. (B–C) Conjugation-competition 
assays are shown, similar to those in Figure 2.7. T11CR1 carrying pAM771 was used, but 
transconjugants were selected on only rifampicin, fusidic acid, and chloramphenicol to assess if 
T11CR1 was able to survive with the loss of pAM771. V649 possesses ermB on pTEF1. Total 
ermR CFU accounts for both V649 and T11RF+pAM771. ‘X’ indicate values that fell below the 
threshold of detection. 
 

CRISPR self-targeting does not induce recA expression in E. faecalis. We additionally sought 

to identify a potential mechanism by which CRISPR targets are able to be transiently maintained 

in E. faecalis despite active CRISPR-Cas systems. A previous study showed that expression of 

chromosomal CRISPR targeting in E. coli induced the SOS response, specifically activating recA 
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(55). We examined if chromosomal targeting by CRISPR-Cas induced a similar DNA damage 

response in E. faecalis. V649 pCR2 and pCR2-Phage1 transconjugants were harvested directly 

from transconjugant selection plates and used for RNA isolation. Subsequent culturing was 

avoided in order to limit the potential for CRISPR-related mutations that could accumulate over 

time. As a control, we induced the SOS response in E. faecalis cultures with the fluoroquinolone 

levofloxacin (LVX). Fluoroquinolones induce a canonical DNA damage response in enterococci 

and other bacteria (56, 57). We observed a 26-fold increase in recA transcript levels in cultures 

treated with LVX, while V649 pCR2-Phage1 transconjugants displayed a 1.7-fold decrease in recA 

transcript levels relative to V649 pCR2 transconjugants (Figure A.9A of Appendix A). We 

simultaneously performed live/dead assays and found a small but statistically significant increase 

in cell death upon chromosomal CRISPR targeting (Figure A.9B of Appendix A). These results 

suggest that CRISPR chromosomal targeting does not induce a canonical DNA damage response 

in E. faecalis.  

 

2.5 Discussion 

In this study, we activated the orphan CRISPR2 locus of MDR E. faecalis for anti-plasmid genome 

defense. However, a large transconjugant pool still arises despite active CRISPR defense. Over 

time, these transconjugants lose plasmids when selection is absent and can lose spacers if selection 

is applied. Using this spacer loss assay, we show that CRISPR2 terminal repeats prevent terminal 

spacer loss, suggesting that CRISPR systems have an intrinsic mechanism for self-preservation. 

Even though plasmids can evade CRISPR interference at a high frequency, this limitation is 

overcome by intraspecies competition. E. faecalis strains exhibit growth defects when forced to 
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maintain conflicts between CRISPR-Cas and its targets. Exploiting this phenomenon, we show 

that CRISPR-Cas can be used to deplete specific strains or antibiotic resistance genes from a 

population in vitro. The ability for CRISPR-assisted E. faecalis population control remains to be 

assessed in vivo. Future studies will seek to optimize the current system in vivo. 

 

Terminal degenerate repeats and highly conserved terminal spacers are a common characteristic 

of many CRISPR systems. It has been previously proposed that the terminal degenerate repeats 

“anchor” the CRISPR array (38). We show that CRISPR2 terminal repeats can prevent 

recombination, but the evolutionary advantage remains unclear, especially since it has been shown 

that a single direct repeat alone is sufficient to promote spacer adaptation in E. coli and S. 

thermophilus (58, 59). In agreement with our findings, the smallest CRISPR2 array observed in E. 

faecalis consists of a direct repeat followed by a single spacer and a terminal repeat (20). 

Degeneracy in the terminal repeat may have been selected over time, preventing complete loss of 

the CRISPR array, and as a consequence, the terminal spacer lost CRISPR interference 

functionality. Moreover, that terminal spacers are functionally inactive for genome defense means 

that they are not subject to conflicts with protospacer-bearing elements, which may also explain 

their conservation.  

  

A particularly striking feature of CRISPR systems in E. faecalis is the ability of the targeted DNA 

to temporarily coexist with the CRISPR-Cas system. It has been previously shown that CRISPR-

Cas systems and their targets cannot coexist in the same cell. This phenomenon has been observed 

in E. coli, Sulfolobus, and various streptococci (40, 60-63). In a thorough investigation of CRISPR-
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Cas in S. epidermidis, Jiang, et al detected transconjugants at very low frequencies, and found that 

they all contained mutations that inactivated the CRISPR system (42). Similarly, a dramatic 

inhibition of growth was observed when CRISPR self-targeting was induced in Pectobacterium 

atrosepticum, which led to growth inhibition and cellular elongation and filamentation, which are 

indicators of the SOS response (64). CRISPR-induced toxicity was also found to induce the SOS 

response in E. coli at low cas9 expression levels (55). This is in direct contrast to our findings, 

where CRISPR conflict does not result in recA up-regulation. However, Pseudomonas aeruginosa 

displays characteristics of CRISPR interference similar to that of E. faecalis, where a targeted 

plasmid is acquired, but gradually lost from the population over time due to CRISPR interference 

(65). Similar to our observations in E. faecalis, strikingly large numbers of “escape mutants” were 

observed for P. aeruginosa. This delayed activity was attributed to the ability for plasmid 

replication to titrate out Cas9 targeting complexes. Our study is distinct in that we include 

chromosome-targeting constructs, which would not be limited by plasmid replication, and find that 

similarly large transconjugant pools appear. This suggests that plasmid copy number titrating Cas9 

targeting complexes does not completely explain the transient tolerance of CRISPR targets.  

 

Previous analysis of native E. faecalis CRISPR3-Cas also described a large number of purported 

“escape mutants” that arose despite CRISPR defense (21); the mechanism of escape was not 

investigated in that study. Our data suggest that these transconjugants may better be classified as 

“unstable”. Based on the conditions subsequently applied, the cells stabilize themselves by 

adapting to the new environment, resulting in either CRISPR loss or plasmid loss. The basis for 

these transconjugants may be efficient DNA repair or stress response mechanisms that allow cells 
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to survive chromosome cleavage by Cas9, or the induction of genes that transiently repress the 

CRISPR system, but this is speculative. It is also possible that this phenotype is due to low native 

expression of cas9. If this were the case, it would suggest that E. faecalis has evolved to 

temporarily tolerate CRISPR targets, perhaps as a mechanism to enhance population-level genetic 

diversity. This could prove beneficial, particularly in environments where acquisition of a mobile 

genetic element is advantageous for survival. Further studies, such as RNA sequencing, are 

required to elucidate the mechanism of E. faecalis tolerance to CRISPR-Cas toxicity. It will also 

be of interest to use deep sequencing to fully elucidate the evolutionary outcomes of CRISPR-

protospacer conflicts in E. faecalis populations and provide greater resolution beyond the spacer 

deletion assays used here.  

   

An application for CRISPR-mediated toxicity is in the selective depletion of hospital-adapted 

strains from heterogeneous populations. CRISPR targeting to distinguish very closely related 

strains was first demonstrated in E. coli (41). Delivery of CRISPR-Cas systems is a major 

challenge to establishing CRISPR therapeutics, and has been studied using bacteriophage (51, 52, 

66). However, a major limitation to phage delivery of CRISPR systems is narrow host range and 

incomplete delivery (67). Moreover, E. faecalis has been shown to readily acquire resistance to 

phage via receptor mutations (68). Conjugative delivery has been previously examined in E. coli 

(51), but the investigators found very few viable transconjugants when introducing plasmids 

targeting the host chromosome via CRISPR. This is in contrast to what we observe in E. faecalis, 

where a large pool of transconjugants readily emerges despite CRISPR-Cas activity. We can 

exploit this by manipulating intra-species competition and CRISPR-Cas interference to deplete 
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certain E. faecalis genes and strains from mixed populations. In this study, we used antibiotic 

selection to provide a competitive advantage to strains that readily accepted and maintained the 

plasmid. We showed that E. faecalis populations can be altered in vitro using this strategy. 

CRISPR-Cas may be a viable tool to alter in vivo E. faecalis populations as well. To deploy this 

system in vivo, however, it will be more feasible to utilize naturally occurring conjugative vectors 

such as the PRPs. PRPs have previously been shown to provide selective advantages in vivo 

through bacteriocin production, mimicking the antibiotic selection used in this study (69). Future 

studies will test the abilities of CRISPR constructs deployed on PRPs conferring beneficial 

competitive traits such as bacteriocins to manipulate E. faecalis populations in vitro and in vivo.  

 

The use of CRISPR-Cas a tool to modify population structure is extremely attractive, due to its 

highly specific activity against particular strains, leaving the remainder of the microbiome intact. 

As demonstrated by our in vitro work, CRISPR-Cas employed on conjugative vectors that target 

antibiotic resistance genes can actively suppress proliferation of other conjugative vectors that 

harbor the targeted genes. Furthermore, drug-sensitive E. faecalis are already used as commercial 

probiotics (70-72). The use of CRISPR targeting constructs in combination with cas9 to influence 

enterococcal populations, perhaps using probiotic E. faecalis armed with narrow host range 

conjugative delivery vectors, could be helpful in reducing MDR enterococcal bloodstream 

infections in antibiotic-treated patients at high risk for intestinal outgrowth with these organisms 

(22-25). 
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2.6 Materials and Methods 

Bacterial strains, growth conditions, and routine molecular biology procedures. E. coli strains 

EC1000 and JM109 were routinely cultured in LB at 37°C and shaken at 220 rpm for broth 

cultures, unless otherwise mentioned. All E. faecalis strains were routinely cultured in Brain-Heart 

Infusion (BHI) broth or agar at 37°C unless otherwise mentioned. Antibiotics were used in the 

following concentrations: chloramphenicol (cam), 15 µg/mL; erythromycin (erm), 50 µg/mL; 

vancomycin, 10 µg/mL; streptomycin, 500 µg/mL; spectinomycin, 500 µg/mL, rifampicin, 50 

µg/mL; fusidic acid, 25 µg/mL, ampicillin (for E. coli), 100 µg/mL. Routine PCR for screening 

and sequencing was performed with Taq DNA Polymerase (New England Biolabs, Ipswich, USA). 

For cloning applications, Q5 DNA Polymerase (New England Biolabs) or Phusion DNA 

Polymerase (Fisher, Waltham, MA) were used. Calf Intestinal Phosphatase and Polynucleotide 

Kinase (New England Biolabs) were used as routine phosphatases and kinases as per 

manufacturer’s instructions. Restriction enzymes were acquired from New England Biolabs. 

