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ABSTRACT 

 
 
 Supervising Professors:  Dr. Kelli L. Palmer and Dr. Michael Q. Zhang 
 
 
 
 
Enterococcus faecalis is a Gram-positive bacterium that naturally colonizes humans and 

opportunistically causes life-threatening infections. Multidrug-resistant (MDR) E. faecalis strains 

have emerged that are replete with mobile genetic elements (MGEs). Considering that bacteria 

commonly possess two genome defense mechanisms to prevent MGE acquisition, restriction-

modification (R-M, analogous to an innate immune system) and CRISPR-Cas (adaptive immune 

system), we hypothesize that these barriers may have been compromised in MDR E. faecalis 

strains. However, little was known about the activities of E. faecalis R-M and CRISPR-Cas 

systems. In my dissertation, a functional E. faecalis OG1RF encoded R-M system was identified 

and its activity against MGEs was confirmed using both conjugation and transformation assays. 

This work was the first to demonstrate that R-M provides E. faecalis with significant defense 

capability against antibiotic resistance plasmids. Subsequently, the distribution of R-M systems 

in a larger collection of E. faecalis strains was studied. To predict the novel R-M systems, I 

developed an R-M prediction algorithm based on amino acid sequence homology, and 

successfully predicted new R-M systems in 75 E. faecalis genomes. Remarkably, some lineage-
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specific R-M systems were detected. Especially, hospital-adapted lineages were found to be 

enriched for certain R-M systems, suggesting that these bacteria can readily exchange DNA with 

each other. Another active form of genome defense in E. faecalis, namely CRISPR-Cas, has also 

been investigated. In experimental in vitro evolution studies, we observed that chromosomally-

encoded CRISPR-Cas systems tend to be compromised upon enforced maintenance of antibiotic 

resistance plasmids possessing sequences targeted by CRISPR-Cas. Using deep sequencing, we 

found that CRISPR array alleles are naturally heterogeneous, which provides an evolutionary 

basis for compromised CRISPR-Cas under selection pressure. This work demonstrates that 

antibiotic use can inadvertently select for E. faecalis with enhanced abilities to acquire mobile 

genetic elements. Finally, I studied lytic enterococcal phages for their interactions with E. 

faecalis hosts. This work was undertaken because phage therapy is increasingly of interest as an 

alternative to antibiotics for infection treatment. The genome modification status of one novel 

enterococcal phage was characterized, and the phage was found to be modified at most cytosine 

residues. This phage evades E. faecalis R-M defense, most likely due to this ubiquitous genome 

modification. That the phage encodes an anti-R-M strategy is beneficial for phage therapy 

applications. 
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CHAPTER 1 

INTRODUCTION 

1.1 Author contribution  

Wenwen Huo prepared this Chapter. Wenwen Huo and Kelli Palmer edited it.  

 

1.2 Enterococcus faecalis and its related infections 

Our human bodies are colonized with a variety of microbes, including enterococci, a group of 

Gram-positive and lactic acid bacteria (1). Enterococci can be found in the gastrointestinal tracts 

of other mammals as well (2). Besides being part of the normal microflora of the human gut, 

enterococci are opportunistic pathogens (3). Under certain conditions, they are able to enter the 

human bloodstream and cause serious infections, such as bacteremia and endocarditis (3). In the 

past few decades, enterococci have become one of the leading causes of hospital-acquired 

infections (HAI). The Centers for Disease Control and Prevention has reported that Enterococcus 

species accounted for 14% of HAIs between 2009-2010, placing them as the second most 

causative agent for HAIs (4). Enterococci possess intrinsic low level resistance to beta-lactams 

and aminoglycosides (5). At the same time, enterococci are able to acquire other clinically 

relevant antibiotic resistance genes horizontally (6). The vanA and vanB gene clusters have been 

shown to be transferrable and are responsible for resistance against the last-line antibiotic, 

vancomycin (7) (8). Vancomycin-resistant enterococci (VRE) caused 20,000 HAIs and 1,300 

deaths in 2013, and the number keeps increasing (4). The treatment options are limited for VRE-

associated infections. 
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Although there are more than 17 species within the genus Enterococcus, the majority of human 

enterococcal infections are caused by Enterococcus faecalis and E. faecium (9, 10). E. faecalis 

V583 is the first isolated and fully sequenced VRE isolate in the United States (7). The V583 

genome is 3.36 Mb in length, 25% of which is composed of mobile genetic elements (MGE) 

including phage, transposons and plasmids, many of which encode multidrug resistance cassettes 

(7). In contrast, two commensal E. faecalis isolates, T11 and OG1RF, have genome sizes around 

2.74 Mb, more than 90% of which is shared with V583 (11). MGEs are largely absent in both 

commensal isolates. 

 

Considering that bacteria generally encode genome defense systems, the fact that V583 is able to 

acquire such a significant amount of MGEs indicates compromised genome defense systems. 

The two major genome defense systems in prokaryotes are Restriction-Modification (R-M) and 

CRISPR-Cas (Clustered Regularly Interspaced Short Panlindromic Repeats and associated 

proteins) (12). Palmer et al. has reported that multidrug resistant enterococci lack CRISPR-cas 

loci (13). However, little is known about R-M systems in E. faecalis, and the relationship 

between CRISPR-Cas dynamics and MDR evolution remains unknown. This dissertation will 

focus on how both genome defense systems are compromised during the evolution of MDR E. 

faecalis. 

 

1.3 Restriction-Modification  

1.3.1 Definition and prevalence 

R-M systems were firstly discovered as “host controlled variation” in 1950s (14-16). Later on, 
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R-M has been studied intensively as an innate immune system for most bacteria (17). It generally 

consists of two opposing enzymatic activities: Restriction endonuclease (REase) and 

Methyltransferase (MTase) (Fig. 1.1). In classic R-M systems, the MTase transfers the methyl 

group from a methyl donor to a nucleic acid in a sequence-dependent manner (18). Both adenine 

and cytosine could be methylated, generating N4-methylcytosine (m4C), 5-methylcytosine 

(m5C) or N6-methyladenine (m6A) (19). While the host self DNA is protected via methylation, 

the REase recognizes the non-self DNA with no methylation or differing methylation and then 

cleaves the foreign DNA. Through R-M systems, bacteria and archaea are able to distinguish 

non-self DNA from self DNA and defend against mobile genetic elements. R-M systems have 

been identified in about 90% of fully sequenced bacterial and archaeal genomes (20), and have 

been shown to be able to confer 101 to 108 fold protection against phage (21). It is evident that R-

M serves as an important genome defense system in prokaryotes. 

 

1.3.2 Classifications 

According to recognition sequence, subunit composition, and cofactor requirements, R-M 

systems have been classified into four major types (22, 23). Type I R-M is a multisubunit protein 

complex characterized by R (restriction), M (modification) and S (specificity) subunits (24). The 

three subunits form complexes of either R2M2S1 for REase activity or M2S1 for MTase activity. 

The specificity subunits are used for sequence motif recognition. The motifs are generally 

asymmetric and bipartite. REase cleavage usually occurs at an undefined location about 1 kb 

away from the recognition site. Type II R-M is the most extensively studied R-M system type 
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and is utilized as an important molecular cloning tool (25). In Type II R-M systems, the MTase 

and REase are often two separate proteins and act independently. Both enzymes recognize the  

 

Figure 1.1. Schematic mechanism of Restriction-Modification system. Restriction 
endonuclease (REase) and Methyltransferase (MTase) are usually encoded in the vicinity of each 
other. The MTase methylates the bacterial genome in a sequence specific manner, while the 
REase recognizes invading MGEs without such methylation and cleaves the invading MGEs. R-
M systems are able to reduce MGE acquisitions from conjugation (a), transduction (b) and 
transformation (c). 
 
 
same symmetric DNA sequence and the REase cleaves at a fixed location within or close to the 

recognition site. Type III R-M is composed of two subunits: restriction (Res) and 

recognition/modification (Mod) (26). The Mod subunit is able to act independently and generate 

m6A while the Res subunit requires Mod for restriction. During cleavage, two inverse-repeat 

oriented asymmetric sequences are recognized and the REase cleaves at a specific distance away 

from one of the two sequences. Type IV R-M was recently classified as a methyl-directed REase, 

which recognizes methylated DNA (27). However the REase activity of Type IV R-M systems is 

relatively weak and the recognition sites are not well defined. With more and more R-M systems 

REase 

MTase 

m m 

m 
m 

a). b). c). 
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being identified and biochemically confirmed, many variations are observed. Hence, subtypes 

within each type exist to allow for categorization of variations (28). Nowadays, more and more 

orphan MTases have been discovered, i.e. MTases without cognate REases (29). The orphan 

MTases also play a role in gene regulation (30, 31). 

 

1.3.3 R-M system prediction 

After the first description of a R-M system in 1953 (16), the number of described R-M systems 

has continually increased (32). Since the 21st century, with the development of bioinformatics 

analysis, the number of confirmed and predicted R-M systems has increased exponentially. As 

REBASE (the Restriction Enzyme database) (33) reported in 2010 (34), there were 4990 REase 

genes and 8080 MTase genes predicted. The number keeps increasing with more and more 

bacterial genomes being sequenced. It appears that MTases are more conserved than REases in 

amino acid sequences. The computational prediction based on sequence match usually predicts 

MTases in higher abundance and confidence (35). Accordingly, MTases can be more easily 

predicted by amino acid sequence comparison. However, the differentiation of DNA MTase 

from RNA or protein MTase is still a problem. On the other hand, REases tend to be much less 

conserved in the aspect of amino acid sequence, which makes it difficult to predict REases by 

bioinformatics analysis alone.  

 

1.3.4 Anti-restriction strategies  

During the arms race between bacterial hosts and their invading mobile DNA, namely phages, 

various anti-restriction strategies have evolved. A reduction of REase recognition sequences in 
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phage genomes is accomplished by frequent DNA mutations (36, 37). Acquiring the same DNA 

modification as the host by encoding the corresponding MTases also helps to successfully evade 

cognate REase recognition (38). Additionally, the attachment of bulky groups onto the modified 

DNA bases, such as hydroxymethylation and glucosylation, provides further protection against a 

wider range of REaes (38, 39). In addition to passive defense by self-modification, phages and 

plasmids have also developed proactive defense mechanisms. Proteins that mimic DNA structure 

and sequester REases play an important role in plasmid and phage invasion. ArdA (alleviation of 

restriction of DNA) is encoded by many transposons and mimics a 42-bp DNA structure that a 

Type I R-M complex binds to, hence successfully blocking the Type I enzymes (40).  

 

1.4 CRISPR-Cas system 

1.4.1 The mechanism of CRISPR-Cas systems  

The first CRISPR (Clustered regularly interspaced short palindromic repeats) array was noticed 

downstream of the Escherichia coli alkaline phosphatase isozyme (iap) gene, and described as an 

“unusual structure” in 1987 (41). The follow-up publications revealed an additional CRISPR 

array downstream of the E. coli ygcE gene (42), followed by which the presence of a CRISPR 

array in Salmonella genome was identified (43). Starting in 2000, with more and more 

prokaryotic genomes being completely sequenced, the prevalence of this repeat-spacer array has 

been noticed. More than 40% of bacterial genomes and more than 90% of archaeal genomes 

contains such a locus (44-46). However, the function of being an adaptive immune system was 

not proposed until 2005 (47-49), and finally confirmed in 2007 (50). 
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CRISPR-Cas (Clustered regularly interspaced short palindromic repeats and their associated 

proteins) systems are RNA-guided immune systems (50-52). CRISPR-Cas loci are characterized 

by a series of cas genes, followed by an array comprised of direct repeats and spacers. The direct 

repeats vary from 23 to 47 base pairs in length, and are usually partially palindromic in sequence 

to form stable secondary structures (45). On the other hand, the spacers are unique memories of 

previously encountered MGEs, the length of which vary from 21 to 72 base pairs (47, 49). 

Depending on the associated cas genes, the functionally characterized CRISPR-Cas sytems can 

be classified into three major types (53). In this dissertation, Type II CRISPR-Cas system is 

studied, which is characterized by the presence of the cas9 gene. In addition to cas9, the 

universal cas1 and cas2 genes are observed in Type II CRISPR-Cas systems. The Type II 

CRISPR-Cas systems can be further subcategorized into three subtypes by the presence of 

additional genes. In our model organisms, Type II-A CRISPR-Cas is observed, which contains a 

signature csn2 gene and encodes tracrRNA, which bears partial complementary to the repeat 

sequence (Fig. 1.2a). 

 

Three stages are involved in the CRISPR-Cas defense: Adaptation, Expression and Interference 

(Fig. 1.2b). During adaptation, Cas9 utilizes the PAM (protospacer adjacent motif) to identify a 

suitable protospacer, which is a segment of sequence from MGEs. Then, the protospacer is 

acquired and incorporated into the leader end of the CRISPR array, resulting in an expanded 

CRISPR array. All Cas proteins in Type II-A CRISPR-Cas system are involved in the spacer 

acquisition (54, 55). At the expression stage, the newly incorporated spacer is transcribed into 

pre-crRNA together with other spacers. The Cas9�tracrRNA complex together with the host 
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endonuclease RNase III then process pre-crRNA into mature crRNAs, with each containing a 

partial repeat and a partial spacer (56). The mature crRNA associated with a Cas9�tracrRNA 

complex is an active targeting complex. In the interference stage, the active targeting complex 

recognizes invading MGEs with complementary spacer sequence and adjacent PAM, and creates 

a double strand DNA break in the target. As a result, the CRISPR-Cas system is able to provide 

103 to 106  fold protection against MGEs (50, 57). 