Genomic DNA was isolated for routine PCR using the MO BIO Microbial DNA Isolation Kit. 

Plasmids and PCR products were purified with the GeneJet Plasmid Purification Kit (Fisher) and 

the PureLink PCR Purification Kit (Fisher). Sanger sequencing to confirm all genetic 

manipulations of bacterial strains and plasmids was carried out at the Massachusetts General 

Hospital DNA Core Facility. DNA oligos were synthesized by Sigma-Aldrich (St. Louis, MO). 

Routine plasmid cloning hosts were E. coli EC1000 or JM109 (for pGEM). JM109 chemically 

competent cells, EC1000 electrocompetent cells, and E. faecalis electrocompetent cells were 

prepared using a modification of a previously published protocol (73), wherein cultures were 

pelleted, divided into two tubes and resuspended in 0.5 mLs of lysozyme prior to incubation and 
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washing 3X with electroporation buffer. A full list of strains used is shown in Table 2.1 and primers 

used in this study are listed in Table A.1 of Appendix A. Parental bacterial strains and plasmids 

were obtained from our prior studies or from colleagues in the field (see Table 2.1 for more 

information). Genome sequence is publicly available (https://www.ncbi.nlm.nih.gov/genome/) for 

all parental E. faecalis strains used in this study.  

  

Generation of pKH and pCR2 derivatives to assess CRISPR function in E. faecalis. The oriT 

region of pHA101 (73) was cloned into the SalI restriction site of pLZ12 (26). The resulting 

plasmid was designated pKH12, and was confirmed as being able to conjugate from 

CK111SSp(pCF10-101) donors into a variety of recipients at high frequencies. pKH12 was 

linearized via PCR with primers that contained the protospacer and NGG PAM sequences, and the 

linear plasmid was phosphorylated and self-ligated to generate pKHSX, where X defines a spacer 

from our dictionary (20). All pKHSX plasmids were propagated in EC1000 and sequenced prior 

to introduction into CK111SSp(pCF10-101) for conjugation experiments. To generate pCR2, we 

linearized pKH12 in a similar scheme as generating pKHSX derivatives and inserted the CRISPR2 

locus of V583. Modifications to pCR2 were created by linearizing pCR2 around the CRISPR2 

locus (immediately adjacent to the first repeat and terminal repeat) and inserting a repeat-spacer-

repeat unit containing spacers targeting ermB and Phage1. All protospacer and spacer sequences 

with adjacent regions were sequenced-verified and possess 100% identity to the cognate 

spacer/protospacer and PAM. The sequence of pCR2 has been deposited in Genbank under the 

accession number MF157411.  
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Plasmid construction for genome manipulation. Plasmids used to modify the E. faecalis 

chromosome (with the exception of CK111SSp(pCF10-101)) were derived from pLT06 or 

pHA101 (73, 74). Plasmid pVP31, used to delete CRISPR1-cas9, was created by ligating 

XmaI/XbaI digested pLT06 to appropriate fragments upstream and downstream of cas9 in ATCC 

4200RF. Plasmid pG19 was generated previously (21). pMR23, used to chromosomally integrate 

the wild-type CRISPR2 locus of V583 in its native position, was created by ligating BamHI-

digested pHA101 with a fragment containing the V583 CRISPR2 locus with approximately 1 kb 

upstream and downstream segments. Plasmid pMR28, used to create a CRISPR2 promoter 

knockout in V583 derivatives, was generated by SphI ligation of fragments conferring the 

promoter deletion that were subsequently cloned into the EcoRI site of pHA101. To replace the 

terminal repeat with a direct repeat, pMR23 was linearized around the terminal repeat and two 

phosphorylated 36bp direct repeat oligos were annealed and blunt-end ligated. All plasmids 

described in this section were mated into the desired strains from CK111(pCF10-101) derivatives, 

with the exception of pVP31 and pG19, which lack the oriT sequence necessary for conjugation. 

Electroporation was performed instead for pVP31 and pG19. To complement the CRISPR1-cas9 

deletion in trans, we cloned cas9 into pMSP3535 (75) at PstI/XhoI. The resulting plasmid was 

named pAS201. 

  

Since CK111SSp(pCF10-101) encodes repA on the chromosome, it cannot be modified using 

derivatives of the previously mentioned plasmids, which rely on a temperature sensitive repA to 

create chromosomal modifications. To inactivate the native CK111SSp(pCF10-101) CRISPR1 

system and simultaneously introduce erythromycin resistance, we created plasmid pGE17 using 
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the HiFi DNA Master Mix (New England Biolabs). pGE17 contains the pGEM origin of 

replication, and appropriate arms and insert to introduce ermB to interrupt the cas9 locus. 

Additionally, pheS* and cat from pLT06 were included outside the homologous arms to provide 

appropriate selection and counter-selection. A full list of plasmids used in this study are shown in 

Table 2.1. 

  

Creation of chromosomal modifications. Modifications to E. faecalis strains other than 

CK111SSp(pCF10-101) were performed as previously described, using para-chloro-

phenylalanine counterselection coupled with temperature shift (74, 76). To generate the insertion 

of ermB into the cas9 locus of CK111SSp(pCF10-101), plasmid pGE17 was electroporated in 

large quantities (>2.5 µg) into CK111SSp(pCF10-101) and plated on BHI supplemented with 

chloramphenicol. Since pGE17 cannot extra-chromosomally replicate in E. faecalis, transformants 

were integrants that were resistant to both chloramphenicol and erythromycin, and usually 

appeared within 3-5 days. These integrants were inoculated in media containing both antibiotics 

(to make stocks and confirm integration), and subsequently passaged in BHI supplemented with 

only erythromycin. The resulting culture was diluted and plated on MM9YEG containing p-Cl-

phenylalanine to select recombinants that lost the plasmid backbone. Erythromycin-resistant 

colonies that were chloramphenicol-sensitive were sequence confirmed as having the ermB 

cassette interrupting cas9.  

  

Conjugation and conjugation-competition assays. 1 mL of overnight (~18 h) cultures of donors 

and recipients were each washed in 1X PBS to remove excess antibiotic and media, and 
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subsequently added to 5 mL of BHI containing no antibiotics. Cultures were incubated for 1.5 

hours, after which 100 µL of the donor strain was mixed with 900 µL of the recipient strain, spread 

on BHI agar, and incubated overnight. Lawns were then scraped in PBS and dilutions were 

inoculated on plates containing appropriate antibiotics. Selection plates were subsequently 

incubated at 37°C or 30°C (for plasmids containing repAts). For experiments assessing CRISPR 

function, independent tests were performed to verify that cross-resistance to the selection for 

donors or recipients did not occur.  

  

To evaluate the effects of CRISPR systems in competitive environments, the conjugation reaction 

obtained after plate scraping was diluted 1000-fold or 10,000-fold in BHI with chloramphenicol 

and incubated at 37°C overnight. CFU for each strain containing the plasmid were measured by 

plating on BHI containing chloramphenicol and appropriate antibiotics to differentiate unique 

strains. For reactions with two recipients, a "Donor: Recipient 1: Recipient 2" ratio of 1:4.5:4.5 

was used. 

  

Evolution Assay. For each transconjugant colony assessed, half of the colony was inoculated into 

BHI, and half into BHI supplemented with chloramphenicol. Cultures were passaged daily for up 

to 2 weeks using 1:1000 dilutions from overnight cultures. Each day, the size of the CRISPR2 

locus was monitored via PCR using primers CR2 Seq For and CR2 Rev (Table A.1 of Appendix 

A). Additionally, dilutions were plated on BHI and BHI supplemented with chloramphenicol to 

measure the retention of plasmids within the population. 
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Statistical Analysis. In a previous study (20), we examined CRISPR2 arrays across 228 previously 

sequenced E. faecalis isolates. Filtering out redundant CRISPR2 arrays and spacers that occurred 

only once in the dataset, we calculated the frequency at which a particular spacer appears in a 

given position in the array, as a fraction of the total number of occurrences within the dataset. Each 

frequency value was given proportional weight to the number of times a spacer appeared within a 

specific position. The fractional conservation value for a particular position in the array was 

defined as the average of the weighted frequencies for all spacers that occur at a particular position. 

Statistical significance for conjugation assays was assessed using one-tailed student’s T test 

assuming log-normal distribution. 

  

Primer extension. 20 µg of DNA-free log-phase V583 RNA was used as a template for 6-FAM 

labeled primer extension as previously described (77). Reverse transcription was carried out using 

SuperScript II (Fisher) and cDNA was precipitated with ethanol and sent to the Oklahoma 

University Health Sciences Center DNA core facility for determination of the size of the transcript. 

The start site of transcription was determined using Peak Scanner (Thermo Fisher). The results of 

two independent experiments verified the CRISPR2 start site. 

 

Growth curves. Individual transconjugant colonies were suspended in PBS and used to inoculate 

96-well plates with or without chloramphenicol selection. Optical density was monitored for 24 

hours using a microplate reader (BioTek Synergy). 
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Quantitative PCR (RT-qPCR) 

V649 pCR2 and V649 pCR2-Phage1 transconjugants were selected on vancomycin and 

chloramphenicol. After two days incubation, colonies were pooled without passaging (to prevent 

accumulation of CRISPR-related mutations). Total RNA was harvested using RNA-Bee and 

chloroform precipitation essentially as previously described (73). RNA was treated with DNase I 

(Roche) and concentrated using the GeneJet RNA Cleanup and Concentration Kit (Fisher). cDNA 

was subsequently synthesized using qScript cDNA Supermix (Quanta Biosiences). As a control, 

RNA was similarly harvested from log phase V649 cultures (OD600nm=0.3) and two hours after 

addition of 1 μg/ml levofloxacin. qPCR was performed using the AzuraQuant Green Fast qPCR 

Mix (Azura Genomics) with primers qrecA for/rev and qclpX for/rev using the MyGo Pro qPCR 

machine (Phenix). The clpX transcript was used to normalize samples. Fold changes are expressed 

as 2ΔΔCq, where ΔΔCq = (CqpCR2-Phage1 clpX – CqpCR2-Phage1 recA) – (CqpCR2 clpX – CqpCR2 recA) or 

(CqLVX clpX – CqLVX recA) – (Cqcontrol clpX – Cqcontrol recA). Both experiments (assessing CRISPR 

and LVX) were performed in biological triplicate. 