 

1.4.2 CRISPR-Cas dynamics 

A CRISPR-Cas system is adaptive to new environments via the acquisition of new spacers at its 

leader end. However, the expansion of the CRISPR array is not unlimited (58), even though little 

is known about how the limit is controlled. Sequence analysis of 351 Streptococcus agalactiae 

strains revealed highly diverse CRISPR arrays, with spacer acquisition, deletion, and duplication 

evident (59). Deletion of internal spacers was also observed experimentally in Streptococcus 

thermophilus (60). The expansion and the contraction of CRISPR array by either new spacer 

acquisition or internal spacer deletion provides evolutionary basis for CRISPR-Cas and helps it 

adapt to new environments quickly. However, little is known about the mechanisms by which the 

CRISPR array contracts. 

 

1.4.3 CRISPR-Cas in E. faecalis 

Within E. faecalis, the Type II CRISPR-Cas has been further classified into three subtypes: 

CRISPR1-Cas, CRISPR2 and CRISPR3-Cas, which occur at conserved positions on the E. 

faecalis genome (13) (Fig. 1.3). CRISPR1-Cas and CRISPR2 share the exact same repeat 
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sequences. However CRISPR2 is an orphan CRISPR array locus without cas genes. It was 

confirmed that CRISPR2 is able to provide genome defense using the cas genes from CRISPR1- 

 

 

Figure 1.2. Schematic mechanism of Type II CRISPR-Cas system. a). A typical Type II-A 
CRISPR-Cas locus consists of the Type II specific cas9 gene and tracrRNA, the universal cas1 
and cas2 genes, the subtype II-A specific csn2 gene, and a CRISPR array. A CRISPR array is 
composed of a series of unique spacers interspaced by direct repeats. Each spacer bears a unique 
memory of a previously encountered MGE. The direct repeats within the same array are typically 
identical to each other, except the terminal repeat. b). Upon MGE invasion, CRISPR-Cas acts as 
a genome defense system. When a new MGE is encountered, the protospacer is recognized based 
on Protospacer Adjacent Motif (PAM). Cas complex incorporates the protospacer into the leader 
end of CRISPR array to form a new spacer (Adaptation). During expression stage, the CRISPR 
array is transcribed into pre-crRNA, which is further processed into mature crRNA by Cas9, 
tracrRNA and a host-encoded endonuclease. The mature crRNA consists of part of a repeat and 
part of a spacer, which is bound to Cas9�tracrRNA complex to form an effector complex. When 
the previously encountered MGE invades again, the effector complex recognizes the target by 
sequence complementary and the presence of PAM. Upon recognition, the target is cleaved and 
thus the MGE invasion is blocked. 
 

Cas complex 

a). 

b). 
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Figure 1.3. E. faecalis CRISPR loci. Three CRISPR types were identified in E. faecalis. 
CRISPR1-Cas is characterized by Type II specific cas9 and is present between orthologs of E. 
faecalis V583 genes EF0672 and EF0673. CRISPR2 is an orphan CRISPR locus without its 
associated cas gene in its vicinity. The CRISPR2 array was found conserved in all E. faecalis 
strains between the orthologs of V583 genes EF2063 and EF2061 (13). The direct repeat 
sequences from CRISPR1-Cas and CRISPR2 share 100% sequence identity. CRISPR3-Cas 
follows classic Type II CRISPR-Cas composition, and is located between the orthologs of V583 
genes EF1760 and EF1759. 
 

Cas in E. faecalis T11 (61). CRISPR3-Cas has a distinct repeat sequence. Palmer et al. has 

reported that the orphan CRISPR2 locus is conserved among E. faecalis strains and it is the only 

CRISPR locus encoded by most multidrug-resistant E. faecalis strains (13, 62). However the 

function of the CRISPR2 locus in strains lacking cas genes is not known.  

 

1.4.4 Anti-CRISPR mechanisms 

Similar to how R-M systems provide a selective pressure on bacteriophages, CRISPR-Cas 

systems also select for phages that can overcome this barrier. Several anti-CRISPR strategies 

have been described. Due to the high specificity of CRISPR-Cas interference, Streptococcus 

cas9 cas1 cas2 csn2 EF0672 EF0673 

E. faecalis CRISPR1-Cas locus 

E. faecalis CRISPR2 locus 

E. faecalis CRISPR3-Cas locus 

EF2063 EF2061 

cas9 cas1 cas2 csn2 EF1760 EF1759 

repeat 

spacer 

Terminal repeat 

V583 ORF 
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thermophilus phage evade the system by frequently mutating their sequence within or around the 

target sequences (60). Recently, a series of AcrF proteins from Pseudomonas phage were 

identified to block Type I-E and Type I-F CRISPR-cas systems (63, 64). Nevertheless, most of 

the known anti-CRISPR mechanisms target Type I CRISPR-Cas systems, and little is known 

about anti-CRISPR mechanisms targeting Type II CRISPR-Cas systems. 

 

1.5 E. faecalis and bacteriophages 

1.5.1 Bacteriophage and their life cycle 

Phage have played important roles in the evolution of both phage and bacterial hosts (65). Phage 

are viruses that specifically infect bacteria, and they constitute the most abundant and diverse 

group of organisms on the Earth (66-68). Depending on the genetic material, morphologies, and 

life cycles, phage can be classified into 14 officially accepted families (69). A typical phage is 

characterized by its genetic material, which could be DNA or RNA, that is encapsidated in a 

protein coat. Some phage might have tails for host attachment. A given phage can undergo either 

a lytic cycle or a lysogenic cycle. A lytic cycle includes: 1) attachment and penetration, where a 

phage recognizes its host by the host-encoded receptors and then injects its genetic material; 2) 

propagation, where the phage proteins are synthesized and nucleic acids are replicated; 3) 

assembly, where the new phage particles are assembled by packaging nucleic acids within phage 

head, followed by tail attachment; 4) release: the host cell wall peptidoglycan is broken down so 

that the newly synthesized virions are released into the environment until the next host is 

encountered. In contrast, temperate phage are lysogenic, which means they may incorporate their 
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genome into the host genome after attachment and penetration. As a result, the phage genome is 

replicated with the host genome and is inherited by all host progenies.   

 

1.5.2 Enterococcal phages 

Enterococcal phages are phages infect enterococci. Until now, all identified enterococcal phages 

belong to Podoviridae, Siphoviridae, or Myoviridae families, that are characterized by linear 

dsDNA, and are unenveloped with varied length of tails (70). Many temperate phage have been 

identified in E. faecalis genomes. The previously fully sequenced E. faecalis V583 genome 

contains seven potential prophage, which account for 10% of its genome size (7). One of the 

prophages is part of the E. faecalis core genome (71), meaning that it is present in all E. faecalis 

genomes sequenced to date. The rest of the prophages have sufficient genetic composition to 

generate functional virions (72, 73). On the other hand, several lytic enterococcal phages have 

been isolated, and they specifically target either E. faecalis or E. faecium (70). 

 

1.5.3 Phage therapy 

In addition to multidrug resistance, biofilm formation is another leading cause of antibiotic 

treatment failures for infections associated with enterococci (74, 75). Biofilm can be defined as a 

layer of bacteria encased in a matrix of polysaccharide and protein, and attached to a surface 

(76). In vivo, the bacterial cells embedded within biofilm are protected from exposure to 

antibiotics (77). The continued usage of multiple antibiotics under such conditions only helps to 

drive the evolution of more MDR strains. Consequently, new therapies for infection treatment 

are required. To effectively target MDR enterococci, phage therapy has been proposed (78, 79). 
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A few attempts have been made to treat E. faecalis infections in root canal infections (80, 81). 

However, little is known about phage receptor specificity and phage resistance mechanisms in 

enterococci, the understanding of which is critical for successful phage therapy. 

 

1.6 Sequencing methods and biological applications 

1.6.1 First and second generation sequencing  

The Sanger sequencing method was first developed and commercialized in the 1970s by 

Frederick Sanger and colleagues (82, 83). The selective incorporation of chain-terminating 

dideoxynucleotides (ddNTP) allows DNA sequence to be read at a single nucleotide resolution. 

Later on, the automated chain-terminating method coupled with dye-terminator allows us to 

resolve a piece of DNA of about 500 bp in length in hours (84). It is widely used for small-scale 

sequence confirmation or validation.  

 

High-throughput sequencing came along after 2000 (85), with the increasing needs for large-

scale and low-cost sequencing. Taking Illumina dye sequencing as an example, it utilizes bridge 

PCR and reversible dye terminator to achieve sequencing by synthesis. The DNA clusters are 

firstly generated by clonal amplification of the input DNA fragments during bridge PCR. The 

reverse strands are washed off, followed by primer attachment to the forward strands. DNA 

synthesis starts using DNA polymerase and fluorescently labeled nucleotides with reversible 3’ 

blockers. The DNA amplification pauses after the incorporation of each new nucleotide and the 

fluorescence is recorded. The 3’ blocker is then washed away and the DNA synthesis resumes. 

This method allows millions of DNA pieces to be sequenced at once within days and provides 
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strong advantages for transcriptomic analysis, whole genome de novo sequencing, methylation 

profiling, and more.  

 

1.6.2 Targeted bisulfite sequencing and whole genome bisulfite sequencing 

To study R-M systems, a key phenotype that scientists start with is DNA methylation. The 

treatment of DNA with bisulfite converts cytosine to thymine; methylated cytosine is protected 

against such treatment (86). Among the three major DNA modifications, m5C can be easily 

detected using bisulfite treatment. After bisulfite treatment, the converted DNA is amplified 

using methylation PCRs with MethPrimer, which contains cytosine to thymine conversion in the 

forward primer and guanine to adenine conversion in the reverse primer (87). The PCR product 

is sequenced using Sanger sequencing and the cytosine methylation status is resolved. This 

targeted bisulfite sequencing approach allows for m5C detection within a specific region of 

about 150 bp in length. High-throughput sequencing has been coupled with bisulfite treatment to 

profile m5C methylation across bacterial genomes (Fig. 1.4). In this dissertation, I used both 

targeted bisulfite sequencing and whole genome bisulfite sequencing to study m5C modifications 

in E. faecalis. m4C, on the other hand, is partially resistant to bisulfite conversion (88). The 

whole genome bisulfite sequencing has not been used for m4C detection before. In this 

dissertation, I successfully utilized the whole genome bisulfite sequencing to detect global m4C 

modification profiles, and distinguish it from m5C modification profiles. However, other known 

cytosine methylations, such as hydroxymethylcytosine, is difficult to distinguish from m5C and 

thus needs to be coupled with other detection assays. 
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1.6.3 3rd generation SMRT sequencing 

With the growing demands for longer read length and more accurate and extensive methylation 

profiling, Single Molecule Real Time (SMRT) sequencing was developed (89) (Fig. 1.5). SMRT 

 

 

Figure 1.4. Bisulfite sequencing workflow. The double stranded DNA is firstly denatured into 
single stranded DNA. Both strands are subjected for bisulfite conversion. Bisulfite treatment 
converts unmethylated cytosine into uracil while methylated cytosine remains the same. The 
converted DNA fragments are amplified using dNTPs, the sequencing results of which are 
compared to the original sequence. C to T conversion represents unmethylated cytosine on the 
sense strand, while G to A conversion represents unmethylated cytosine on the antisense strand. 
The methylation ratio is thus calculated to represent the cytosine modification status. 0: 
unmethylated; 1: methylated. 
 

sequencing processes single DNA molecules in parallel. Each DNA molecule is anchored by one 

DNA polymerase, and four fluorescent dye-linked nucleotides are provided. Upon incorporating 

T A G T A G C T A G C T G C A 5’ 3’ 

A T C A T C G A T C G A C G T 5’ 3’ 

T A G T A G U T A G U T G U A 5’ 3’ 

A T C A T U G A T U G A U G T 5’ 3’ 

T A G T A G T T A G T T G T A 5’ 3’ 

A T C A T T G A T T G A T G T 5’ 3’ 

T A G T A A C T A A C T A C A 5’ 3’ 

A T C A T C A A T C A A A A T 5’ 3’ 

DNA denaturation 

Bisulfite conversion 

Amplification using dNTPs 

Data analysis 
A T C A T T G A T T G A T G T 5’ 3’ 

A T C A T C A A T C A A A A T 5’ 3’ 

Original sequence (sense strand): 

Sequence after bisulfite conversion: 

T A G T A G C T A G C T G C A 5’ 3’ 

A T C A T C G A T C G A C G T 5’ 3’ 
m 

m 

A T C A T C G A T C G A C G T 5’ 3’ 
m 

! ! 1 ! ! 0 ! ! ! 0 ! ! 0 ! ! 5’ 3’ 

Methylation ratio: 

! ! ! ! ! 0 ! ! ! 0 ! ! 0 ! ! 5’ 3’ 
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each new nucleotide, the fluorescent dye is cleaved to allow light emission, after which the 

incorporation continues. The DNA sequence as well as the polymerase kinetics are recorded 

during synthesis. The polymerase kinetic is reflected by the time it takes to incorporate each 

 

 

Figure 1.5. Principle of SMRT sequencing. a) Fluorophore-linked dNTPs enable DNA 
polymerase cleave fluorophores as well as triphosphate chain and in turn emit signal while 
promoting next nucleotide incorporation. b) Zero-mode waveguides (ZMW) anchor DNA 
polymerase in the bottom which help stabilize and detect a bright flash of light emitted by the 
fluorophores. c) The interpulse duration (IPD) reflects the incorporation time between adjacent 
bases. The ratio of IPD values for each nucleotide position in native DNA compared to whole 
genome amplified (WGA; all modifications abolished) control DNA is used to identify sites of 
putative modification. Figures shown were adapted from references (90-92). 
 
 

c). 

a). b). 
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individual nucleotide, which is affected by its structure or any modification. Therefore, the 

polymerase kinetics can be used for modification detection, including but not limited to DNA 

methylation. Both m6A and m4C change DNA polymerase kinetics significantly and 

consequently can be easily detected (93). However the m5C detection requires much higher 

sequencing depth and the motif recognition is usually less accurate. Hence, the combination of 

both whole genome bisulfite sequencing and SMRT sequencing is required for full detection of 

the bacterial methylome. 

 

1.7 Research objectives 

During my doctoral research, I studied two E. faecalis genome defense systems and their impact 

on conjugative plasmid transfer. E. faecalis is a Gram-positive bacterium that naturally colonizes 

human gastrointestinal tracts and opportunistically causes life-threatening infections such as 

bacteremia and endocarditis. Multidrug-resistant E. faecalis strains have emerged, making it 

more difficult to treat these infections. I am interested in how genome defense systems restrict 

commensal E. faecalis strains from acquiring antibiotic resistance genes, and how we can use 

this knowledge to prevent multidrug resistant E. faecalis from acquiring further resistance genes. 

Two genome defense systems were studied: R-M system and CRISPR-Cas system. E. faecalis 

was predicted to encode various R-M systems. Using bisulfite sequencing and SMRT 

sequencing, coupled with molecular biology, I identified a functional R-M system in E. faecalis 

OG1RF and confirmed its defense function against antibiotic resistance plasmids (Chapter 2). 

This work was the first to demonstrate that E. faecalis utilizes R-M system to defend against 

MGEs. Follow up research was focused on the distribution of R-M systems in a larger collection 
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of 75 E. faecalis genomes and 4 E. faecium genomes, ranging from multidrug resistant strains to 

drug sensitive strains (Chapter 3). The R-M system prediction algorithm is described and select 

strains were subjected to DNA modification status analysis (Chapter 3). The distribution analysis 

of R-M systems revealed that certain R-M systems were enriched in hospital-adapted lineages, 

suggesting that these bacteria can readily exchange DNA with each other. I stuided another 

genome defense system, CRISPR-Cas, later in my doctoral research. This work was performed 

in collaboration with another graduate student from the Palmer lab. We characterized the 

plasticity of E. faecalis CRISPR arrays in response to antibiotic exposure and beneficial MGEs 

maintenance (Chapter 4). We found that CRISPR-Cas systems are compromised upon the 

enforced maintenance of antibiotic resisance plasmids possessing sequences targeted by 

CRISPR-Cas. Using deep sequencing analysis, I characterized the heterogeneity of CRISPR 

arrays in wild-type and compromised E. faecalis populations. Finally, I studied phage-host 

interactions using two previously published enterococcal phage (Chapter 5). Both phage were 

found to be able to evade the E. faecalis OG1RF native R-M system. The utilization of bisulfite 

sequencing revealed that both phage genomes were cytosine-methylated, which provides a 

possible anti-R-M mechanism. On the other hand, E. faecalis hosts develop phage resistance 

upon phage infections. The phage resistance mechanisms were studied using whole genome 

sequencing. 
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CHAPTER 2 

GENOME MODIFICATION IN ENTEROCOCCUS FAECALIS OG1RF ASSESSED BY 
 

 BISULFITE SEQUENCING AND SINGLE MOLECULE REAL TIME SEQUENCING 

2.1 Author contribution  

This work was published with Hannah Adams (HA), Michael Zhang (MZ) and Kelli Palmer 

(KP) in the Journal of Bacteriology in 2015 (94). Wenwen Huo (WH) and KP designed the 

experiments. WH and HA performed the experiments. WH, KP and MZ designed the 

computational analysis. WH performed the computational analysis. WH and KP prepared the 

manuscript. Per the ASM Journals Statement of Authors’ Rights, the republication of the 

material for PhD dissertation is permitted. The original manuscript can be found online: 

http://jb.asm.org/content/197/11/1939. 

 

2.2 Abstract  

Enterococcus faecalis is a Gram-positive bacterium that natively colonizes the human 

gastrointestinal tract and opportunistically causes life-threatening infections. Multidrug-resistant 

(MDR) E. faecalis strains have emerged, reducing treatment options for these infections. MDR 

E. faecalis strains have large genomes containing mobile genetic elements (MGEs) that harbor 

genes for antibiotic resistance and virulence determinants. Bacteria commonly possess genome 

defense mechanisms to block MGE acquisition, and we hypothesize that these mechanisms have 

been compromised in MDR E. faecalis. In restriction-modification (R-M) defense, the bacterial 

genome is methylated at cytosine (C) or adenine (A) residues by a methyltransferase (MTase), 

such that nonself DNA can be distinguished from self DNA. A cognate restriction endonuclease 
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digests improperly modified nonself DNA. Little is known about R-M in E. faecalis. Here, we 

use genome resequencing to identify DNA modifications occurring in the oral isolate OG1RF. 

OG1RF has one of the smallest E. faecalis genomes sequenced to date and possesses few MGEs. 

Single-molecule real-time (SMRT) and bisulfite sequencing revealed that OG1RF has global 5-

methylcytosine (m5C) methylation at 5’-GCWGC-3’ motifs. A type II R-M system confers the 

m5C modification, and disruption of this system impacts OG1RF electro-transformability and 

conjugative transfer of an antibiotic resistance plasmid. A second DNA MTase was poorly 

expressed under laboratory conditions but conferred global N4-methylcytosine (m4C) 

methylation at 5’-CCGG-3’ motifs when expressed in Escherichia coli. Based on our results, we 

conclude that R-M can act as a barrier to MGE acquisition and likely influences antibiotic 

resistance gene dissemination in the E. faecalis species. 

 

2.3 Importance 

The horizontal transfer of antibiotic resistance genes among bacteria is a critical public health 

concern. Enterococcus faecalis is an opportunistic pathogen that causes life-threatening 

infections in humans. Multidrug resistance acquired by horizontal gene transfer limits treatment 

options for these infections. In this study, we used innovative DNA sequencing methodologies to 

investigate how a model strain of E. faecalis discriminates its own DNA from foreign DNA, i.e., 

self versus nonself discrimination. We also assess the role of an E. faecalis genome modification 

system in modulating conjugative transfer of an antibiotic resistance plasmid. These results are 

significant because they demonstrate that differential genome modification impacts horizontal 

gene transfer frequencies in E. faecalis. 
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2.4 Introduction 

Enterococcus faecalis is a Gram-positive bacterium that natively colonizes the gastrointestinal 

tracts of humans and other animals (95). It is an opportunistic pathogen that causes life-

threatening infections, such as bacteremia and endocarditis in compromised individuals (96). E. 

faecalis is among the leading causes of hospital-acquired infections in the United States, making 

it a major public health concern (4). Rising antibiotic resistance in E. faecalis, including 

resistance to the last-line antibiotic vancomycin, complicates treatment of these infections (5, 

96). One way that E. faecalis becomes antibiotic resistant is via the horizontal acquisition of 

antibiotic resistance genes. These genes are disseminated by mobile genetic elements (MGEs), 

including integrative conjugative elements, such as Tn916, broad-host-range plasmids, and a 

group of narrow-host-range plasmids called pheromone-responsive plasmids (97). E. faecalis 

also acts as a conduit for MGEs harboring antibiotic resistance, transferring them to 

Staphylococcus aureus and Clostridium difficile (98, 99). 

 

Multidrug-resistant (MDR) E. faecalis strains are undergoing genome expansion. E. faecalis 

OG1RF and V583 are commonly used model strains for Enterococcus studies, and a comparison 

of their genomes exemplifies this genome expansion. E. faecalis OG1RF is derived from a 

human caries-associated strain isolated in the early 1970s (100), while the MDR E. faecalis 

V583 was isolated from the bloodstream of a hospitalized patient in 1987 and was among the 

first vancomycin-resistant Enterococcus strains identified in the United States (101). The 

differences in genome sizes and MGE content between OG1RF and V583 are striking: the 3.36-

Mb V583 genome possesses 7 prophage and multiple plasmids, transposons, and genomic 
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islands, while the 2.74-Mb OG1RF genome possesses only one Tn916-like element and a 

prophage that is core to the E. faecalis species (7, 71, 102). Among a larger collection of 18 E. 

faecalis genomes, genome sizes range from 2.74 to 3.36 Mb, with MDR strains enriched for 

MGE content and having the biggest genomes (11). In general, MDR E. faecalis strains are 

enriched for horizontally acquired content, including antibiotic resistance genes, virulence factor 

genes, and metabolic genes potentially important for niche expansion (11, 71, 102-105). 

 

Compromised genome defense, specifically the lack of clustered, regularly interspaced short 

palindromic repeats (CRISPR-Cas) defense systems, has been hypothesized to play a role in 

genome expansion in MDR E. faecalis (13, 102). CRISPR-Cas systems confer defense from 

MGEs via guide RNAs that direct nucleases to invading MGEs with a complementary sequence, 

providing a type of adaptive immunity against MGEs (106). Among a collection of 48 E. faecalis 

strains, CRISPR-Cas systems were absent from vancomycin-resistant strains and strains 

associated with hospital infections and were rarely present in MDR strains (13). This suggests 

that CRISPR-Cas defense systems act as barriers to antibiotic resistance gene dissemination in E. 

faecalis. 

 

Another genome defense mechanism utilized by bacteria, restriction-modification (R-M), 

functions like an innate immune system. In a simple model of R-M defense, host DNA is 

modified by a DNA methyltransferase (MTase) at adenine (A) or cytosine (C) residues within a 

specific motif sequence. A cognate restriction endonuclease (REase) cleaves motif sequences 

lacking appropriate modification. By this mechanism, the REase recognizes and cleaves nonself 



 

 23 

DNA attempting to enter the cell. Several broad classes of R-M systems are known (types I to 

III), with type II systems being most similar to the R-M model described above (21). Type IV 

REases recognize and cleave methylated motif sequences and do not have cognate MTases 

(107). Common genome modifications in the prokaryotic world are 6-methyladenine (m6A), 4-

methylcytosine (m4C), and 5-methylcytosine (m5C) (108). DNA MTases do not always have 

cognate REases, and in those cases they are referred to as orphan MTases. 

 

We are interested in barriers to horizontal gene transfer (HGT) in the enterococci and to what 

extent enterococcal cells have identity, i.e., if and how they distinguish their own genetic 

material from nonself genetic material during HGT. The dynamic between E. faecalis cells and 

the narrow-host-range pheromone-responsive plasmids is particularly of interest. Very few 

studies have experimentally characterized enterococcal R-M enzymes (70, 109-112), and their 

roles in modulating HGT have not been assessed. However, the New England BioLabs (NEB) 

Restriction Enzyme Database (REBASE) predicts many R-M enzymes for the genus (34). Here, 

we used Pacific Biosciences single-molecule real-time (SMRT) sequencing and Illumina 

bisulfite sequencing to map genome modification sites in E. faecalis OG1RF. We also evaluated 

the effect of differential genome modification on electrotransformability of OG1RF and 

conjugative transfer of the model pheromone-responsive plasmid, pCF10. We conclude that 

differential genome modification has the potential to impact HGT frequencies and the population 

structure of E. faecalis. 
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2.5 Materials and Method 

2.5.1 Bacterial strains, growth conditions, and routine molecular biology procedures 

Bacterial strains used in this study are shown in Table 2.1. E. faecalis strains were routinely 

cultured in brain heart infusion (BHI) broth or on BHI agar at 37°C unless otherwise stated. 

Antibiotics were used at the following concentrations for E. faecalis: rifampin, 50 µg/ml; fusidic 

acid, 25 µg/ml; erythromycin, 50 µg/ml; tetracycline, 10 µg/ml; streptomycin, 500 µg/ml; 

spectinomycin, 250 µg/ml for OG1RF and OG1SSp and 750 µg/ml for V583; chloramphenicol, 

15 µg/ml. Escherichia coli strains were used as hosts for plasmid construction and were grown in 

lysogeny broth at 37°C unless otherwise stated. Antibiotics for E. coli were used at the following 

concentrations: kanamycin, 30 µg/ml; ampicillin, 100 µg/ml; chloramphenicol, 15 µg/ml; 

spectinomycin, 100 µg/ml. PCR was routinely performed with Taq polymerase (NEB). Phusion 

polymerase (Fisher) was used for cloning applications. Primers used in this study are shown in 

Table A1 in the supplemental material. Routine DNA sequencing was performed by Macrogen 

(Rockville, MD) or by the Massachusetts General Hospital DNA Core Facility (Boston, MA). 

REase digestions were performed per the manufacturer’s instructions (NEB). Methylation 

sensitivity data for REases were obtained from the NEB REBASE database. Genomic DNA 

(gDNA) was isolated from E. faecalis overnight cultures in stationary phase by using a modified 

version of a previously published protocol (113), described further in the supplemental material. 

Whole-genome amplified (WGA) control gDNA was generated by amplification of native 

gDNA using the Qiagen REPLI-g kit, per the manufacturer’s instructions. 
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2.5.2 Expression of predicted MTases in E. coli BL21(DE3)  

The OG1RF_10790 gene was amplified using primer set 10790_for_NdeI/10790_ rev_BamHI. 