 

Live/dead staining 

V649 pCR2 and V649 pCR2-Phage1 transconjugants were selected on vancomycin and 

chloramphenicol. After two days incubation, colonies were scraped and washed twice with 0.85% 

NaCl. Live/dead staining was performed using BacLight Bacterial Viability Kit (Fisher) per the 

manufacturer’s instructions. Fluorescence was measured using a microplate reader (Biotek 

Synergy). Samples from three biological experiments were assayed in technical triplicates. 
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CHAPTER 3 

CRISPR PROBIOTICS DEPLETE ANTIBIOTIC RESISTANCE  

IN THE MAMMALIAN GUT  
 

 
3.1 Author contributions 

M.R., K.H. and K.L.P. designed the experiments, M.R. and K.H. designed the vectors, M.R. 

carried out the competition assays. Sara McBride (S.M.) carried out the in vivo colonization 

experiment under the supervision of Breck Duerkop (B.D.). The rectal swab isolates were 

provided by Ronda Akins (R.A.). Sara Ping (S.P.) performed ddl PCR to classify the isolates as 

E. faecalis or E. faecium. Dennise Palacios (D.P.) further characterized the isolates based on 

PCR for tetM, ermB and cylA. D.P. also carried out bacteriocin susceptibility assays and 

conjugation assays. M.R. prepared the manuscript, K.H. and K.L.P. edited and finalized the 

manuscript. S.M., D.P., B.D. and R.A. approved the manuscript to be published in this 

dissertation. This chapter was written as an original manuscript by M.R. and K.L.P. and is 

expected to be submitted for publication in 2018.  

 

3.2 Abstract 

We have previously characterized a Type II CRISPR-Cas system in the opportunistic pathogen E. 

faecalis and demonstrated its utility in the sequence-specific removal of drug resistance 

determinants using in vitro competition assays. Here we present an improved method of 

disseminating CRISPR-Cas systems using highly conjugative pheromone-responsive plasmids 

which produce bacteriocins that promote their selection in the environment. Using in vitro 

competition experiments and an in vivo mouse colonization model, we show that these CRISPR- 
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and bacteriocin-bearing vectors reduce the overall prevalence of antibiotic resistance in 

enterococcal populations. These results suggest that conjugative delivery of CRISPR-Cas could 

be employed in probiotics to reduce the gastrointestinal prevalence of high-risk lineages of E. 

faecalis and potentially mitigate the risk of multidrug-resistant infections.  

 

3.3 Introduction 

Major disturbances to gut microbiome homeostasis can predispose individuals to infection by 

opportunistic pathogens (1, 2). Antibiotic usage is a major perpetrator of such disturbances, which 

facilitates the onset of hospital-associated infections (3, 4). E. faecalis is a commensal organism 

that is a normal constituent of the healthy gut microbiome. However, it is also an opportunistic 

pathogen and a leading cause of hospital-associated infections due to its enhanced ability to 

proliferate and thrive in the dysbiotic gut (5). Sequence analysis of clinical isolates of E. faecalis 

revealed that these strains possess expanded genomes compared to commensal isolates due to the 

acquisition of mobile genetic elements, which encode drug-resistance genes and virulence factors 

(6, 7). This is brought about by sophisticated methods for the horizontal dissemination of mobile 

DNA and chromosomal elements, including the pheromone-responsive plasmids (PRPs), a family 

of highly conjugative vectors unique to this species (8). When hospital wards are contaminated 

with such strains, immunocompromised or antibiotic-exposed patients are at an increased risk of 

acquiring severe nosocomial infections. Therefore, since antibiotic treatment disrupts intestinal 

microbiota homeostasis resulting in the overgrowth of pathogenic bacteria, there is a need to 

develop specific antimicrobials targeting strains with the potential for causing recalcitrant 

infections.  



 

92 

CRISPR-Cas systems have been identified as adaptive immune systems in prokaryotes (9) and 

their application as genetic tools in both microbes and multicellular organisms have been 

revolutionary. One of the best-studied CRISPR-Cas systems consists of a DNA endonuclease 

(Cas9) that uses an RNA guide to cleave a specific sequence of DNA (10). Since double-stranded 

DNA breaks are lethal to bacteria (11), using these systems as sequence-specific antimicrobials is 

an attractive prospect. Previous studies have explored this concept by using phage to deliver 

engineered CRISPR systems targeting specific genes (12–14). However, this method of delivery 

may be ineffective for E. faecalis due to the lack of broad host-range phage targeting the species 

and phage receptor mutations that arise in response to lytic phage (15). Several E. faecalis isolates, 

however, contain PRPs that naturally achieve high rates of conjugation and are capable of 

comprehensively infiltrating E. faecalis populations. In addition, it has been previously 

demonstrated that conjugation of these plasmids occurs within the GI tract of mammals even in 

the absence of selective pressure (16–18).   

 

We have previously characterized a native Type II CRISPR-Cas system in E. faecalis and have 

shown its potential utility as a sequence-specific antimicrobial when CRISPR guides are deployed 

on conjugative vectors into strains possessing the cas9 endonuclease (19). However, since 

multidrug-resistant (MDR) strains of E. faecalis lack complete CRISPR-Cas systems (20), a 

vehicle that could efficiently deploy the entire CRISPR machinery would be required. Here, we 

introduced a complete CRISPR-Cas targeting cassette on the pheromone-responsive plasmid pPD1 

(57 kb) (21). Using in vitro competition assays, we depleted tetracycline and erythromycin 

resistance from enterococcal populations by targeting tetM and ermB, respectively, in the absence 
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of externally applied selection for pPD1. We show that increased conjugation frequency improves 

effectiveness against a model MDR strain. Finally, using a mouse model for E. faecalis gut 

colonization, we show these constructs are able to reduce the prevalence of erythromycin 

resistance amongst strains colonizing the mouse GI tract, strongly supporting their therapeutic 

potential. 

 

3.4 Results 

Design of CRISPR-targeting plasmids 

Pheromone-responsive plasmids (PRPs) are commonly found in E. faecalis isolates. They can be 

distinguished by their signature clumping response to “pheromones” (short peptides) secreted by 

E. faecalis cells (22). When donor cells detect an excess of these pheromones, indicating the 

presence of plasmid-free cells in the vicinity (23), they synthesize an aggregation substance which 

facilitates contact between plasmid-bearing and plasmid-free cells (24). This enables the fast and 

efficient transfer of PRPs from the donor cell to the recipient. The most well studied PRPs in E. 

faecalis include pAD1, pCF10, and pPD1, which have well-characterized conjugative properties 

(25–27). In addition, several of these PRPs also encode bacteriocins, such as cytolysin by pAD1 

and bac-21 by pPD1 (21, 28). A previous study demonstrated the effect of bac-21 production from 

pPD1 in vivo, showing high rates of conjugation within the GI tract of mice which resulted in near 

saturation of the colonized E. faecalis population with this plasmid (16). We therefore utilized this 

plasmid as a vehicle for transmission of engineered CRISPR-Cas systems with the aim of reducing 

the prevalence of antibiotic resistance genes in the gut microbiome. 
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In previous studies, we discovered that E. faecalis cells possessing self-targeting CRISPR-Cas 

systems were able to transiently tolerate the self-targeting constructs (29), albeit at a fitness cost, 

and that subsequent antibiotic selection could determine the outcome of this conflict by selecting 

for mutants in the CRISPR system (via spacer deletion) or selecting for loss of the CRISPR-

targeted gene (19). However, we recently discovered that we could achieve lethality of CRISPR-

Cas self-targeting by increasing the expression of cas9 using a constitutive promoter (30). We 

therefore introduced a constitutive cas9, a modified spacer guide sequence with reduced rates of 

spacer excision (31), and chloramphenicol resistance into pPD1 through homologous 

recombination (Figure 3.1). These modified plasmids, referred to as pKH88-tetM and pKH88-

ermB, target tetracycline and erythromycin resistance determinants, respectively, and retain 

pheromone-response functions as well as bac-21 production. 

 

Removal of antibiotic resistance by targeting PRPs 

Since pheromone-responsive plasmids themselves are known vehicles for transmission of 

antibiotic resistance genes in E. faecalis populations (17), we first assessed the ability of our 

engineered pPD1 derivatives to eliminate such genes present on other PRPs. We have previously 

shown that conjugating CRISPR guides targeting ermB into strains expressing cas9 reduces the 

prevalence of erythromycin resistance in vitro (19). In our previous study, in order to implement 

loss of the antibiotic resistance gene, we used antibiotics to enforce selection of the CRISPR  

 

 

Table 3.1. Strains used in this study  
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Organism Strain 

Name 

Description Ref 

E. coli  EC1000a E. coli cloning host, providing repA in trans.F- , araD139 

(ara ABC-leu)7679, galU, galK, lacX74, rspL, thi, repA of 

pWV01 in glgB, km 

 (40) 

E. faecalis V583a MDR bloodstream isolate, resistant to vancomycin, 

gentamicin, and erythromycin 

 (32) 

 
OG1SSpc Spectinomycin-streptomycin-resistant derivative of OG1  (46) 

 
CK135b OG1 rpoB H486Y (spontaneous Rifr derivative)  (41) 

 
CK135RF Spontaneous Fus-resistant derivative of CK135 This 

study 

 
OG1RF 

ΔEfaRFI 

OG1RF EfaRFI (OG1RF_11622-11621) deletion mutant (33) 