The 1,027-bp fragment was digested with NdeI/BamHI and ligated into pET28a (Novagen), 

generating pWH51. The OG1RF_11823 gene was amplified using primer set 

11823_for_BamHI/11823_rev_NotI. The 1,300-bp fragment was digested with BamHI/NotI and 

ligated into pGEX-6p-1 (GE Healthcare), generating pWH21. For overexpression of 

OG1RF_10790, E. coli BL21(DE3) (Novagen) transformed with pWH51 was induced with 1 

mM isopropyl-β-D-thiogalactopyranoside (IPTG) and incubated at 37°C overnight with shaking 

at 180 rpm. E. coli BL21(DE3) transformed with wild-type pET28a was induced under the same 

conditions as a control. For overexpression of OG1RF_11823, E. coli BL21(DE3) transformed 

with pWH21 was induced with 1 mM IPTG and incubated at 25°C overnight with shaking at 180 

rpm. After induction of cultures, 30 µl crude cell lysate was prepared and analyzed via 12% bis-

acrylamide (Bio-Rad) SDS-PAGE and Western blotting to confirm MTase overexpression (see 

Fig. A1 in the supplemental material). For Western blotting of control pET28a and 

OG1RF_10790 expression strains, a mouse anti-polyhistidine antibody was used (Cell 

Signaling). For the OG1RF_11823 expression strain, a rabbit anti-glutathione S-transferase 

antibody was used (Thermo Scientific). Genomic DNA was isolated from induced cultures using 

the protocol described in the text in the supplemental material. 

 

2.5.3 Pacific Biosciences SMRT sequencing  

SMRT sequencing of native and WGA E. faecalis OG1RF gDNA was performed at the 

University of California San Diego BIOGEM core facility. SMRT sequencing reads were 
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assembled to the E. faecalis OG1RF reference sequence (GenBank accession number 

NC_017316) and analyzed using the RS modification and motif detection protocol in SMRT 

portal v1.3.3. SMRT sequencing of E. coli BL21(DE3) gDNA after overexpression of predicted 

MTases was performed at the University of Michigan sequencing core facility. SMRT 

sequencing reads were assembled to the E. coli BL21(DE3) reference sequence (GenBank 

accession number CP001509.3) and analyzed using the RS modification and motif detection 

protocol in SMRT portal v2.3.0. The interpulse duration (IPD) is the time elapsed between 

incorporation of adjacent nucleotides by DNA polymerase, and the IPD ratio refers to the ratio of 

IPD values between native and control templates for a given nucleotide position. The 

significance of the IPD ratio was evaluated using Welch’s t test, with the resulting P value 

further transformed into a quality value (QV; QV = -log10P; details can be found by accessing 

PacificBiosciences/kineticsTools on github, the Web-based Git repository hosting service). 

SMRT sequencing analysis is described further in the supple- mental material. Additional 

analyses of motif enrichment were performed with MEME (114). 

 

2.5.4 Targeted bisulfite sequencing 

Methylated DNA was generated by PCR using E. faecalis OG1RF gDNA as the template, 

primers targeting clpX, and m5CTP, m4CTP, or CTP (Fermentas) as nucleotide substrates. PCR 

products were bisulfite converted by using the EpiTect bisulfite kit (Qiagen) per the 

manufacturer’s instructions, reamplified by PCR with dCTP, and sequenced. To evaluate 

modification at 5’-GCWGC-3’ motifs, OG1RF gDNA was bisulfite converted as described 

above and used as the template in standard PCRs with primers targeting bisulfite-converted 
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OG1RF_11844 sequence. Products were sequenced to evaluate the methylation state of the two 

OG1RF_11844 5’-GCWGC-3’ motifs. To evaluate modification at 5’-CCGG-3’ motifs in E. coli 

BL21(DE3) expressing OG1RF_11823, E. coli gDNA was bisulfite converted as described 

above and used as the template in standard PCRs with primers targeting bisulfite-converted 

ECD_00002 sequence (see Table A1 in the supplemental material). Primers targeting bisulfite-

converted DNA were designed using MethPrimer (87). 

 

2.5.5 Illumina MiSeq whole-genome bisulfite sequencing 

Bisulfite-converted Illumina sequencing libraries were constructed using the Illumina TruSeq 

sample prep (LT) kit and the Qiagen EpiTect bisulfite kit, described further in the supplemental 

material. E. coli strains BW25113 and JW1944 (dcm deficient) (115) were used as positive and 

negative controls for bisulfite conversion, based on the well-characterized Dcm methylation 

system. OG1RF WGA control DNA was also used as negative control. Illumina sequence reads 

were mapped to the OG1RF reference sequence or the E. coli K-12 MG1655 reference sequence 

(GenBank accession number NC_000913) by using Bismark (116) with paired-end read 

mapping. The bisulfite conversion rate for individual reads was calculated by dividing the 

number of C-to-T conversions in each mapped read by the total number of Cs in the 

corresponding reference sequence. For determination of methylation ratios, only reads with a 

≥80% bisulfite conversion rate were used. A sequencing depth threshold of ≥7 was further 

applied to reduce bias generated by low coverage. The methylation ratio for each C position in 

the reference genome was calculated by dividing the number of mapped Cs by the total coverage 

at that position. The significance of the methylation ratio was calculated using empirical 
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modeling, with OG1RF WGA or dcm-deficient DNA as the background (negative control) 

(described further in the supplemental material). 

 

2.5.6 Generation of an E. faecalis ΔEfaRFI mutant 

Approximate 1-kb regions up- and downstream of OG1RF_11622-11621 were amplified using 

primer sets 1F_BamHI/1R_XbaI and 2F_PstI/2R_BamHI (see Table A1 in the supplemental 

material). Products were digested with REases and ligated with Xbal/PstI-digested pLT06 (117) 

by using T4 DNA ligase (NEB). The ligation product was transformed into E. coli EC1000 for 

propagation and sequence confirmation. The deletion construct, pWH01, was introduced into 

OG1RF by electroporation (118). The OG1RF ΔEfaRFI strain lacking OG1RF_11622-11621 

was generated by temperature shifts and p-chlorophenylalanine counterselection, as previously 

described (117). Deletion of OG1RF_11622-11621 was confirmed by sequencing of the 

engineered region. 

 

2.5.7 OG1RF ΔEfaRFI complementation 

In one complementation strategy, OG1RF_11622 was provided in trans on the multicopy shuttle 

vector pAT28 (119). OG1RF_11622 with 386 bp of upstream sequence was amplified using the 

primer set M1_F_EcoRI/M1_R_BamHI. Products were digested with REases, ligated with 

EcoRI/BamHI-digested pAT28, and transformed into E. coli Top10 (Invitrogen) for propagation 

and sequence confirmation. The complementation construct, pM.EfaRFI, was introduced into 

OG1RF ΔEfaRFI by electroporation to generate the strain OG1RF ΔEfaRFI pM.EfaRFI and into 

V583 to generate the strain V583 pM.EfaRFI. 
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In a second complementation strategy, the OG1RF_11622-11621 genes were incorporated into 

the OG1RF ΔEfaRFI chromosome at a neutral site. An E. faecalis genomic insertion site for 

expression (GISE) was previously identified (120). This site occurs in the intergenic region 

between the V583 genes EF2238 and EF2239, which are orthologues of OG1RF_11778 and 

OG1RF_11779. We refer to these genes by their V583 ORF IDs here. Debroy et al. (120) 

developed pRV1, a plasmid conferring erythromycin resistance that can be used to knock in 

genes at the E. faecalis GISE. We used this information to develop pWH03, a pLT06 derivative 

conferring chloramphenicol resistance that can be used for gene knockins at the GISE. To 

generate pWH03, EF2238 and EF2239 orthologues were amplified from OG1RF gDNA using 

previously published primer sets with modified restriction sites (see Table A1 in the 

supplemental material) (120). Overlap extension PCR using the first-round products and primers 

EF2238_F_PstI/EF2239_R_XbaI introduced a NotI site between the two genes, resulting in a 

PstI-EF2238-NotI-EF2239-XbaI fragment. The REase-digested fragment was ligated into 

PstI/XbaI-digested pLT06 and propagated in E. coli EC1000, generating pWH03. 

 

To complement the OG1RF ΔEfaRFI mutant, the OG1RF_11622- 11621 genes with 33 bp of 

upstream sequence were amplified using the primer set RBS_R_NotI/ORF_F_NotI. The NotI-

digested fragment and NotI-digested pWH03 were ligated and electroporated into E. coli StbL4 

competent cells (Life Technologies), generating pCom02. pCom02 was electroporated into 

OG1RF ΔEfaRFI, and temperature shifts and counterselection were used to generate the strain 

OG1RF ΔEfaRFI::EfaRFIrbs. The promoter region upstream of OG1RF_11622-11621 was 

separately knocked into OG1RF ΔEfaRFI::EfaRFIrbs. Sequence 331 bp upstream of 
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OG1RF_11622 and 775 bp of the OG1RF_11622 coding region were amplified using the primer 

pair M2_1F_PstI/M2_1R. A second round of PCR combined this PCR product with an EF2239 

PCR product, generating a PstI-OG1RF_11622-promoter-EF2239-BamHI fragment. This was 

digested with PstI/BamHI, ligated to PstI/BamHI-digested pLT06, and transformed into E. coli 

EC1000 for propagation, resulting in pWH02. The construct was electroporated into OG1RF 

ΔEfaRFI::EfaRFIrbs, and temperature shifts and counterselection were used to obtain OG1RF 

ΔEfaRFI::EfaRFIpro. 

 

2.5.8 RT-qPCR 

Exponentially growing E. faecalis broth cultures were diluted to an optical density at 600 nm 

(OD600) of 0.005 in prewarmed BHI broth, and growth was monitored by spectrophotometry. At 

four time points (when OD600 values were 0.05, 0.35, 1.0, and 2 to 2.2), cultures were harvested 

with two volumes RNAProtect bacteria reagent (Qiagen). RNA was isolated from cell pellets by 

using RNA Bee reagent (Tel-Test), treated with DNase I (Roche) for 2 h at 37°C, and repurified 

using RNA Bee. The absence of gDNA contamination was confirmed by PCR using 1 µg of 

RNA as the template and primers targeting a 16S rRNA gene (see Table A1 in the supplemental 

material). RNA integrity was verified by agarose gel electrophoresis. cDNA was generated using 

SuperScript II (Life Technologies) with 100 ng RNA template and random hexamers. RNase H 

(NEB) was added to synthesized cDNA to remove RNA, and cDNA was purified with the 

Qiaquick PCR purification kit. Primers for reverse transcriptase quantitative PCR (RT-qPCR) 

were designed using NCBI Primer-BLAST (121). RT-qPCR was carried out using a Cepheid 

Smart Cycler with SYBR green I (Sigma). Threshold cycle (CT) values for clpX reactions were 
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compared to those for MTase reactions. Expression levels were analyzed for two independent 

growth experiments. 

 

2.5.9 Conjugation frequency test  

The pheromone-responsive plasmid pCF10 (122), which carries genes for tetracycline resistance, 

was used for conjugation frequency tests. Donor and recipient strains were inoculated into BHI 

broth from single colonies and grown to late exponential phase. An aliquot (900 µl) of the 

recipient culture was pelleted and resuspended with 100 µl of donor culture. The mixture was 

spread on a BHI plate and incubated at 37°C overnight. Bacterial growth was recovered with 1X 

phosphate-buffered saline supplemented with 2 mM EDTA. Cell resuspensions were serially 

diluted and plated on selective media. Select transconjugants were verified by colony PCR using 

two sets of primers designed from the pCF10 sequence (123), with one set targeting Tn916 and 

one set targeting the uvaB gene (data not shown). Transfer efficiency was expressed as the 

number of pCF10 transconjugants per donor (124). Significance was assessed using the paired t 

test. 

 

2.5.10 Transformation efficiency test  

Electrocompetent E. faecalis cells were made as described previously (125). The test plasmid 

pMSP3535 (126) was introduced into either OG1RF or OG1RFΔEfaRFI for propagation and 

purified using cesium chloride density gradient centrifugation (127). The control plasmid pLZ12 

(128) was propagated in E. coli DH5α and purified by use of a column miniprep (Qiagen). 

During electroporation, 50 ng of pMSP3535 with varied modification status was 
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coelectroporated with 50 ng of pLZ12 into OG1RF competent cells. Electroporation reaction 

mixtures were divided into equal volumes and plated on appropriate selection media (with 

chloramphenicol for pLZ12 and erythromycin for pMSP3535) after 1.5 h of outgrowth. The 

efficiency of transformation (EOT) in this study was defined as the relative number of 

transformants obtained from the test plasmid versus that from the control plasmid (based on 

methods described in reference (129)). The EOT should not be confused with the conventional 

definition of transformation efficiency, with which the number of transformants per microgram 

of DNA is calculated. The EOT from modified pMSP3535 was set to 1, and the EOT from 

unmodified pMSP3535 was expressed in relation to that. By doing this, we normalized for total 

transformable cells by using the control plasmid, allowing us to assess the impact of 

modification status on transformability of the test plasmid. Three independent experiments were 

performed, and significance was assessed using a paired t test. 

 

2.5.11 Putative DNA MTases in E. faecalis OG1RF and their distributions among 17 E. 

faecalis strains  

Three DNA MTases are predicted for OG1RF by the NEB REBASE (Table 2.2). For 

comparative analysis with V583, genes flanking OG1RF DNA MTase candidates were queried 

against the V583 genome by using BLASTn until sequence identity was found. Regions of 

interest in the OG1RF and V583 genomes were aligned using Geneious (Biomatters, Ltd.). To 

assess the distribution of DNA MTases among a collection of 17 previously sequenced E. 

faecalis genomes (7, 11), each MTase protein sequence was pairwise aligned against all 

predicted protein sequences from the 17 E. faecalis strains. 
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2.5.12 Nucleotide sequence accession numbers  

Data from the Illumina and SMRT sequence reads generated in this study have been deposited  

into the NCBI Sequence Read Archive under BioProject record number SRP055177. 

 

2.6 Results  

2.6.1 Putative DNA MTases in E. faecalis OG1RF 

The NEB REBASE (34) predicts 3 DNA MTases for E. faecalis OG1RF (Table 2.2). To 

determine whether the putative DNA MTase genes are transcriptionally active, RNA was 

harvested at four points across the growth curve of OG1RF laboratory cultures. RT-qPCR with 

primers targeting each of the predicted DNA MTase genes and the housekeeping control gene 

clpX was performed with cDNA templates, and expression levels of the MTase genes were 

compared to that of clpX. The clpX gene codes for the ATPase subunit of the housekeeping 

ClpXP protease (130), and its expression is unaffected by changes in E. faecalis growth rate 

(131). For negative controls, reactions were performed with clpX primers and RNA templates. 

Signal was detected for all 3 predicted DNA MTases at all time points, although expression 

levels relative to clpX varied (Fig. 2.1). 

 

Genomic analysis and conservation of predicted DNA MTases. We examined the genetic context 

of the predicted OG1RF DNA MTases relative to E. faecalis V583 (Fig. 2.2). OG1RF_11622-

OG1RF_11619 are encoded between orthologues of the V583 genes EF1961 and EF1956; each 

of the two strains possess strain-specific genes between those loci (Fig. 2.2A). OG1RF_11621 is 

likely cotranscribed with OG1RF_11622 (17-bp intergenic region) and encodes a putative 
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Table 2.1. Bacterial strains and plasmids. 
Strain Description Reference 
E. faecalis strains   

OG1RF (*)a Rifampicin- and fusidic acid-resistant derivative of 
human oral cavity isolate OG1 (100) 

OG1SSp (*) Spectinomycin- and streptomycin-resistant derivative of 
human oral cavity isolate OG1 (100) 

OG1RF ΔEfaRFI OG1RF EfaRFI (OG1RF_11622-11621) deletion 
mutant This study 

OG1RF ΔEfaRFI pAT28 OG1RF ΔEfaRFI containing shuttle vector pAT28 This study 
OG1RF ΔEfaRFI 
pM.EfaRFI (*) OG1RF ΔEfaRFI containing pM.EfaRFI This study 

OG1RF 
ΔEfaRFI::EfaRFIrbs 

OG1RF ΔEfaRFI with a chromosomal integration of 
OG1RF_11622-11621 between ORFs OG1RF_11778 
and OG1RF_11779  

This study 

OG1RF 
ΔEfaRFI::EfaRFIpro (*) 

ΔEfaRFI::EfaRFIrbs with the putative OG1RF_11622 
promoter knocked into the OG1RF_11622-11621 
integration 

This study 

V583 Vancomycin-resistant clinical isolate (101) 
V583 pM.EfaRFI (*) V583 containing pM.EfaRFI This study 
T11 (*) Urinary tract infection isolate (132) 

CH188 Liver abscess isolate (133) 

E. coli strains   
EC1000 E. coli cloning host, providing repA in trans.  (134) 
TOP10 E. coli cloning host Invitrogen 

StbL4 E. coli cloning host Life 
Technologies 

BW25113 Keio collection host (115) 
JW1944 Keio collection dcm mutant (115) 

BL21DE3 E. coli expression host strain Novagen 

Plasmids   
pAT28 Shuttle vector for E. faecalis; confers spectinomycin 

resistance (119)  

pLT06 Markerless exchange plasmid; confers chloramphenicol 
resistance (117) 

pGEX-6p-1 E. coli expression vector 
GE 
Healthcare 

pET28a E. coli expression vector Novagen 
pCF10 cCF10-inducible conjugative plasmid (122) 
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pWH01 pLT06 containing a 2306 bp XbaI/PstI digested 
fragment of OG1RF_11621-2 This study 

pWH03 pLT06 containing a 1998 XbaI/PstI digested fragment of 
EF2238-NotI-EF2239 This study 

pWH02 
pLT06 containing a 1989 bp BamHI/PstI digested 
fragment of EF2239 and OG1RF_11622 with its 
upstream intergenic region 

This study 

pWH21 pGEX-6p-1 containing 1275 bp BamHI/NotI digested 
fragment of OG1RF_11823  This study 

pWH51 pET28a containing 1005 bp NdeI/BamHI digested 
fragment of OG1RF_10790  This study 

pM.EfaRFI pAT28 containing a 1543 bp BamHI/EcoRI-digested 
OG1RF_11622 with its promoter This study 

pCom02 
pWH03 containing a 2129 bp NotI-digested fragment of 
OG1RF_11621-2 with the putative OG1RF_11622 
ribosome binding site 

This study 

 

NgoFVII family REase (Pfam family RE_NgoFVII; E value of 3.9e-53) (Table 2.2). The R-M 

genes are flanked by 103-bp direct repeat sequences, only one copy of which is present in V583. 

 

OG1RF_10790 is encoded within a 48.9-kb Tn916-like element inserted downstream of an 

rRNA-tRNA gene cluster occur- ring between orthologues of the V583 genes EF1051 and 

EF1053 (Fig. 2.2B). Other genes with putative R-M functions are present near OG1RF_10790, 

including OG1RF_10794, encoding a putative ArdA type I R-M antirestriction protein (Pfam 

family ArdA; E value, 2.3e-45), and OG1RF_10795, encoding a possible type IV REase (Pfam 

family Mrr_cat; E value, 2.9e-5). OG1RF_10790 appears to be an orphan MTase, although this is 

difficult to state conclusively based on sequence analysis alone. The protein sequence of 

OG1RF_10790 has 61% identity with EF2340 from V583 (Fig. 2.2D), which is also predicted to 

be an MTase based on information in REBASE. EF2340 is encoded within a potential 

pathogenicity island (71), which is consistent with a mobile origin for this MTase. 
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Figure 2.1. Transcriptional activity of candidate DNA MTases in OG1RF. cDNA was used 
as the template for RT-qPCR with primers targeting predicted DNA MTases and the control 
gene, clpX. Expression values were quantified relative to clpX. Negative control reactions were 
performed with RNA template and clpX primers. Blue bar, OD600 = 0.05; orange bar, OD600 = 
0.35; purple bar, OD600 = 1.0; yellow bar, OD600 = 2 to 2.2. Bars represent averages of two 
independent growth curve experiments, with standard deviations shown. 
  

OG1RF_11823-OG1RF_11822 are likely cotranscribed (2-bp intergenic region) and are present 

between orthologues of the V583 genes EF2383 and EF2388 (Fig. 2.2C). OG1RF_11822 is 

predicted to be an REase by REBASE (Table 2.2). Pfam analysis indicated that OG1RF_11822 

encodes a putative histidine kinase-like, DNA gyrase B-like, and HSP90-like ATPase protein 

(Pfam HATPase_c_3; E value, 2.1e-28). 

 

The distribution of the 3 predicted DNA MTases among a previously sequenced collection of 17 

E. faecalis strains (7, 11) was investigated using pairwise protein sequence alignments. Figure 

2.2D shows the percent amino acid sequence identities for best pairwise hits. Collectively, results

Figure 1.  
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Table 2.2. Predicted DNA MTases in E. faecalis OG1RF. 

Namea Locus ID Annotationb Predicted function by REBASE Pfam hitc Potential REased 

M.EfaRFI OG1RF_11622 bbviM DNA              
C5-MTase 

Putative Type II cytosine-5 DNA 
MTase probably recognizing 
GCSGC 

DNA methylase (1.8e-73) R.EfaRFI (Pfam hit: 
RE_NgoFVII) 

M.EfaRFII OG1RF_11823 MTase 
Putative Type II N4-cytosine or 
N6-adenine DNA MTase 
probably recognizing CCWGG 

Methyltransf_26 (2.7e-11) 
EfaRFORF11822P 
(Pfam hit: 
HATPase_c_3) 

M.EfaRFORF10790P OG1RF_10790 hpaIIM DNA              
C5-MTase 

Putative Type II cytosine-5 DNA 
MTase of unknown recognition 
sequence 

DNA methylase (2.0e-87)  

aThis nomenclature is used in REBASE for putative R-M enzymes.  
bFrom NCBI Gene database.  
cExpectation value is shown in parentheses.  
dPotential REases were predicted by REBASE 
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Figure 2.2. Distributions of OG1RF DNA MTases in previously sequenced E. faecalis 
strains. (A to C) Analysis of synteny with E. faecalis V583. Genes shared with V583 are shown 
in blue. Genes with blue outlines and a white interior indicate V583 genes whose sequences are 
present in OG1RF but not annotated. Genes with black outlines are strain specific. DNA MTases 
are colored purple, and putative REases are green. Yellow arrows are rRNA and tRNA genes. 
(A) OG1RF_11622 region; (B) OG1RF_10790 region; (C) OG1RF_11823 region. (D) 
Occurrence of predicted OG1RF MTases in 17 previously sequenced E. faecalis strains. Pairwise 
alignments between each predicted OG1RF MTase and the entire protein complement from each 
of the other strains were performed using ClustalW. The intensity of the green shading indicates 
the percent amino acid sequence identity between query sequences and best hits, with darker 
green indicating greater sequence identity. The numbers shown are the percent amino acid 
sequence identity for best pairwise hits. Only values of ≥50% are shown. 
 

of comparative analyses were consistent with the three predicted DNA MTases of OG1RF being 

horizontally acquired. Therefore, at least when using OG1RF as a reference, we were unable to 

identify a core R-M system for the E. faecalis species. 
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2.6.2 SMRT sequencing identified a putative m5C modification motif in OG1RF 

SMRT sequencing has been used to characterize the methylomes of bacteria (135-142). During 

SMRT sequencing, DNA polymerase kinetics are monitored in real time; modified bases in the 

sequencing template lead to altered polymerase kinetics relative to those obtained with an 

unmodified template (92, 93). Because DNA polymerase contacts several nucleotide positions 

during DNA synthesis, polymerase kinetics can be altered over a range of positions near a 

modified base, generating secondary kinetic signals (92, 141). 

 

We sequenced native OG1RF DNA and OG1RF WGA control DNA via SMRT sequencing.  

Sequence reads were aligned to the reference OG1RF genome sequence with greater than 

99.99% consensus accuracy. Mean coverage depths for the native and WGA samples were 181X 

(range, 0 to 534X; 150 nucleotide [nt] positions with <10X coverage) and 295X (range, 0 to 

825X; 102 nt positions with <10X coverage), respectively. Regions of zero coverage occurred in 

rRNA operons, presumably because of sequence redundancy in the 4 rRNA operons in E. 

faecalis OG1RF. Five sequence variations between our OG1RF sequence and the OG1RF 

GenBank reference sequence were detected in both native and WGA read alignments with >90% 

confidence and ≥5X coverage (see Table A2A in the supplemental material). Three of the five 

variations mapped to redundant rRNA genes and are unlikely to be true sequence variations. The 

remaining two variations are predicted nonsynonymous substitutions that occur within the 

OG1RF_11594 and OG1RF_10019 (manX2) coding regions. We did not analyze these variations 

further. 
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Modification motifs predicted by the SMRT portal analysis pipeline for native OG1RF gDNA 

are shown in Table 2.3. m6A and m4C modifications require modest sequencing coverage (25X 

per strand) for detection by SMRT sequencing; m5C modifications require high coverage (250X 

per strand). Based on the average fold coverage of the native sample (181X), we expected to 

detect m6A and m4C but not m5C modifications with high confidence. No A modification 

motifs were detected; however, C modification motifs containing GCNGC, GCAGC, and 

GCTGC and one modified G motif containing GCAGC were predicted with low detection rates 

(Table 2.3). The modified G could be a spurious prediction resulting from proximity to a 

GCAGC motif. These data, along with our own analysis of nucleotide positions having the most 

significant IPD ratios (see text in the supplemental material as well as Fig. A2 and Table A2B), 

indicated that a 5’-Gm5CWGC-3’ modification occurred in OG1RF. 

 

2.6.3 Bisulfite sequencing to discriminate common prokaryotic C modifications 

Bisulfite sequencing is commonly used to detect m5C in eukaryotic DNA (143, 144), and has 

been used to study Dcm methylation (5’-C5mCWGG-3’) in E. coli (145). Unmodified Cs are 

susceptible to deamination by bisulfite, and through a series of chemical treatments, Cs in a 

DNA template are converted to uracils while m5Cs are protected. Sequencing of bisulfite-

converted gDNA reveals protected (C) versus unprotected (T) sites in the DNA template (86). 

 

One potential issue with applying bisulfite sequencing to prokaryotic genomes is discrimination 

between m5C and m4C. A previous study used small-scale bisulfite sequencing to attempt to 

distinguish between m5C- and m4C-modified templates, and the researchers found that m5C
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Table 2.3. Modified sequence motifs in E. faecalis OG1RF and E. coli BL21(DE3) detected by the SMRT analysis 
pipeline.  