 
MI 2−1 Rectal surveillance Isolate This 

study 

 
MI 43−2 Rectal surveillance Isolate This 

study 

 
MI 59 Rectal surveillance Isolate This 

study 

 
MI 80 Rectal surveillance Isolate This 

study 

 
MI 81 Rectal surveillance Isolate This 

study 
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MI 94-1 Rectal surveillance Isolate This 

study 

 
MI 101-1 Rectal surveillance Isolate This 

study 

 
MI 106 Rectal surveillance Isolate This 

study 

 
MI 107-2 Rectal surveillance Isolate This 

study 

 
MI 119−1 Rectal surveillance Isolate This 

study 

 
MI 122-2 Rectal surveillance Isolate This 

study 

 
MI 125-1 Rectal surveillance Isolate This 

study 

 
MI 127-1 Rectal surveillance Isolate This 

study 

 
MI 131-1 Rectal surveillance Isolate This 

study 

 
MI 132 Rectal surveillance Isolate This 

study 

 
MI 133-1 Rectal surveillance Isolate This 

study 
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MI 141-2 Rectal surveillance Isolate This 

study 

 
MI 142-1 Rectal surveillance Isolate This 

study 

 
MI 143-1 Rectal surveillance Isolate This 

study 

 
MI 152 Rectal surveillance Isolate This 

study 

 
MI 153-1 Rectal surveillance Isolate This 

study 

 

a Strain provided by Dr. Michael Gilmore of Massachusetts Eye and Ear Infirmary and Harvard Medical School   

b Strain provided by Dr. Christopher Kristich of Medical College of Wisconsin 

c Strain provided by Dr. Gary Dunny of University of Minnesota, Minneapolis 
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Figure 3.1. Simplified plasmid construction for obtaining pKH88 plasmids. Fragments 
containing PbacA-cas9 from pG19, PbacA spacer guides from pGR plasmids (31), cat from pKH12 
(19), as well as the necessary fragments for allelic exchange from pHA101 (42) were assembled 
using NEBuilder to form plasmid pCOP88. The plasmid included two arms derived from pPD1 
(green rectangles), which would serve as the flanking regions for homologous recombination. The 
CRISPR targeting cassette was introduced into pPD1 by allelic exchange as described earlier (45). 
B) Map of pKH88-tetM/ermB is shown. The CRISPR targeting cassette was introduced into pPD1 
between the ORFs ppd3 and ppd4. The bac-21 operon (shown in the figure) was intact and the 
pheromone-responsive machinery was functional, confirmed by the signature clumping phenotype 
in response to cPD1 (refer Materials and Methods).  
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Table 3.2. Plasmids used in this study 

Plasmid  Description Ref 

pLT06 a Carries temperature sensitive repA to select for 

chromosomal integrants and pheS* to select for 

plasmid-free cells 

 (45) 

pHA101  pLT06 + oriT  (42) 

pCOP88-tetM pLT06 derivative used to knock in CRISPR-targeting 

construct, with a spacer targeting tetM 

This study 

pCOP88-ermB pLT06 derivative used to knock in CRISPR-targeting 

construct, with a spacer targeting ermB 

This study 

pKH88-ermB pPD1 derivative containing CRISPR-targeting 

cassette for ermB containing cat  

This study 

pKH88-tetM pPD1 derivative containing CRISPR-targeting 

cassette for tetM containing cat  

This study 

pAM771 a non-cytolytic derivative of pAD1 mutagenized with 

Tn917, carries erythromycin resistance 

(47) 

pCF10 TetR, pheromone-inducible conjugative plasmid (48) 

pPD1 b Bac-21, pheromone-inducible conjugative plasmid (49) 

 

 

a Plasmid provided by Dr. Michael Gilmore of Massachusetts Eye and Ear Infirmary and Harvard Medical School   

b Plasmid provided by Dr. Christopher Kristich of Medical College of Wisconsin 
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targeting construct. However, here, we hypothesized that bacteriocin production by pKH88-

derivatives would provide selective pressure for maintenance of pPD1 in the population. The donor 

strain used in these experiments was designated CK135RF and the recipient used was OG1SSp; 

both strains are isogenic derivatives of OG1 (see materials and methods). Transconjugants of 

OG1SSp bearing PRPs pAM771 (encoding ermB) and pCF10 (encoding tetM) were chosen as 

recipients for competition experiments. We observed a highly significant reduction in the 

prevalence of the targeted antibiotic resistances in the population from the conjugation reaction 

itself. Following subsequent passages in BHI, the targeted antibiotic resistance decreased to below 

the limit of our detection (Figure 3.2). These results demonstrate that CRISPR-targeting plasmids 

producing a bacteriocin (pKH88) outperform non-bacteriocin-producing antibiotic resistance 

plasmids (pAM771 and pCF10) they target. (Figure 3.2). Therefore, conflicts that arise when 

pKH88 is conjugated into a recipient cell bearing pAM771/pCF10, are resolved through loss of 

antibiotic resistance which implies loss of the targeted gene in the population. 

 

Removal of antibiotic resistance from MDR strains 

In order to assess whether these pKH88 plasmids would be effective against MDR strains, we used 

pKH88-ermB to target ermB in V583, a vancomycin-resistant hospital-adapted isolate (32). V583 

contains a Type IV restriction endonuclease that restricts entry of methylated DNA (31). The 

enzyme is present in 30% of E. faecalis genomes currently deposited in Genbank. Since efficient 

conjugation of the CRISPR-targeting system improves efficacy of the system, and we observed 

poor conjugation frequencies into V583 using CK135RF as the donor in vitro (Figure B.2 of 
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Figure 3.2. Removal of antibiotic resistance conferred by PRP’s. Competition assays were 
carried out between CK135RF + pKH88 plasmids and OG1SSp strains containing the plasmids 
pAM771 and pCF10. All CFU counts were normalized to CFU counts of donors. Geometric mean 
and geometric standard deviation are shown for 3 biological replicates.  A) OG1SSp + pCF10 
contains tetM. After the initial round of conjugation there was a 2-log reduction in tetracycline 
resistance in the population (p value < 0.05). Following the passage in BHI, tetracycline resistance 
decreased to the limit of detection. B) Competition of donors and OG1SSp + pAM771, which 
contains ermB. After the initial round of conjugation, there was a 4-log reduction in erythromycin 
resistance in the population (p value < 0.05). Following 1 passage in BHI, erythromycin resistance 
decreased to the limit of detection. Limit of detection 1000 CFU/mL. 
 

Appendix B), we utilized an unmethylated donor strain, OG1RF ΔEfaRFI, for these experiments 

(33). As observed previously when using a CRISPR delivery vector that required antibiotic 

selection (19), V583 is unable to tolerate CRISPR cleavage of ermB, which is present on plasmid 

pTEF1, leading to a decrease in overall prevalence of V583 in the population (Figure 3.3A). The 

results of these experiments (Figure 3.3B) show that a reduction and subsequent removal of such 

MDR isolates from the population can be achieved using engineered pPD1 derivatives. 
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Figure 3.3. Removal of MDR strains of E. faecalis from in vitro communities. Competition 
assays were performed between ΔEfaRFI with pKH88 plasmids and V583. A) Schematic 
representation of the effect of CRISPR targeting on V583. Red star indicated ermB. B) Results of 
competition assay between donors and V583. All CFU counts are normalized to donors. The 
geometric mean and geometric standard deviation of 4 biological replicates are shown.  The 
prevalence of the MDR isolate decreased steadily over 4 days. Limit of detection 1000 CFU/mL. 
 

In vivo removal of antibiotic resistance 

We next explored the efficacy of these plasmids in an in vivo model of E. faecalis colonization. 

(more detail is presented in Materials and Methods). Antibiotic-depleted mice were gavaged 

once with recipient strains (OG1SSp + pAM771) and 24 hours later with the donor strains. Five 

mice were administered CK135RF + pKH88-ermB (CRISPR targeting group) while another 5 
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mice were gavaged with CK135RF + pKH88-tetM (control group). Fecal samples were collected 

and plated to determine CFU/g of the various E. faecalis constituents. Transconjugants in both 

groups appeared as early as 1 day post co-colonization of the strains at equal frequencies 

between the two groups (Figure B.2A of Appendix B). Interestingly, after 1 week, the mean 

numbers of recipients in the pKH88-ermB group decreased by more than one log relative to the 

pKH88-tetM group, and by week 3, this difference in the mean stretched to 3 logs (Figure 3.4B). 

Although this difference was not statistically significant it nonetheless seemed to indicate that 

CRISPR-targeting leads to lethality in the recipients as a whole as opposed to loss of the targeted 

plasmid. Importantly, conjugation of pAM771 into the donor strain occurred only in the control 

(pKH88-tet) group (RF Erm counts), which indicated that the CRISPR system on pKH88-ermB 

was effectively preventing acquisition of erythromycin resistance by E. faecalis bearing this 

plasmid (Figure B.2 of Appendix B). Total erythromycin resistance (RF Erm + SSp Erm) of the 

colonized population significantly decreased by three logs at the end of 3 weeks (Figure 3.4C). 

After 27 days, both groups of mice were gavaged with erythromycin in order to assess the effect 

of engineered constructs on the antibiotic resistance profile of colonized E. faecalis strains. After 

24 hours, (on Day 28) samples were collected and plated and the results indicate that the 

antibiotic treatment led to an increase in the total amount of colonized E. faecalis likely by 

clearing the gut of competing microbes. However, there was a significant 2-3 log reduction in 

prevalence of erythromycin-resistant E. faecalis in the pKH88-ermB group (Figure 3.4C) 

compared to the pKH88-tetM group. These results demonstrate that these CRISPR-containing 

conjugative plasmids are able to reduce the prevalence of antibiotic-resistant bacteria upon 
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introduction into the mammalian gut microbiome. These results could be reasonably extrapolated 

to deplete any undesirable trait from E. faecalis populations in a sequence-specific manner. 

Evaluation of constructs against uncharacterized E. faecalis isolates 

Since this system is targeted towards removal of drug-resistant determinants from uncharacterized 

E. faecalis isolates natively colonizing the gastrointestinal tract of high-risk individuals, we 

assessed the transfer of pPD1 derivatives into a collection of 21 rectal surveillance isolates of E. 

faecalis obtained from hospitalized patients. Results for these strains are summarized in Table 3.3. 

These isolates were first screened for the presence of targeted antibiotic resistance genes; ermB 

and tetM were detected in 19 and 13 isolates, respectively, in agreement with other studies showing 

the high prevalence of these two genes among E. faecalis isolates (34). We next screened these 

isolates for susceptibility to bac-21 and found that only 1 displayed resistance to this bacteriocin. 