Strain Motifa  Total # motifs in 
genome 

# Modified motifs 
detectedb 

Mean 
modification QVc 

Mean motif 
coverage 

E. faecalis OG1RF 
GCNGCAGCd 377 198 (52.5%) 73.6 118X 

GCTGCAANNNNNNNT 100 23 (23%) 51.4 120X 
GNGCAGCT 163 26 (16%) 58.3 119X 

E. coli BL21DE3 pET28a GATC 37562 37555 (99.98%) 211.4 135X 

E. coli expressing 
OG1RF_11823e 

CCGG 47782 21776 (45.57%) 55.3 83X 

E. coli expressing 
OG1RF_10790e None detected 

aThe predicted modified position is underlined. 
bPercent motif detection was calculated by dividing the number of modified motifs detected by the total number of motifs in the genome. 
cMean QV for modified bases in motifs.  
dContains overlapping GCNGC motifs. 
eDam modifications were removed during post-processing of data 
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sites are fully protected from bisulfite conversion while m4C sites are sometimes protected (88). 

We confirmed these results through independent experimentation. We used dm4CTP, dm5CTP, 

and dCTP as nucleotide substrates for PCRs targeting the OG1RF clpX gene, bisulfite converted 

the PCR products, and then amplified and sequenced the bisulfite- converted DNA. dCTP  

products were fully bisulfite converted, dm5CTP products were fully protected, and dm4CTP 

products were partially protected (as evidenced by C/T mixed peaks in sequencing 

chromatograms (see Fig. A3A in the supplemental material). Partial protection of dm4CTP 

products was reproducible over 2 independent trials. Alteration of bisulfite conversion reaction 

conditions may result in complete conversion of m4C, although we did not test this. 

 

We used a similar approach to assess the methylation state of two 5’-GCWGC-3’ motifs 

occurring within the gene OG1RF_11844. OG1RF gDNA was bisulfite converted, and an 

internal region of OG1RF_11844 was amplified by PCR and sequenced. Sequencing 

chromatograms revealed complete bisulfite conversion of all C positions except for the 

underlined position in the 5’-GCWGC-3’ motifs (see Fig. A3B in the supplemental material). 

The full protection of these positions from bisulfite conversion suggests that 5’-GCWGC-3’ 

motifs are modified with m5C in OG1RF. 

 

2.6.4 Bisulfite sequencing confirmed 5’-GCWGC-3’ modification in OG1RF 

We used bisulfite sequencing to explore the extent of m5C modification in the OG1RF genome, 

with OG1RF WGA DNA and E. coli dcm+ and dcm-deficient strains serving as controls. 

Illumina reads were mapped to reference sequences, and reads were filtered based on bisulfite 
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conversion ratios as described in the supplemental material (see also Table A2C and D and Fig. 

A4 in the supplemental material). Methylation ratios for each C position with a coverage of ≥7X 

were calculated using the filtered read assemblies. The methylation ratio was calculated by 

dividing the number of Cs that mapped to a given position by the total coverage at that position. 

By this calculation, a bisulfite-protected, m5C position would have a methylation ratio value 

near 1, a partially protected m4C position would have a methylation ratio near 0.5, and 

unmethylated C positions would have values near 0. Coverage depths and mean methylation 

ratios calculated for the read assemblies are shown in Table A2C in the supplemental material. 

Figure 2.3 compares the distribution of methylation ratios in native OG1RF gDNA and its WGA 

control. While most of the C positions have low methylation ratios, some C positions have 

methylation ratios near 1 in native OG1RF, consistent with protection from bisulfite conversion 

by m5C modification. When examining Cs with high methylation ratios, 5’-GCWGC-3’ motifs 

are enriched, with the underlined cytosine bisulfite protected. The density plots of methylation 

ratios were compared between 5’- GCWGC-3’ motifs and all other C positions (Fig. 2.3). Of the 

5’-GCWGC-3’ motifs in the OG1RF genome 83% were bisulfite protected, with the remaining 

17% of the motifs not adequately covered by sequence reads (see Table A2D in the supplemental 

material). 

 

The detection rate for 5’-GCWGC-3’ modification in OG1RF was compared between SMRT and 

bisulfite sequencing (see Table A3 in the supplemental material). The detection event was 

defined as a QV of >40. In bisulfite sequencing, the detection rate is 83.3%; however, this 

number is likely artificially low due to reduced sequencing coverage in bisulfite-converted read 
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assemblies. For positions meeting our coverage threshold, the detection rate was 100% (see 

Table A3). Conversely, SMRT sequencing achieved a coverage of >99% for 5’-GCWGC-3’ 

motifs in the OG1RF genome, but the detection rate for 5’-GCWGC-3’ modifications was only 

5.1%. Therefore, in our studies bisulfite sequencing was superior to SMRT sequencing for the 

detection of m5C modifications. 

 

Figure 2.3. Distribution of methylation ratios for C positions in bisulfite sequencing 
assemblies. The distributions of methylation ratios for E. coli BW25113 (dcm+), E. coli JW1944 
(dcm-deficient), and E. faecalis OG1RF native and WGA DNA are shown. Within each interval, 
the methylation ratio of each sample ranged from 0 to 1 (left to right). For OG1RF native gDNA, 
cytosine positions within the GCWGC motif have methylation ratios near 1 (OG1RF: GCWGC 
only). If GCWGC motifs are removed from the analysis (OG1RF: no GCWGC), the methylation 
ratio distribution is similar to that of OG1RF WGA DNA. The y axis represents the density 
percentage (percentage of total nucleotide positions) on a logarithmic scale. 

 
 

2.6.5 OG1RF_11622 modifies 5’-GCWGC-3’ motifs in the OG1RF genome 

ApeKI and TseI are commercially available REases that recognize 5’-GCWGC-3’ motifs and 

whose activities are blocked by m5C modification at the underlined position. ApeKI and TseI 
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digested OG1RF WGA DNA (data not shown), while OG1RF native DNA was protected from 

these enzymes (Fig. 2.4). We interpret this findings to mean that ApeKI and TseI are also 

blocked by modification at the internal C position of the 5’-GCWGC-3’ motif. Interestingly, 

gDNA from E. faecalis T11, a strain that encodes a protein with 58% sequence identity to 

OG1RF_11622 (Fig. 2.2D), was also protected from ApeKI and TseI digestion (Table 2.1). 

To identify the MTase responsible for 5’-GCWGC-3’ methylation, we deleted the 

OG1RF_11621 and OG1RF_11622 genes. OG1RF_11622 was chosen because of its high 

sequence identity with M.BceSIV, a Bacillus cereus DNA MTase that is thought to modify 5’-

GCAGC-3’ motifs with m5C (135). OG1RF_11621 was deleted along with OG1RF_11622, 

under the assumption that OG1RF_11621 encodes a REase that would be toxic to the cell in the 

absence of its cognate MTase. Protection of 5’-GCWGC-3’ motifs was lost in the 

OG1RF_11621-2 deletion mutant, and trans complementation with the multicopy vector pAT28 

expressing OG1RF_11622 rescued gDNA from digestion (Fig. 2.4). E. faecalis V583 lacks an 

OG1RF_11622 orthologue (Fig. 2.2D), and V583 gDNA is susceptible to cleavage by ApeI and 

TseI (Table 2.1). Expression of the OG1RF_11622 MTase in V583 protects V583 gDNA from 

digestion (Table 2.1). Collectively, these results demonstrate that OG1RF_11622 is a DNA 

MTase that modifies 5’-GCWGC-3’ motifs. We have named this system EfaRFI in accor- dance 

with nomenclature rules (22). 

 

2.6.6 Differential genome modification affects plasmid transfer frequency in E. faecalis 

5’-GCWGC-3’ modification in OG1RF could affect plasmid transfer efficiency and antibiotic 

resistance gene dissemination. Transfer of the model pheromone response plasmid pCF10, which 
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carries genes for tetracycline resistance and possesses 59 5’-GCWGC-3’ REase recognition 

motifs, was assessed (122). We used OG1RF and derivative strains as plasmid donors in 

conjugation reactions with OG1SSp as the recipient. Note that OG1RF and OG1SSp are 

derivatives of the same parent strain, and like OG1RF, OG1SSp gDNA is protected from ApeKI 

digestion (Table 2.1). In this experimental design, modification of pCF10 at 5’-GCWGC-3’ 

motifs varies with the host strain: pCF10 in OG1RF and OG1SSp is modified similarly at 5’-

GCWGC-3’ motifs, while pCF10 in the ΔEfaRFI mutant lacks 5’-GCWGC-3’ modification. Our 

expectation was that pCF10 lacking 5’-GCWGC-3’ modification would be restricted by 

OG1SSp, resulting in a lower DNA transfer efficiency from the ΔEfaRFI mutant to OG1SSp. As 

 

Figure 2.4. OG1RF_11622 (M.EfaRFI) is responsible for 5’-GCWGC-3’ methylation. 
gDNAs from OG1RF (lanes 1 and 2 for undigested control and digested sample, respectively), 
OG1RF ΔEfaRFI (lanes 3 and 4), OG1RF ΔEfaRFI pAT28 (lanes 5 and 6), and OG1RF 
ΔEfaRFI pM.EfaRFI (lanes 7 and 8) were digested with ApeKI. gDNA (600 ng) was digested in 
a 50-µl reaction volume, and 10-µl samples were analyzed by agarose gel electrophoresis. DNA 
size standards are shown on the left. TseI digestions yielded identical results (data not shown). 
 
 
expected, the pCF10 transfer frequency from the ΔEfaRFI mutant was significantly lower than 

from the wild type, OG1RF (P = 8e-7) (Fig. 2.5A). To assess the transfer frequency from a 

complemented mutant strain, the EfaRFI R-M genes under the control of their native promoter 
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were incorporated into the ΔEfaRFI mutant chromosome at a neutral site (the previously 

described E. faecalis genomic insertion site for expression (120)). With this strategy, antibiotic 

selection was not required to maintain the complementation construct during conjugation 

experiments. The plasmid transfer frequency from the complemented strain ΔEfaRFI::EfaRFIpro 

to OG1SSp was similar to that observed for the wild type, OG1RF (Fig. 2.5A). For the reverse 

experiment, with OG1SSp as donor and the OG1RF strains as recipients, the R-M system should 

not be a barrier to conjugation. As expected, we observed similar conjugation frequencies for 

OG1RF and its derivative recipient strains (Fig. 2.5B). 

 

2.6.7 Differential genome modification affects electrotransformability of E. faecalis OG1RF 

The EfaRFI R-M system in OG1RF could affect the plasmid transformation efficiency. E. 

faecalis OG1RF possesses competence genes (102), but natural transformation has not been 

demonstrated. We therefore tested transformation efficiency via electroporation. The plasmid 

pMSP3535, containing 12 5’-GCWGC-3’ REase recognition motifs, was modified by M.EfaRFI 

when propagated in OG1RF (data not shown); pMSP3535 was propagated in OG1RF ΔEfaRFI 

to obtain unmodified plasmid. The control plasmid pLZ12, propagated in E. coli DH5α, was 

used to normalize the total number of transformable cells. The EOT was calculated for three 

independent experiments as described in Materials and Methods. When comparing the EOT of 

5’-GCWGC-3’-modified pMSP3535 to that of unmodified pMSP3535, we observed that 

unmodified pMSP3535 had a statistically significantly lower EOT than modified pMSP3535 

when electroporated into OG1RF (Fig. 2.5C). 
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Figure 2.5. Genome modification impacts plasmid transfer efficiency and 
electrotransformability. (A) OG1RF wild type, the ΔEfaRFI mutant, and the ΔEfaRFI:: 
EfaRFIpro-complemented strain were used as pCF10 donors in conjugation reactions with 
OG1SSp as the recipient. In this experimental design, the modification status of pCF10 at 5’-
GCWGC-3’ motifs varied. For each trial, the pCF10 transfer efficiency (pCF10 
transconjugants/donor) from OG1RF to OG1SSp was set to 1. Transfer efficiencies for the other 
donor strains were expressed relative to this rate. Bars represent mean values, and standard 
deviations are shown (n = 8 trials for OG1RF and ΔEfaRFI and n = 5 trials for 
ΔEfaRFI::EfaRFIpro). Significance was assessed by paired t test. (B) Conjugation frequency 
assessed as described for panel A, but with donor and recipient strains reversed. For these 
experiments, OG1SSp donated modified pCF10 to OG1RF and its derivatives. The transfer 
efficiency from OG1SSp to OG1RF was set to 1. Transfer efficiencies for the other recipient 
strains were expressed relative to this rate. Three independent experiments were performed. (C) 
EOT assay results. The EOT from modified pMSP3535 was set to 1. The EOT from unmodified 
pMSP3535 was significantly lower over three independent experiments.  **, P < 0.01; ****, P < 
0.0001. 
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2.6.8 Expression of OG1RF_11823 and OG1RF_10790 in E. coli 

Having determined that the EfaRFI system is an active R-M system in OG1RF, we turned our 

attention to the other two REBASE predicted DNA MTases for OG1RF. Our qRT-PCR analysis 

showed low transcriptional activities of these genes in OG1RF under laboratory growth 

conditions (Fig. 2.1). To determine whether the two genes encode DNA MTase activities, we 

expressed the genes in the heterologous host E. coli BL21(DE3), using an IPTG-inducible 

promoter to control expression. E. coli BL21(DE3), E. coli BL21(DE3) expressing 

OG1RF_11823, and E. coli BL21(DE3) expressing OG1RF_10790 were analyzed by SMRT 

sequencing. An expanded analysis of these data is detailed in the text in the supplemental 

material. Sequence reads from all three samples were aligned to the BL21(DE3) reference 

genome with greater than 99.99% consensus accuracy. Mean coverage depths were 277X, 86X, 

and 164X for the three strains, respectively. Modification motifs predicted by the SMRT portal 

are listed in Table 2.3. For E. coli BL21(DE3) carrying the pET28a plasmid, 5’-Gm6ATC-3’ was 

detected. This was expected, as this E. coli strain is dam+. We used this strain as a reference 

control to determine whether genome modification occurred in the two OG1RF MTase-

expressing strains. A cytosine modification motif, 5’- CCGG-3’, was detected in the strain 

expressing OG1RF_11823; no modification was detected in the strain expressing OG1RF_ 

10790 (Table 2.3). Considering the mean coverage depth for the strain expressing 

OG1RF_10790 (164X), we cannot fully exclude the presence of an m5C modification, which 

requires 250X coverage depth. 
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To confirm that 5’-CCGG-3’ methylation occurs in E. coli expressing OG1RF_11823, we used 

the methylation-sensitive restriction enzyme HpaII, which recognizes 5’-CCGG-3’ but is 

blocked by cytosine methylation. While gDNA extracted from an uninduced (no-IPTG) culture 

was fully digested by HpaII, IPTG induction of OG1RF_11823 expression protected E. coli 

gDNA from HpaII cleavage (data not shown). 