Additionally, we performed conjugation assays into these strains and found that 9 were able to 

accept either of the pKH88 plasmids from CK135RF. For 7 conjugation reactions, we observed a 

reduction in the recovery of pKH88 donor strains. Interestingly, 12 isolates possessed cytolytic 

activity on blood plates; this activity may be lethal to our donor strains (E. faecalis cytolysin is a 

known bacteriocin) (35). Therefore, in order to improve survival of donor strains, cytolysin 

immunity should be incorporated on CRISPR-targeting constructs in the future. These data suggest 

that our modified pPD1 plasmids could potentially be used against uncharacterized isolates of E. 

faecalis, although improvements in cytolysin tolerance and conjugation frequency would enable 

these constructs to target a wider range of isolates. 
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Figure 3.4. In vivo removal of erythromycin resistance. A) Graph showing prevalence of donor 
strain CK135RF over the course of the experiment. A general trend of reduction in colonization 
was observed among all E. faecalis strains in the two groups which is indicative of the resurgence 
of the native microbiota displacing the enterococcal population. B) Graph showing prevalence of 
OG1SSp over time. A 1 log reduction in the prevalence of the recipient strain (OG1SSp) was 
observed in the pKH88-ermB group relative to the pKH88-tetM group at day 13 which increased 
to 2 logs on day 20. Although not significant, this implies that CRISPR-targeting of the PRP was 
leading to lethality of OG1SSp(pAM771) in the in vivo gut environment. C) The total 
erythromycin resistance (RF Erm + SSp Erm) was also calculated in CFU/g over the course of the 
experiment. There was a 1 log reduction in the number of erythromycin-resistant colonies 
recovered by Day 13 which increased to a 2 log difference on Day 20 (p value< 0.01). On Day 27 
post co-colonization, mice were gavaged with erythromycin and on Day 28 a general increase in 
the carriage of E. faecalis was observed. At this time, despite the increase in the overall 
enterococcal population, the erythromycin-resistance was still significantly reduced relative to the 
control (p value< 0.01). The Wilcoxon-Mann-Whitney test was used to determine statistical 
significance. (44) Dotted line represents limit of detection for the experiment. 
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Table 3.3. List of Hospital Isolates. Table showing the rectal swab isolates used, the presence of 
tetM, ermB and cylA genes confirmed via PCR, bac-21 susceptibility (Materials and Methods) and 
the ability of the donor strain (CK135 with pKH88tetM/ermB) to conjugate into the strain. * Could 
not determine whether strain was susceptible to bac-21. ND – Could not determine whether strain 
was able to accept pKH88. MI 106 was chloramphenicol-resistant, and MI 153-1 did not possess 
any native antibiotic resistance marker. 
 

 

 

 3.5 Discussion 

This study presents a novel strategy for the delivery of CRISPR-based antimicrobials as probiotics 

to alleviate intestinal colonization by antibiotic-resistant E. faecalis isolates. We show that in the 

absence of externally applied selection, donors carrying these constructs were able to significantly 

reduce antibiotic resistance from in vitro and in vivo enterococcal communities. Moreover, this 

system can prevent the spread of mobile genetic elements in vivo. Overall these results demonstrate 

the utility of engineered CRISPR probiotics for the purpose of eliminating undesirable traits from 

E. faecalis populations. 
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The advantage of engineered PRPs is their stable maintenance and high degree of circulation in 

the absence of externally-applied selection which enables the CRISPR-targeting system to be 

efficiently dispersed in the population. In vivo we show that the targeted plasmid (pAM771) is not 

acquired by the donors in the pKH88-ermB group which strongly suggests that the spread of these 

plasmids within enterococcal populations would preclude their uptake of targeted MGEs. Our use 

of these constructs against uncharacterized E. faecalis strains, however was less effective owing 

mainly to an inability to conjugate into these strains. This may stem from a genome defense system 

restricting their entry (similar to our in vitro experiments with V583) or the presence of a pPD1 

homologue in hospital isolates which prevents their uptake of the pKH88 plasmids. Increasing 

conjugation frequencies by including CRISPR-targeting cassettes on multiple PRP backbones 

could potentially overcome this shortcoming. In addition, we observed a low yield of donors from 

many conjugation reactions due to the production of the cytolysin bacteriocin from many of these 

strains. This is known to be widespread in hospital isolates (36, 37), and therefore the cytolysin 

immunity gene should be incorporated on these targeting constructs in the future to improve donor 

survival.   

 

The use of bacteriocins to promote selection of the plasmid vehicles on which CRISPR-targeting 

cassettes are deployed, to our knowledge, is a novel concept in the development of CRISPR-

antimicrobials. The acquisition of these constructs may also prevent the transmission of drug 

resistance genes from enterococci to other problematic organisms such as Staphylococcus aureus 

(38). By multiplexing the spacer guides, particular antibiotic resistances that are widespread 

among E. faecalis isolates (like those in our collection) can be reduced, restoring the potency of 
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antibiotics that are necessary for keeping most infections at bay. E. faecalis persistence in hospital 

environments often leads to widespread colonization among patients present in the same ward 

(39). By administering such probiotics that can help remove dangerous traits from these colonized 

strains, the chances of infection by drug-resistant bacteria may be diminished in such patients 

without severely altering their gut microbiome. This utilization of bacteriocins to enforce the 

persistence of CRISPR-targeting plasmids can possibly be applied to disseminate such systems in 

other problematic organisms as well. These findings therefore present a stride forward in the 

development of CRISPR-Cas as a novel alternative antimicrobial.        

 

3.6 Materials and Methods 

Bacterial culture methods and routine molecular biology techniques 

E. coli cultures were incubated shaking at 220 RPM at 37°C in Lysogeny Broth (LB) media and 

E. faecalis cultures in BHI broth were incubated at 37°C without shaking. Routine PCR was 

performed using Taq Polymerase (New England Biolabs), and Q5 DNA Polymerase was used for 

PCR amplification for cloning. The PureLink PCR Purification kit (Invitrogen) was used for 

purifying DNA fragments and the GeneJet Plasmid Purification kit (Fisher) was used for plasmid 

purification. Primers were obtained from Sigma Aldrich. Sanger sequencing was performed at 

Massachusetts General Hospital DNA Core Facility. E. coli EC1000 was used for routine plasmid 

propagation (40). E. faecalis and E. coli competent cells were prepared as described previously 

(19).  Genomic DNA was extracted using the MO BIO Microbial DNA Isolation Kit (Qiagen). 

Antibiotics were used in the following concentrations: chloramphenicol, 15 μg/ml; streptomycin, 

500 μg/ml; spectinomycin, 500 μg/ml; vancomycin (van), 10 μg/ml; erythromycin (erm), 50 
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μg/ml; rifampicin, 50 μg/ml; fusidic acid, 25 μg/ml; tetracycline, 10 μg/ml. The full list of strains 

and plasmids used along with their description can be found in Table 3.1 and 3.2 respectively. 

 

Strain and plasmid construction 

Our donor strain for competition experiments was a spontaneous Fusidic acid resistant derivative 

of CK135 (41), designated CK135RF. For simplicity, assembly of the CRISPR-targeting construct 

(PbacAcas9-cat-guide RNA) was divided into two steps. First, cas9 was introduced into a site in 

pPD1 by homologous recombination, followed by integration of the cat gene and the PbacA-driven 

CRISPR guide RNA downstream of cas9. This yielded the full targeting complex, after which the 

entire fragment could be amplified together and integrated into a separate site on pPD1, as we 

found that the first integration site obstructed pheromone response. Fragments obtained from the 

plasmids pHA101 (42), pPD1 (16), PbacA-pG19, pKH12 (19) and pGR tetM/ermB (31) were 

amplified and assembled using NEB HiFi DNA Assembly Master Mix (New England Biolabs). 

The plasmid that was generated (referred to as pCOP88) was used to knock in a constitutively-

expressed cas9, cat conferring chloramphenicol resistance, and constitutively expressed CRISPR 

guides targeting either tetM or ermB into pPD1. The modified pPD1 derivatives were designated 

pKH88-tetM and pKH88-ermB. Primers used can be found in Table B.1 of Appendix B.  

 

In vitro Competition Assays 

Overnight cultures of donors and recipients were pelleted, resuspended in fresh media, and 

cultured for 1.5 hours. They were then mixed in a volume ratio of 1 donor to 9 recipient, and these 

mixtures were spread on BHI agar. Following overnight incubation, lawns were scraped using PBS 
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and serial dilutions were made. 10 µl of each dilution were spotted on BHI plates supplemented 

with various antibiotics in order to enumerate donors, recipients, and transconjugants as well as 

total tetracycline or erythromycin resistant cells. This conjugation mixture was also diluted 1/1000 

into fresh media without selection and incubated overnight, after which the constituents of the 

mixture were again enumerated. 

 

Mouse model of E. faecalis colonization 

The experiment was carried out with 10 mice, two groups of five mice and this experiment was 

repeated once. Seven days prior to bacterial inoculation, 6-8 week old C57BL6/J mice were 

gavaged with 100 μL of an antibiotic cocktail (streptomycin 1 mg/mL, gentamicin 1 mg/mL, 

erythromycin 200 μg/mL) and given a water bottle ad libitum with the same antibiotic cocktail for 

6 days following gavage. Twenty four hours prior to bacterial inoculation, antibiotic water was 

removed and replaced with standard sterile reverse osmosis (RO) water. Bacteria were cultured 

overnight in BHI and mice were gavaged with 109 CFU in 100 μL of sterile PBS. All mice were 

first gavaged with OG1SSp(pAM771). After 24 hours, the first group (n=5, 3F and 2M) were 

gavaged with CK135RF(pKH88-ermB) while the second group (n=5, 3M, 2F) were gavaged with 

CK135RF(pKH88-tetM). Fecal samples were collected bi-weekly and resuspend9ed in 1 mL of 

PBS and plated on BHI agar supplemented with rifampicin (50 μg/mL), fusidic acid (25 μg/mL), 

erythromycin (25 μg/mL), streptomycin (500 μg/mL) and spectinomycin (500 μg/mL) in 

combinations that would select for desired populations. After 4 weeks, all mice were gavaged with 

erythromycin (20 μg). Plates were incubated for 36-48 hours at 37°C. All animal protocols were 
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approved by the Institutional Animal Care and Use Committee of the University of Colorado 

School of Medicine (protocol number B-113916(09)1E). 

 

Rectal swab surveillance isolates 

A total of 21 E. faecalis isolates obtained from routine patient-surveillance rectal swabs on 

Spectra-VRE plates (Fisher) were used in these experiments. The samples were collected between 

September to December 2015 from the microbiology department of Methodist Health System in 

Dallas. The protocol allowing for collection of these samples were approved by the institutional 

review board prior to study initiation. E. faecalis strain identification was confirmed via PCR using 

E. faecalis-specific ddl primers (43) mentioned in Table B.1 of Appendix B.  

 

Bac-21 susceptibility assays 

E. faecalis strains were swabbed across a BHI plate and overnight cultures of CK135RF (pPD1) 

or OG1RF were spotted on these swabs. When zones of inhibition were observed for CK135RF + 

pPD1 but not for the OG1RF control, it was recorded as a positive result. The experiment was 

repeated three times. When an isolate gave inconsistent readings over the three replicates, we 

deemed the results of the susceptibility assay as indeterminate. 