 

Since targeted bisulfite sequencing can distinguish between m4C and m5C (Fig. A3A in the 

supplemental material), we performed targeted bisulfite sequencing to determine whether 

OG1RF_11823 is an m4C or an m5C MTase. The partial conversion of cytosine to thymidine 

within 5’-CCGG-3’ motifs was observed, supporting the existence of m4C methylation (see Fig. 

A3C). From these data, along with the SMRT sequencing data, we concluded that 

OG1RF_11823 modifies 5’-CCGG-3’ motifs with m4C. We have named this enzyme M. 

EfaRFII (Table 2.2). 

 

OG1RF gDNA is not protected from HpaII digestion (data not shown). This is consistent with 

our qRT-PCR results that showed that transcriptional activity of OG1RF_11823 is low in 

laboratory culture. An orthologue of OG1RF_11823 is present in E. faecalis strain CH188 (Fig. 

2.2D), and gDNA from CH188 was also fully digested by HpaII (data not shown). Expression of 

EfaRFII may be induced in environments other than our standard laboratory culture conditions. 

 

2.7 Discussion  

Motivated by our interest in E. faecalis genome defense and horizontal gene transfer, in this 
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study we used a combination of sequencing-based approaches to assess genome modification in 

the model E. faecalis strain, OG1RF. DNA modification has important functional roles in 

organisms across the tree of life. In prokaryotes, DNA modification allows for the discrimination 

of self from nonself DNA and contributes to housekeeping functions, such as chromosome 

replication, mismatch repair, and the regulation of gene expression (146). Despite its biological 

relevance, methods to assess DNA modification on a genome-wide scale have been limited, until 

recently. Bisulfite sequencing is commonly used for the identification of m5C sites in eukaryotic 

genomes (reviewed in reference (144)). SMRT sequencing is a relatively recently developed 

method of hypothesis-independent identification of genome modification sites (92, 93). Each of 

these techniques has strengths and weaknesses. Analysis of bisulfite sequence data is 

complicated by the harshness and inconsistency of bisulfite conversion and the reduction in 

sequence complexity occurring as a result of bisulfite conversion, which effectively necessitates 

a preexisting reference genome (147). SMRT sequencing, on the other hand, combines de novo 

sequencing with methylation detection. It is a very effective technique for the identification of 

m6A and m4C sites in bacterial genomes, but is less effective at identifying m5C sites. This is 

because only subtle changes in polymerase kinetics are generated by m5C (92, 141). Tet1 

oxidation has been utilized to convert m5C to 5-carboxylcytosine, which enhances detection of 

m5C sites in bacterial genomes (137, 140-142). This protocol amendment was not utilized in our 

study. 

 

Both SMRT and bisulfite sequencing detected modification occurring at 5’-GCWGC-3’ motifs 

in the E. faecalis OG1RF genome, but the efficacy of the two techniques differed. While bisulfite 
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sequencing detected m5C with an ~100% detection rate, SMRT sequencing required that we take 

secondary peaks into account. Different from the previously reported secondary peaks occurring 

2 and 6 bases upstream of m5C positions (141), here we found secondary peaks 3 and 6 bases 

upstream of the modified position in native OG1RF gDNA (see Fig. A2 in the supplemental 

material). The presence of GCWGCWGC sequences (overlapping GCWGC motifs) improved 

detection by SMRT sequencing (see Table A2B in the supplemental material). Note that the 

default SMRT pipeline identified a modified G motif (Table 2.3), a spurious prediction resulting 

from kinetic signals secondary to m5C. This observation may be of interest to other biologists 

using SMRT sequencing in their research. 

 

The NEB REBASE database predicted three putative DNA MTases in E. faecalis OG1RF, only 

one of which was active in OG1RF under the growth conditions used here. The expression level 

of OG1RF_11622 was robust compared to clpX, while expression levels of the other two DNA 

MTase genes were lower (≤1% of clpX levels) (Fig. 2.1). It is unclear what expression level 

would be sufficient to detect methylation activity. Functional linkage between OG1RF_11622 

(M. EfaRFI) and 5’-GCWGC-3’ modification of the OG1RF genome was confirmed by 

digestion with the methylation-sensitive REases ApeKI and TseI (Fig. 2.4 and Table 2.1). 

 

By expressing predicted DNA MTases in E. coli BL21(DE3), we determined that OG1RF_11823 

encodes a DNA MTase that modifies 5’-CCGG-3’ with m4C, thereby providing protection from 

the methylation-sensitive REase HpaII. However, OG1RF gDNA is not protected from HpaII, 

most likely because of low expression of the OG1RF_11823 gene under laboratory growth 
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conditions. Expression of OG1RF_11823 may be induced under certain growth conditions 

(stress, polymicrobial environments, etc.). The regulation of OG1RF_11823 is of interest for 

future study. 

 

We did not find evidence for DNA MTase activity for OG1RF_10790, which is predicted to be 

an m5C DNA MTase (Table 2.2). It is possible that the depth of coverage attained by SMRT 

sequencing was not sufficient to detect m5C modification in the E. coli heterologous host, 

although we noted that a similar level of coverage detected 5’-G5mCWGC-3’ modification in 

OG1RF gDNA, albeit at a low frequency. While we confirmed overexpression of OG1RF_10790 

in the E. coli host (see Fig. A1 in the supplemental material), it is possible that the protein is 

inactive in this background because of misfolding or the absence of required cofactors. 

 

We found that the presence or absence of 5’-G5mCWGC-3’ modification in E. faecalis OG1RF 

significantly affected conjugative transfer of the model pheromone-responsive plasmid pCF10, 

albeit the magnitude of the effect was low (3-fold reduction in transconjugant yields). R-M 

system activity can reduce conjugation efficiency by <1 to >4 logs, the magnitude of which can 

depend on the type of R-M system involved, the number of recognition sites present on the 

plasmid, the methylation state of the DNA motif (full, hemi-, or no methylation), whether the 

motif is single or double stranded, and whether antirestriction strategies are employed by the 

plasmid (21, 148-153). During conjugation, a single plasmid strand is typically transferred, and a 

complementary strand is synthesized in the new host. For pCF10 conjugation in E. faecalis 

OG1RF, the relative timing of pCF10 complementary strand synthesis, M.EfaRFI methylation of 



 

 54 

new motifs, and R. EfaRFI recognition of unmodified or perhaps hemimethylated motifs could 

influence outcomes for individual recipient cells in the population. Activities of the EfaRFI 

system against single-stranded DNA and hemimethylated DNA are as yet unknown, and further 

studies will be required to assess its spectrum of biochemical activities. We note also that pCF10 

harbors genes for a predicted ArdA protein within a Tn925 element and that ArdA proteins 

inhibit type I REases by acting as a DNA mimic (40, 154-156). Whether the pCF10 ArdA has 

any impact on EfaRFI, a type II system, remains to be determined. As for whether the EfaRFI 

system would influence antibiotic resistance transfer outside laboratory conditions, the best tests 

would be in gastrointestinal tract colonization and infection models. We will address this point in 

the future. 

 

Future work will also assess the distributions and diversity of R-M systems across the E. faecalis 

species by using the techniques described here. Lineage-specific systems could impact plasmid 

transfer efficiencies among enterococci and the bacteria with which they exchange DNA, 

contributing to the evolution of multidrug-resistant strains. OG1RF also possesses a type II 

CRISPR-Cas locus (102), and CRISPR-Cas and an R-M defense may act synergistically to 

protect OG1RF from MGE acquisition. Furthermore, genome modification influences gene 

expression patterns and mutation frequencies in bacteria (146), and this can now be assessed for 

E. faecalis OG1RF. 
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CHAPTER 3 

THE CONSERVATION OF R-M SYSTEMS IN E. FAECALIS 

3.1 Author contribution  

This work was supervised by Michael Zhang (MZ) and Kelli Palmer (KP). Wenwen Huo (WH) 

and KP designed the experiments. WH, KP and MZ designed the computational analysis. WH 

performed the computational analysis. WH and KP prepared the manuscript. 

 
3.2 Abstract 

E. faecalis and E. faecium are Gram-positive bacteria and are closely associated with hospital-

acquired infections. The acquisition of antibiotic resistance genes through horizontal gene 

transfer helps both species evade antibiotic treatments. Increased drug resistance has become a 

major public health concern. While horizontal gene transfer can be blocked by restriction-

modification (R-M) systems, the widespread dissemination of identical R-M systems reduces 

barriers to horizontal gene transfer among a population. In this study, we developed a prediction 

algorithm using blastp and the New England Biolabs REBASE Gold Standard list to identify 

potential R-M systems amongst 75 E. faecalis and 4 E. faecium genomes. Sequence type-specific 

R-M systems and strain-specific orphan MTases were discovered. Among all the strains, Type I 

R-M systems were most prevalent, though their associated specificity subunits had the greatest 

sequence diversity. The results of the bioinformatic analysis suggest that genetic exchange is 

facilitated among strains with the same R-M systems, potentially accelerating dissemination of 

antibiotic resistance genes. Additionally, to study cytosine methyltransferase activities, we 
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utilized whole genome bisulfite sequencing and successfully detected and distinguished m4C 

from m5C methylation motifs in E. faecium genomes. 

 

3.3 Introduction 

Enterococci are a group of Gram-positive and lactic acid bacteria. They generally reside in the 

gastrointestinal tracts of humans and other mammals (1, 2). Under certain conditions, such as 

open wound or surgical procedures, enterococci are able to enter the human blood stream and 

cause serious infections (3). They are listed as one of the leading causes of hospital acquired 

infections (157, 158). Two species account for over 90% of enterococci associated infections: 

Enterococcus faecalis and Enterococcus faecium (9). Over the past decades, the multidrug 

resistant enterococci have emerged (159), and the prevalence of multidrug resistant enterococci 

in hospital settings has increased, including those resistant to the last-line antibiotic, vancomycin 

(160, 161). The vancomycin resistance genes not only disseminate among Enterococcus species, 

but also have the potential to transfer to methicillin-resistant Staphylococcus aureus (MRSA) 

(162). Hence, the study of multi-drug resistant (MDR) enterococci is of significant clinical 

importance. 

 

Though both E. faecalis and E. faecium are closely associated with hospital acquired infections, 

not all E. faecalis and E. faecium are MDR. The MDR enterococci are usually hospital-adapted 

and have acquired multiple drug-resistance genes through horizontal gene transfer (HGT). Multi-

locus sequence typing (MLST) is a typing scheme, which classifies bacteria based on sequences 

of different housekeeping loci (163-165). Previous research has found that some specific STs, 
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such as E. faecalis ST6 and ST9 and E. faecium ST17, are enriched with MDR enterococci 

(166). The difference between one specific ST and another can be a single locus variation (with 

one gene different), a double-locus variation (with two genes different) and so on. In E. faecium, 

the double-locus variants of ST17 are also closely associated with MDR enterococci (166). 

 

Antibiotic resistance genes are disseminated through HGT. However, about 90% of bacterial 

genomes encode at least one R-M system to defend against HGT (23). R-M systems function as 

innate immune systems for bacteria. R-M system generally consists of two enzymatic activities: 

restriction enzyme (REase) and methyltransferase (MTase). The methyltransferase actively 

transfers a methyl group from a methyl donor to a DNA nucleotide in a sequence dependent 

manner. Usually either adenine or cytosine can be methylated, resulting in N6-methyladenine 

(m6A), N4-methylcytosine (m4C), and 5-methylcytosine (m5C) (19). The restriction enzyme, on 

the other hand, recognizes the same sequence as the methyltransferase. Instead of modifying 

DNA, the REase cleaves DNA lacking proper methylation. Hence, the bacterial genomic DNA 

originally residing within the bacterial cell will be modified and incoming mobile genetic 

elements (MGEs), which usually are not modified or are modified differently, will be recognized 

and cleaved. Therefore, bacterial hosts with distinct R-M systems will have barriers to genetic 

exchanges.  

 

R-M systems can be classified into four major types (23, 30, 167). Type I R-M system is 

comprised of a multi-subunit complex consisting of three polypeptides: R (restriction), S 

(specificity) and M (methylation) subunits. The combination of one S subunit with two M 
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subunits (M2S) acts as an MTase and methylates DNA, most commonly on adenine residues; the 

combination of one S subunit with two M subunits and two R subunits (R2M2S) acts as a REase 

and cleaves unmodified DNA at varied positions far away (~1 kb) from the recognition motif. A 

Type I R-M system relies on the S subunit for sequence recognition. Usually the S subunit 

contains two target recognition domains (TRDs), connected by a conserved center region. 