 

Cytolysin production assay 

5% horse blood plates with BHI were prepared. On each plate, broth cultures of OG1SSp 

(pAM714) (positive control; produces cytolysin), T11 (negative control for bacteriocin 

production), and a rectal surveillance strain were spotted. A zone of clearance around the rectal 
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surveillance strain that was similar to the zone observed for OG1SSp (pAM714) was recorded as 

a positive result. The experiment was repeated twice. Isolates were also screened for the presence 

of the cylA gene via PCR using primers shown in Table B.1 od Appendix B.  

 

Pheromone clumping assays 

Overnight cultures of CK135RF + pKH88-tetM/ermB, OG1RF (negative control) and CK135RF 

+ pPD1 (positive control) were diluted 1:10 in either plain BHI or BHI supplemented with cPD1 

(500 ng/mL). The appearance of cell aggregates similar to our positive control only when 

pheromone was added confirmed that pheromone response function was intact in our engineered 

pPD1 derivatives. 

 

Statistical analysis 

For the in vitro competition assays, a standard one-tailed student’s T-test was performed to 

determine significance of the data (* p value < 0.05). For the in vivo experiments in order to 

account for skewness of the numbers for different animals with varying degrees of resurgence of 

their normal microbiomes, we applied a Wilcoxon-Mann Whitney test (H1: a < b) to determine 

statistical significance using the online tool (44) (* p value < 0.01).   
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CHAPTER 4 

SUMMARY AND DISCUSSION 
 

 
4.1 Summary of findings and importance 

Antibiotic–mediated dysbiosis is a major factor contributing to the outgrowth of certain 

pathogens within the gut (1). Enterococcus faecalis is an example of such a pathogen and a 

leading cause of nosocomial infections with a heightened ability to survive treatment with most 

antibiotics (2, 3). This is in part due to its adeptness at acquiring foreign DNA elements which 

often bear drug-resistance genes and virulence factors (4). Therefore, when such infections are 

resistant to last-line drugs such as vancomycin, they become challenging to treat. Narrow-

spectrum antimicrobials might help alleviate this problem and deplete the prevalence of certain 

antibiotic resistance genes among E. faecalis populations without perturbing the balance of the 

healthy gut microbiome.  

 

CRISPR-based antimicrobials may be an effective method to prevent the dissemination of 

undesirable traits amongst colonized E. faecalis strains. However, since CRISPR-Cas systems 

occur variably amongst isolates (5), it was first of interest to characterize the efficacy of these 

systems and prove their utility in eliminating targeted DNA elements. Therefore, in Chapter 2, 

CRISPR-mediated defense was examined and its activity confirmed in various E. faecalis 

isolates using conjugation assays. We utilized a system that was previously demonstrated to 

mobilize small shuttle vectors at rates comparable to those of PRPs (6). This was accomplished 

by incorporating the oriT (origin of transfer) region from the PRP pCF10 on a lab plasmid 

pLZ12, generating pKH12. The donor strain (CK111) possessed an immobilized derivative of 
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pCF10 (pCF10-101) due to the deletion of the oriT region, leaving the remainder of its 

conjugation machinery intact and able to transfer other genetic elements containing the oriT. We 

chose V583 as our model strain, in which the majority of our hypotheses were tested (4, 7). This 

isolate is a well-established representative strain for MDR E. faecalis and only contains the 

orphan CRISPR2 locus that lacks cas genes (5). Therefore in order to assess CRISPR activity in 

this strain, cas9 and the putative tracrRNA were first introduced into a neutral site for 

expression, generating V649. Next, we generated derivatives of our conjugative lab plasmid, 

pKH12, possessing the PAM and protospacer required for targeting by the CRISPR system 

(pKHS67). Subsequent conjugation assays with pKHS67 and pKH12 into V583 and V649 

confirmed that CRISPR defense was only active in V649.  

 

Although we did see a reduction in the number of transconjugants during CRISPR targeting, we 

still observed that they were recovered at 1-10% the frequency of the non-targeted plasmid. This 

contradicts previous studies of type II CRISPR systems, where transformants with CRISPR-

targeted plasmids were only recovered approximately 0.01% relative to controls, which was the 

frequency at which mutations in the CRISPR system occurred (8). Upon further examination, 

these CRISPR-incompatible transconjugants were unstable, and, depending upon the presence or 

absence of selection for the targeted plasmid, these populations were able to adapt and propagate. 

In the presence of selection, cells that mutagenized their CRISPR system via spacer loss were 

enriched and were able to maintain the plasmid after an initial growth lag. However, in the 

absence of selection, these transconjugants eliminated the targeted plasmid over time. 

Ultimately, this indicates that when confronted with an MGE that is targeted by the CRISPR 
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system, a higher proportion of an E. faecalis population is able to accept the plasmid and 

potentially mutate its CRISPR-Cas machinery if that element proves beneficial. This is in stark 

contrast to other bacteria with functional CRISPR systems, which occlude their targets at a 

higher efficiency. These findings confirm the enhanced proclivity of E. faecalis to retain MGEs 

at the cost of its genome defense.  

 

This “CRISPR tolerance” might preclude the efficiency of CRISPR-based antimicrobials in this 

organism. However, the significant growth defect observed in the presence of selection implied 

that in competitive settings, these transconjugants would be outcompeted by other constituents. 

Since our experimental setup already possessed two constituents (the donors and recipients), 

after the initial round of conjugation, we diluted the reaction in BHI with selection and allowed 

for regrowth of the constituents. We found that these CRISPR-incompatible transconjugants 

were indeed depleted from the population when an additional strain was present. Therefore, we 

were able to selectively eliminate antibiotic resistance from populations using conjugative 

vectors bearing CRISPR guides targeting certain genes.  

 

After this validation that CRISPR-targeting could be used to deplete antibiotic resistance, our 

next study focused on optimizing our system for in vivo utilization. We chose the PRP pPD1 as 

the plasmid vehicle to disseminate the CRISPR systems; this scheme is advantageous for several 

reasons. First, PRPs are known for their ability to reach high conjugation frequencies (9). 

Second, MDR E. faecalis isolates lack CRISPR-Cas systems (5), so a vector that could employ 

this entire system was required in order to target these isolates. Lastly, pPD1 produces a 



 

121 

bacteriocin, bac-21, that was shown to enforce its own selection among E. faecalis members in a 

given niche (10). Indeed, this previous study showed that this plasmid can saturate in vivo 

colonized populations of E. faecalis (10).  

 

We constructed derivatives of this plasmid with CRISPR-targeting cassettes targeting tetM and 

ermB genes (respectively referred to as pKH88-tetM/ermB). Using these plasmids we were able 

to deplete resistance to tetracycline and erythromycin in an in vitro competition assay. We also 

tested the ability of the construct to target erythromycin resistance in a mouse gut colonization 

model and observed a decrease in the overall prevalence of erythromycin resistance over time. 

Next, we assessed the ability of these constructs to eliminate antibiotic resistance from 

uncharacterized rectal swab isolates of E. faecalis obtained from hospitalized patients. We found 

that many of these isolates produced cytolysin which negatively impacted the survival of the 

donor strains and also observed poor conjugation of the targeting constructs into these strains as 

well, suggesting that more improvements will have to be made for this system to target a wider 

range of isolates. Overall, the work performed in this dissertation lays the groundwork for the 

development of CRISPR-based antimicrobials by use of probiotic donors possessing conjugative 

CRISPR-targeting constructs.  

 

4.2 Potential therapeutic applications 

The high incidence of antibiotic resistance genes on MGEs in E. faecalis populations is known to 

play an important role in the evolution of MDR enterococci, and ultimately limits treatment 

options for enterococcal infections (4, 11). Using CRISPR-based antimicrobials, these genes can 
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be removed from populations, thus reducing the likelihood of antibiotic-resistant infections. 

Previous studies explored the concept of deploying CRISPR to remove specific traits; however, 

these studies utilized engineered phages to disseminate these systems (12, 13). This method 

would likely be ineffective for distribution of CRISPR-Cas in E. faecalis due to the development 

of phage receptor mutations and the lack of broad host range phage in this species (14). Instead, 

exploiting commonly occurring natural vectors within the species whose conjugative prowess 

has been extensively demonstrated would be a far superior approach to efficiently disseminate 

this system.  

 

These constructs would be able to both deplete undesirable traits as well as “immunize” the 

native enterococcal population against any potential invasion by these targeted elements.  The 

ability of MDR enterococci to transfer vancomycin resistance genes to Staphylococcus aureus 

(another nosocomial pathogen) has been observed previously (15). This implies that MDR 

enterococci serve as reservoirs for drug resistance genes potentiating the evolution of other drug-

resistant pathogens as well, which is a disturbing prospect. Therefore the depletion of drug 

resistance genes from enterococcal populations might result in a decrease in the incidence of 

antibiotic-resistant infections by other pathogens. 

 

Another potential application of these systems is in the improvement of existing probiotic E. 

faecalis strains. Currently, the E. faecalis probiotic Symbioflor1 is administered for the treatment 

of chronic sinusitis or bronchitis due to its immunomodulatory effects (16). Although this strain 

has been used for years with no reported detrimental effects to the health of individuals, the use 
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of enterococci as probiotics is still a contentious matter. The fact remains that certain lineages of 

E. faecalis and E. faecium are well-known for their ability to cause MDR infections in hospital 

settings. This is mainly due to the acquisition of drug-resistance genes and virulence factors 

through HGT. In our in vivo studies, we demonstrated the efficacy of the CRISPR-targeting 

cassette present in the donor strain for occluding the entry of the targeted PRP. By arming 

probiotic enterococcal strains with such CRISPR-cassettes targeting virulence factors and drug 

resistance genes, we may be able to effectively reduce the threat of infection posed by these 

strains, thus ensuring the safety of E. faecalis probiotics.  

 

Finally, employing bacteriocin production to promote the selection of these CRISPR-targeting 

constructs could potentially be applied for the depletion of undesirable traits from other 

infectious pathogens. Even though the highly conjugative pheromone response system of E. 

faecalis is a specialized system which would be difficult to apply in other organisms, the 

occurrence of bacteriocin production in other strains (mainly other LAB) is well-known (17). 

Utilizing this to promote the persistence and transfer of these constructs would ensure their 

saturation of the resident population thereby alleviating the occurrence of the targeted gene. 

Additionally, the use of broad-host range vectors that are capable of transferring and replicating 

in other organisms should expand the range of these constructs. The use of antibiotics in 

individuals is known to increase the occurrence of their corresponding resistance determinants on 

MGEs and enhances their transfer among constituents of the microbiome (18). There have been 

instances of antibiotic resistance genes being found on MGEs in organisms such as 

Streptococcus pneumoniae, Klebsiella pneumoniae, and Acinetobacter baumannii in clinical 
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settings (19–21). By using CRISPR-targeting constructs, the prevalence of these genes in 

colonized populations could be reduced, thereby mitigating the likelihood of their manifestation 

in drug resistant infections.  

 

4.3 Strategies for optimization 

In this study, the efficacy of conjugative CRISPR-Cas vectors against antibiotic resistance genes 

in well-characterized E. faecalis isolates was validated in vitro as well as in an in vivo 

colonization model. However, when tested against a collection of uncharacterized E. faecalis 

isolates we observed poor conjugation into these strains and death of the donor. Similar to our 

conjugation experiments with MDR isolate V583, poor conjugation frequencies diminished the 

efficiency of the system. Strategies for improving conjugation would increase in the efficiency of 

this system in these uncharacterized isolates. One possible reason for poor conjugation could be 

due to the presence of a restriction modification system in these strains occluding the entry of the 

CRISPR-targeting construct. Employing donors that are methylation negative or possess 

alternate DNA methylation signatures could potentially allow higher conjugation frequencies.  

Alternatively, it could also be possible that these isolates possess homologues of pPD1 that 

prevent the uptake of a similar plasmid.  This could be subverted by employing CRISPR-

targeting constructs on different PRP backbones in order to maximize the efficiency of 

conjugation.  

 

The presence of the hemolysin bacteriocin (cytolysin) in 12 isolates in our collection is typical of 

the high prevalence of this virulence determinant amongst clinical isolates of E. faecalis (22). 
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The donors used in these studies were susceptible to this bacteriocin which greatly reduced their 

survival in conjugation reactions.  Therefore, in order to improve donor survival, it would be 

beneficial to also integrate the immunity factor for this bacteriocin in future constructs. In 

addition, since many E. faecalis isolates are known to produce other bacteriocins as well, 

selecting donor strains that have acquired immunity to the well-known bacteriocins may 

facilitate their persistence in competitive environments. The selection of pPD1 for this study was 

mainly due to previous work demonstrating a high rate on conjugation within the mammalian GI 

tract due to bacteriocin production (10). However, incorporating additional bacteriocin 

biosynthetic genes on these constructs would also maximize the dissemination of this system. In 

our collection of E. faecalis isolates, we only observed one isolate that was not susceptible to 

bac-21. However, these resistances might be more widespread due to the application of an 

identical bacteriocin in the food industry (23).  

 

Another potential strategy for the improvement of this system would be through the addition of 

compounds to the probiotic preparation that would enhance the survival of the donors as well as 

the dissemination of the CRISPR-targeting constructs. This would then constitute a “synbiotic” 

preparation which consists of a probiotic organism coupled with a prebiotic supplement that 

specifically augments the success of the probiotic organism (24). It has been recently 

demonstrated that in vivo conjugation rates of PRPs are enhanced through the presence of the 

peptide pheromone (25). Providing the pheromone peptides to probiotic preparations could boost 

both the colonization by the probiotic strain as well as conjugative delivery of its engineered 
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plasmid to the resident E. faecalis population. However, in order to implement this, a method to 

package these peptides for maintaining integrity during passage through the GI tract is necessary.  

In conclusion, it is clear that combinations of donor strains and plasmid backbones are required 

for this system to be administered efficiently. Multiplexing spacer guides present on this plasmid 

would boost its proficiency at removing multiple undesirable traits from colonized populations. 

Careful donor strain selection as well as manipulation to rid them of any potential virulence 

factors needs to be undertaken to ensure that they pose minimal or no threat to the health of the 

host. Furthermore, the presence of highly-expressed CRISPR-targeting cassettes should ensure 

the complete occlusion of these elements from their genomes. Administration of these constructs 

as probiotics should decrease the prevalence of drug resistance genes on MGEs and prevent their 

dissemination within the GI tract, in addition to outcompeting those strains on which targeted 

genes are chromosomally encoded, thus ensuring those traits are eliminated from the population. 

 

4.4 Concluding remarks 

The rise of antibiotic resistance is one of the biggest threats to public health today. The presence 

of antibiotic resistance genes on MGEs facilitates their dissemination in the microbiome, 

subsequently reducing the efficacy of antibiotic treatment. By pre-emptively reducing the 

prevalence of these genes in populations, the potential for developing dangerous infections can 

be alleviated by restoring the efficacy of antibiotics. The work presented here demonstrates a 

novel method to use probiotics to disseminate CRISPR-based antimicrobials among colonized 

populations of Enterococcus faecalis. These systems can be used to specifically target and 

remove particular undesirable traits from communities. This principle could potentially be 
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applied to other pathogens as well, thus mitigating the overall occurrence of drug-resistant 

infections in humans.  
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APPENDIX A 

CHAPTER 2 SUPPLEMENTAL FIGURES AND TABLES 
 
 

 

Figure A.1. CRISPR2 locus architecture and conjugation experiment setup. Direct repeats are 
shown as grey rectangles and spacers are shown as squares. The terminal degenerate repeat is 
shown as a short black rectangle. The region between the TSS and the first repeat is known as the 
leader. A functional CRISPR system will reduce the conjugation frequency of pKHSX relative to 
pKH12. pKHSX contains the spacer X sequence and the NGG PAM motif, where X defines the 
specific spacer sequence from our previous typing system. 
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Figure A.2. Conjugation assays to examine CRISPR1-Cas functionality in OG1RF and DS5. 
(A) CRISPR1 arrays for OG1RF and DS5 are shown. Red spacers indicate those that are the 
examined for functionality. (B) Fold changes relative to pKH12 control plasmid are shown for 2 
and 3 independent biological replicates for OG1RF and DS5, respectively. 
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Figure A.3. CRISPR2 function in Merz96. (A) Relevant genotypes are shown. Red spacers 
provide interference, blue spacers do not provide interference, and white spacers were not 
examined in the assay. (B) Conjugation frequencies of pKHS4 relative to pKH12 are shown for 
Merz96 and M236 for 4 independent biological replicates. ***p<0.001. 
 

 

Figure A.4. Repeat alignments. Alignments of the consensus direct repeat, the CRISPR2 
terminal repeat, and the CRISPR1 terminal repeat are shown. Bases underlined indicate those 
that differ from the consensus CRISPR2 direct repeat. 
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Figure A.5. Conjugation of plasmids containing terminal spacers are unaffected by deletion 
of cas9. Conjugation experiments are shown for terminal spacers and non terminal counterparts 
for (A) CRISPR1 and (B) CRISPR2 in ATCC 4200RF. Respective CRISPR2 arrays are shown. 
Spacers that showed no evidence of CRISPR defense are shown in blue. Geometric mean and 
geometric standard deviation are shown for 4 and 3 independent biological replicates for CRISPR1 
and CRISPR2, respectively. **p<0.01, ***p<0.001. 
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Figure A.6. Conservation of spacers across CRISPR2. The fraction of conservation is defined 
by the weighted average of the frequency of occurrence of any spacer at any given position. A 
value close to one indicates that a spacer found at that particular position is likely to only be found 
in that position. The conservation value is plotted against the distance, in spacers, from the terminal 
spacer. 
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Figure A.7. CRISPR targeting results in growth defect in chloramphenicol. Average growth 
curves from three colonies in triplicate (for pCR2 experiments) or in duplicate (for pKH12 
experiments) are shown. Error bars are omitted for groups that lack CRISPR targeting for clarity. 
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Figure A.8. CRISPR alters population structure in vitro in a two-strain competition at higher 
initial dilutions. Conjugation competition assays were performed with CK111SSp(pCF10-101) 
and V583 with (A) pKH12 and (B) pKHS67 with a 1/10,000 dilutions of the mating reaction (as 
opposed to 1/1000 in Figure 2.7). Experiments with CK111SSp(pCF10-101) and V649 were 
simultaneously performed with (C) pKH12 and (D) pKHS67. ‘X’ values indicate those that fell 
below the threshold of detection. Geometric mean and standard deviation are shown for 4 and 3 
independent biological replicates. 
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Figure A.9. RT-qPCR analysis of recA transcript levels and live cell quantification. (A) Fold 
change of recA transcript levels are shown (geometric mean and geometric standard deviation) for 
CRISPR chromosomal targeting (comparing pCR2-Phage1 with pCR2) and LVX treatment. 
Normalization of Cq values and sample preparation are described in the materials and methods. 
Differences in fold changes of recA transcript levels between CRISPR and LVX treatment are 
statistically significant using a two-tailed student’s T test (p<0.001) assuming log normal 
distribution. (B) Percentages of live cells (arithmetic mean and standard deviation) between the 
presence and absence of chromosomal CRISPR targeting using pCR2-Phage1 and pCR2 are 
shown. Results are statistically significant using a one-tailed student’s T test (p=0.044). Three 
independent biological experiments were performed in (A) and (B). 
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Figure A.10. CRISPR targeting and two-strain competition can remove antibiotic resistances 
in vitro. CK111SSp(pCF10-101) carrying (A) pCR2 or (B) pCR2-ermB was conjugated into V649 
and the reaction was passaged in chloramphenicol overnight. ‘X’ values indicate those that fell 
below the threshold of detection. The geometric mean and geometric standard deviation are shown 
for two independent biological replicates. 
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Table A.1. Primers used in this study. Restriction sites are underlined 

Primer Name Sequence (5'-3') Use 

SalI OriT For NNNNNNGTCGACCGCCAACGAATCGCC Insert oriT to pKH12 

SalI OriT Rev NNNNNNGTCGACGCAGCGTTTCTTTGAATAGG Insert oriT to pKH12 

S4 Lin For GAGATGCAGTTCTATGGTGACCATCTGTGCCAGTTCG Create pKHS4 

S4 Lin Rev TAAAGGCTCCGTATTCGTCTGACGACCAAGAGAGCC Create pKHS5 

S11 Lin For GATTTACGTTATATGGTGACCATCTGTGCCAGTTCG Create pKHS11 

S11 Lin Rev ACAGTCTTTTGTAAGTCGTCTGACGACCAAGAGAGCC Create pKHS11 

S19 Lin For GAACCGGTGGATGTGGTGACCATCTGTGCCAGTTCG Create pKHS19 

S19 Lin Rev CCGCAGTCCCCACTTTTGTCTGACGACCAAGAGAGCC Create pKHS19 

S67 Lin For GCATAATGACTATATGGTGACCATCTGTGCCAGTTCG Create pKHS67 

S67 Lin Rev TGAACAAGGGTTTGTTGTCTGACGACCAAGAGAGCC Create pKHS67 

S96 Lin For ACGCACTTACTTCTAGGTGACCATCTGTGCCAGTTCG Create pKHS96 

S96 Lin Rev TAAAAAACTACCTAAAGTCTGACGACCAAGAGAGCC Create pKHS96 

S119 Lin For CACATCAAGTTTCTGGTGACCATCTGTGCCAGTTCG Create pKHS119 

S119 Lin Rev CTACACCTTTAGCCCCAGTCTGACGACCAAGAGAGCC Create pKHS119 

S244 Lin For TGCAGCTGCAGCCTGGTGACCATCTGTGCCAGTTCG Create pKHS244 

S244 Lin Rev TATCTGCAAGACCCGCAGTCTGACGACCAAGAGAGCC Create pKHS244 

SL Lin For GCTTTTTCTCCCCTTGGTGACCATCTGTGCCAGTTCG Create pKHSL 

SL Lin Rev CAAATCAAAAAAGTTTGTCTGACGACCAAGAGAGCC Create pKHSL 

NotI Cas9 For NNNNNNGCGGCCGCGCAAACACAGTTAACCACG 
Insert cas9/tracrRNA 

into pWH03 (pG19) 

NotI Cas9 Rev NNNNNNGCGGCCGCCTAGTCGACAACCTTTCTGC 
Insert cas9/tracrRNA 

into pWH03 (pG19) 

pGE17 Erm For CTTTAGCTCCTTGGAAGC 
Gibson Assemble 

pGE17 

pGE17 Arm2 For 
ATACTACTGACAGCTTCCAAGGAGCTAAAGTTGTCGA

AGAAATTAATCAATGGTATCTACG 

Gibson Assemble 

pGE17 
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pGE17 Arm2 Rev GTATGTTGTGTGGAAACGTGGTTGCGACCACAC 
Gibson Assemble 

pGE17 

pGE17 ori For TGGTCGCAACCACGTTTCCACACAACATACGAG 
Gibson Assemble 

pGE17 

pGE17 ori Rev CTGGGTTTATCGACCCTGTCAGACCAAGTTTACTC 
Gibson Assemble 

pGE17 

pGE17 pheS+Cat 

For 
AACTTGGTCTGACAGGGTCGATAAACCCAGCGAAC 

Gibson Assemble 

pGE17 

pGE17 pheS+Cat 

Rev 

GAATTTTTTTAAATCTTCCAAGTTAAGGGATGCAGTT

TAAAAATG 

Gibson Assemble 

pGE17 

pGE17 Arm1 For 
GCATCCCTTAACTTGGAAGATTTAAAAAAATTCAAAC

GATTTATTCG 

Gibson Assemble 

pGE17 

pGE17 Arm1 Rev 
AAGATACTGCACTATCAACACACTCTTAAGTTCCCCA

GCCAGTGTAGT 

Gibson Assemble 

pGE17 

pGE17 Erm Rev CTTAAGAGTGTGTTGATAGTG 
Gibson Assemble 

pGE27 

12 Lin Rev AGGGGAGAAAAAGCCAAATC 
Linearize pMR23 to 

replace DR with TR 

CR2 Down Lin For CTCAAGCAATCCGTAATTTTC 
Linearize pMR23 to 

replace DR with TR 

4200 Delcas9 Arm1 

Rev 
NNNNNNCTGCAGCTTCATTTTATTTCCACTCCTT 

Create plasmid to 

delete CR1-cas9 

(pVP31) 

4200 Delcas9 Arm1 

For 
NNNNNNCCCGGGGCACCAAGCCAACGAATTTA 

Create plasmid to 

delete CR1-cas9 

(pVP31) 

4200 Delcas9 Arm2 

For 
NNNNNNCTGCAGGTTGTCGACTAGATGGGCTG 

Create plasmid to 

delete CR1-cas9 

(pVP31) 
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4200 Delcas9 Arm2 

Rev 
NNNNNNTCTAGAGCGAGCCAACATTGCTTTATTA 

Create plasmid to 

delete CR1-cas9 

(pVP31) 

4200 cas9 compF NNNNNNCTGCAGGGCAAACACAGTTAACCACG 

Create plasmid to 

compliment cas9 

deletion (pAS201) 

4200 cas9 compR NNNNNNCTCGAGGCAAACGCTTATCATCGCAA 

Create plasmid to 

compliment cas9 

deletion (pAS201) 

PCKO ARM1 FOR NNNNNNGAATTCAAAGAGAGGGACACGGATGC 

Create plasmid for 

CRISPR2 promoter 

deletion (pMR28) 

PCKO ARM1 REV NNNNNNGCATGCGGCGGAAAAACCCACCATTT 

Create plasmid for 

CRISPR2 promoter 

deletion (pMR28) 

PCKO ARM2 FOR NNNNNNGCATGCGCTATGGATAAGTGATGCGA 

Create plasmid for 

CRISPR2 promoter 

deletion (pMR28) 

PCKO ARM2 REV NNNNNNGAATTCTCCCAAGTAAAGATCCACAAACCT 

Create plasmid for 

CRISPR2 promoter 

deletion (pMR28) 

CR2KI For NNNNNNGGATCCTTCATTTGCAAGTCGCCAGC 

Create plasmid for 

CRISPR2 knockin 

(pMR23) 

CR2KI Rev NNNNNNGGATCCAAAAAATAATTCTCCGAG 

Create plasmid for 

CRISPR2 knockin 

(pMR23) 
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CRISRP2 Seq For CTGGCTCGCTGTTACAGCT 

Routine 

amplification of 

CRISPR2 

CRISPR2 Rev (com3 

For) 
ACTTATCACTTGATTAGTTTTCG 

Routine 

amplification of 

CRISPR2 

CRISPR2 Up Lin 

Rev 
CTCGGAGAATTATTTTTTCTCCATG 

Linearize pCR2 to 

insert repeat-

spacer-repeat unit 

CRISPR2 Down Lin 

For 
CTCAAGCAATCCGTAATTTTC 

Linearize pCR2 to 

insert repeat-

spacer-repeat unit 

qrecA For TGGTGAGATGGGAGCGAGCC qPCR for recA 

qrecA rev TCAGGATTTCCGAACATCACGCC qPCR for recA 

qclpX For AGGTAAAACTTTCTTGGCTCAAACG qPCR for clpX 

qclpX Rev TTTCAACATCTTCCCCTACATAACC qPCR for clpX 

Primer extension ACAGGGGAGAAAAAGCCAAAT 
Primer for primer 

extension 
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APPENDIX B 

CHAPTER 3 SUPPLEMENTAL FIGURES AND TABLE 
 
 

 

Figure B.1. Conjugation frequency of CK135RF + pKH88-tetM/ermB into V583. In vitro 
conjugation assays were performed with the donor strain CK135RF + pKH88-tetM/ermB. We 
observed a poor conjugation frequencies into V583 wild-type even for the control plasmid 
(pKH88-tetM).  
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Figure B.2. In vivo removal of erythromycin resistance. A) Graph showing transconjugants 
recovered over time in CFU/g of feces indicating that conjugation of pKH88 plasmids in both 
groups occurred at equal rates for the duration of the experiment. B) Graph showing that in the 
pKH88-ermB group, conjugation of pAM771 into CK135RF was not detected, while in the 
pKH88-tetM group significant numbers of such transconjugants were recovered. These results 
prove that the CRISPR-Cas system present in the pKH88-ermB group successfully prevented 
acquisition of the targeted plasmid by donors. Dotted line represents limit of detection for the 
experiment. 
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Table B.1. Primers used in this study 

Primer Name Sequence (5'-3') Use 

pCOP88 Ori for TGCAGCGTTTCTTTGAATAG Create pCOP88 

pCOP88 Ori rev GCTTTGCAAAGTCTGAAAAC Create pCOP88 

pCOP88 Phes cat for TGCCACCTTCGTTTTCAGACTTTGCAAAGCCAAGTTAAG

GGATGCAGTTTAAAAATG 

Create pCOP88 

pCOP88 Phes cat rev GGCATGATGGTTGCCGGTCGATAAACCCAGCGAAC Create pCOP88 

pCOP88 cas9 for AAACATTACTCTATAGCAAACACAGTTAACCACG Create pCOP88 

pCOP88 cas9-cat-PSRT 

rev 

CAATATCAGAATCAATCCACTCCTGAATCCCATTC Create pCOP88 

pCOP88 Arm 1 for CTGGGTTTATCGACCGGCAACCATCATGCCTAAATTTTT

ATC 

Create pCOP88 

pCOP88 Arm 1 rev GTTAACTGTGTTTGCTATAGAGTAATGTTTTAATTTTTT

TCTCTTTTTCAG 

Create pCOP88 

pCOP88 Arm 2 for GGATTCAGGAGTGGATTGATTCTGATATTGCCAATC Create pCOP88 

pCOP88 Arm 2 rev CTAAAACGTCCTATTCAAAGAAACGCTGCAAGTCAACTA

GAATCTGCTG 

Create pCOP88 

cas9 rev TTTATTAAAGTTCATCTAGTCGACAACTTTACGGCGTGT

TTC 

Create pCOP88 

cat for AAAGTTGTCGACTAGATGAACTTTAATAAAATTGATTTA

GACAAT 

Create pCOP88 

cat rev TCAACAAACTGGCCCGTTTGTTGAACTACTTTATAAAAG

CCAGTCATTAGGC 

Create pCOP88 

PSRT for AGTAGTTCAACAAACGGGCC Create pCOP88 

tetM for  TGGCGTACAAGCACAAACTCG screen for tetM 

tetM rev CGCAAAGTTCAGACGGACCTCG screen for tetM 

ermB for GGGCATTTAACGACGAAACTGGC screen for ermB 

ermB rev CGCTGGCAGCTTAAGCAATTGC screen for ermB 
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cylA for GTCATGCCCGGGGCTATTGTTGGTAGAAGTGG Screen for cylA 

cylA rev GCAGTTGTTTGCGAATTATC Screen for cylA 

ddlE.faecalis for ATCAAGTACAGTTAGTCTT Screen for E. 

faecalis (43) 

ddlE.faecalis rev ACGATTCAAAGCTAACTG Screen for E. 

faecalis (43) 
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