Distinct TRDs lead to asymmetric and bipartite recognition sequences. Type II R-M systems are 

the most prevalent and well studied. A Type II R-M system has separate proteins for REase and 

MTase, and the genes for each are usually co-transcribed from the same operon. Generally, Type 

II MTases recognize palindromic sequences, while the REases cleave within or close to the 

recognition sites. A Type III R-M system is a heterodimer composed of Res (restriction) and 

Mod (methylation), which act as both REase and MTase in the same reaction. Type IV enzymes 

are a group of methyl-directed REases, without coordinate MTases. Instead of recognizing 

unmodified DNA, Type IV REases cleave modified DNA in a sequence dependent manner.  

 

NEB maintains a restriction enzyme database (or REBASE), containing all known R-M systems 

(23). REBASE identifies a Gold Standard Set of R-M systems with experimentally characterized 

REase and MTase activities along with their recognition sequences. Based on the Gold Standard 

set, REBASE predicts R-M systems in over 10,000 bacterial genomes, including 10 E. faecalis 

and 24 E. faecium. Analysis of the Gold Standard set revealed that MTases are well conserved, 

while REases have high diversity in their protein sequences (35). This makes the prediction of 

REases difficult.  
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CRISPR-Cas system is an active adaptive immune system in E. faecalis (61). Previous research 

has revealed that multidrug resistant E. faecalis lack functional CRISPR-Cas system (11). As R-

M system being an active innate immune system in E. faecalis (94), we hypothesize that 

multidrug resistant E. faecalis and E. faecium possesses lineage specific R-M systems, which 

helps facilitate genetic exchange within their lineages. We obtained the genome sequences from 

75 E. faecalis strains and 4 E. faecium strains, ranging from MDR strains to drug sensitive 

strains. The genomes were subjected to R-M system predictions, and the lineage specificity was 

analyzed.   

 

3.4 Material and Methods 

3.4.1 Bacterial strains and growth conditions  

The bacterial strains used in this study are listed in Appendix Table B1, all of which were 

previously sequenced. The reference genomes were downloaded from NCBI. Cultures were 

grown in Brain Heart Infusion (BHI) broth or agar at 37°C.  

 

3.4.2 Isolation of bacterial gDNA and whole genome amplification 

Bacterial gDNA was isolated using the DNeasy Blood and Tissue kit (Qiagen). Briefly, a single 

bacterial colony was inoculated into fresh BHI broth and incubated at 37°C for 16 hrs. 10 mL 

overnight cultures were washed once with 1 mL TE buffer (10 mM Tris�HCl, pH 8.0; 1 mM 

EDTA, pH 8.0) and resuspended in enzymatic lysis buffer (20 mM Tris�HCl, pH 8.0; 2 mM 

sodium EDTA; 1.2% Triton X-100) supplemented with 10 µL of a 2.5 kU/mL mutanolysin 

stock, 20 mg/mL lysozyme, and 15 µL of a 10 mg/mL pre-boiled RNase A stock, and incubated 
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at 37°C for 1.5 hrs. Proteinase K was then added to the cell suspension followed by additional 30 

min incubation. The suspension was subjected to column purification using the Qiagen DNeasy 

Blood and Tissue kit, per the manufacturer’s instructions. Whole genome amplified (WGA) 

control gDNA was generated by amplification of native gDNA using the Qiagen REPLI-g® kit, 

per the manufacturer’s instructions.   

 

3.4.3 R-M system prediction 

E. faecalis and E. faecium genomes were downloaded from NCBI and subjected to gene 

annotation using RAST (168-170). At the same time, the protein sequences from the Gold 

Standard list were downloaded from NEB REBASE. The RAST-annotated protein sequences 

were downloaded and used as blast queries against the REBASE Gold Standard. An e-value 

cutoff of 1e-14 was applied. The best blast hit with the lowest e-value was extracted for each 

protein sequence and inspected manually. First, the query length and subject length were 

compared for each alignment. To be considered further, the protein length of a query sequence 

had to be ≥50% of its subject protein. Degraded MTases with only partial MTase domain 

remaining will be eliminated using this criterion. Secondly, proteins encoded immediately 

upstream or downstream of a potential MTase were inspected for potential blast hit to Gold 

Standard REases. Proteins with best hit to nicking enzymes, control proteins and homing 

endonucleases were ignored in this study, because they are dispensable and not a direct indicator 

of functional R-M system. Up to five protein ORFs encoded upstream and downstream of a 

potential MTase were analyzed using pfam (171) for conserved domains associated with REase 

activity. If no REase-related domains were found, then the MTase was defined as orphan MTase.  
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3.4.4 REase protection assay  

All REases were purchased from NEB. Since the enzymatic activity of REases could be affected 

by DNA modifications, we determined the methylation sensitivity for each restriction enzyme on 

REBASE before use. The REase reaction was then performed per the manufacturer’s 

instructions. 

 

3.4.5 SMRT sequencing and modification detection 

The bacterial gDNA and the corresponding WGA DNA were sent to the University of California 

San Diego BIOGEM core facility for SMRT sequencing. The 800 bp insert libraries were built 

and sequenced using 2 x 45 minute movies with 4 SMRT cells for both native V583 gDNA and 

V583 WGA DNA. The sequencing reads were assembled to the E. faecalis V583 reference 

genome (GenBank accession: NC_004668.1; pTEF1: NC_004669.1; pTEF2: NC_004671.1; 

pTEF3: NC_004670.1) and then analyzed using the RS Modification and Motif Detection 

protocol in SMRT portal v1.3.3. The analysis reports were generated for mapping statistics and 

modification detections. To detect the modification motifs in native V583, the same protocol was 

used, except that the analysis result from WGA V583 was used as the post-processing control to 

remove false positives. 

 

3.4.6 Whole genome bisulfite sequencing 

The whole genome bisulfite sequencing library was constructed using Illumina TruSeq LT PCR-

FREE kit and Qiagen EpiTect Bisulfite kit. Briefly, 2 µg each of native and WGA DNA were 

fragmented using NEB fragmentase. The DNA fragments ranging from 200 bp to 700 bp were 
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gel extracted and end repaired. After A-tailing of DNA fragments, Illumina TruSeq adapters 

were ligated. Then the bisulfite conversion was performed using the Qiagen EpiTect Bisulfite 

kit, per the manufacturer’s instruction. An 8-cycle PCR enrichment with Illumina primer mix 

was performed followed by size selection and gel purification. The constructed libraries were 

sequenced using Illumina MiSeq with 2 X 75 bp paired end chemistry.  

 

3.4.7 Whole genome bisulfite sequencing analysis  

The sequencing reads were analyzed using Bismark (116). First, the reference genomes were in 

silico bisulfite-converted and new references were generated, based on the assumption of absent 

cytosine (C) methylation. The sequencing reads were mapped to the bisulfite-converted 

references. Then, we quantified the conversion rate of each mapped read by calculating the 

percentage of converted C (which will result in T) to the total number of C in the reference 

within the mapped region. The conversion rate represents how many Cs are converted within 

each read. The majority of the reads from all six samples showed conversion rate closer to 100%, 

which implies that most of the Cs were converted. However, reads were observed that had 

conversion rates closer to 0%. Because the mapped reads with 0% conversion rate were in low 

abundance and distributed randomly across the genome, we speculated that these reads resulted 

from failed bisulfite conversion instead of bona fide C methylation, and would subsequently 

affect downstream methylation motif detection. To account for this, the mapped reads with ≤ 

80% conversion rate were filtered out from analysis. Next, the coverage depth was calculated for 

each C site, which represents how many times each C was sequenced. In order to reduce the 

effect of sequencing error for downstream methylation analysis, the C sites with ≤10X coverage 
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depth were filtered out. Finally, the methylation ratio was calculated for the remaining C sites. 

The methylation ratio was calculated by dividing the total number of C by the coverage depth at 

each C site. A fully methylated C, thus protected from bisulfite conversion, will have a 

methylation ratio near 1. In contrast, an unmethylated C will have a methylation ratio near 0. 

Since m4C is partially protected from bisulfite conversion (88), a methylation ratio around 0.5 is 

expected for m4C-mediated sites. In order to find consensus methylation motifs, C sites with 

≥0.35 methylation ratio, along with the sequences of 5 bp upstream and 5 bp downstream, were 

extracted. The extracted sequences were subjected for MEME motif search (114).  

 

3.5 Results 

3.5.1 43 unique MTases were predicted within 75 E. faecalis strains 

NEB REBASE predicted putative R-M systems in over 10,000 bacterial genomes (23). However, 

only 12 E. faecalis genomes were analyzed. In order to study the diversity and distribution of R-

M systems in a larger collection of E. faecalis genomes, we developed a R-M prediction method 

and performed the prediction for 75 E. faecalis genomes, including the ones REBASE analyzed. 

As a comparison of our algorithm to REBASE prediction, we successfully predicted the same R-

M systems as REBASE did for E. faecalis V583, OG1RF and ATCC_29212.  

 

Since MTases are more highly conserved, we decided to identify MTases rather than REases in 

all E. faecalis genomes (Appendix Table B1). Overall, the selected 75 E. faecalis were predicted 

to encode 43 MTases, including Type I M subunits, Type II MTases and Type III MTase. All E. 

faecalis genomes in our collection contain at least one MTase; on average, each E. faecalis 
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genome encodes four MTases. Twenty-four predicted MTases have exactly one occurrence 

among 75 E. faecalis genomes across different sequence types, which indicates the presence of 

strain-specific MTases. Two MTases have strong enrichment in certain genomes: a previously 

predicted orphan MTase OG1RF_10790 (94) and a REBASE Type I M subunit M.Lla2614I, 

discussed further below.  

 

3.5.2 Three previously characterized OG1RF MTases have varied conservation across 75 

E. faecalis strains 

According to REBASE prediction, E. faecalis OG1RF encodes three putative MTases at loci: 

OG1RF_11622, OG1RF_11823 and OG1RF_10790. Both OG1RF_11622 and OG1RF_11823 

appear to have cognate REases encoded in their vicinity: OG1RF_11621 and OG1RF_11822. In 

Chapter 2 and reference (94), I found that OG1RF_11622-1 is functional in OG1RF under 

laboratory growth conditions and serves as a genome defense system against the conjugative 

plasmid pCF10. Upon in vitro overexpression using heterologous host E. coli BL21(DE3), I 

found that OG1RF_11823 can act as a methyltransferase and actively methylate 5’-Cm4CGG-3’ 

sites, and OG1RF_10790 does not have DNA methylation activities.  However, no methylation 

activity was observed for OG1RF_11823 and OG1RF_10790 in native OG1RF under laboratory 

conditions, and consequently the function of OG1RF_11823-2 in genome defense was not 

confirmed in OG1RF. 

 

In the prediction of R-M systems in 75 E. faecalis genomes, OG1RF_11622 appears to be unique 

to OG1RF, as we did not detect any homologs in the other 74 E. faecalis genomes. The closest 
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homolog of M.EfaRFI was found in E. faecalis T11 (EFMG_00924; sequence identity 56%, 

query coverage 93%, e-value 2e-125). No other homologs were found for either M.EfaRFI or 

EFMG_00924. It is possible that both M.EfaRFI and EFMG_00924 were acquired from other 

species independently and have not disseminated amongst E. faecalis yet. Both M.EfaRFI and 

EFMG_00924 have coordinate REases. The function of both R-M systems as genome defense 

systems in OG1RF and T11 have been confirmed (61, 94). These results demonstrate that a 

barrier for genetic exchange likely exists between OG1RF/T11 and the other 73 E. faecalis 

genomes. The dissemination of antibiotic resistance genes from MDR E. faecalis to OG1RF/T11 

is thus impeded or prevented.  

 

In contrast, the homologs of OG1RF_11823 were predicted in three E. faecalis ST9 strains. 

Since the DNA methylation activity was not observed for OG1RF_11823 in native OG1RF 

under laboratory conditions, we speculate that the homologs in three E. faecalis ST9 strains are 

also not active as DNA methyltransferase under laboratory conditions.   

 

On the other hand, OG1RF_10790 encodes a predicted orphan MTase and is located within a 

transposon Tn916, which could be transferrable among different E. faecalis strains. Indeed, 

orthologues of OG1RF_10790 occur in 36 out of the 75 E. faecalis genomes analyzed here. Due 

to observation that no methylation was associated with the overexpression of OG1RF_10790 in 

E. coli, we speculate that the homologs of OG1RF_10790 might not have DNA modification 

activities as well. 
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3.5.3 Lineage-specific Type II MTases were observed in E. faecalis ST2 

R-M systems play important roles in bacterial genome defense, if the systems are complete and 

active. Strains encoding R-M systems with identical recognition sequences would have a reduced 

genetic exchange barrier between the strains. In order to study if specific R-M systems are 

enriched among MDR E. faecalis, we analyzed the presence of lineage-specific Type II MTases. 

The 75 E. faecalis strains were firstly grouped based on their MLST profiles (62). Seven 

housekeeping genes have been selected for MLST typing in E. faecalis (172). For each genome, 

the sequences from those 7 loci are compared to a previously established MLST database, and 

the allele number for each gene is assigned. A sequence type (ST) number is assigned to a 

specific 7-allele combination. Compared to traditional typing schemes, such as pulsed-field gel 

electrophoresis (PFGE) and amplified fragment length polymorphism (AFLP), MLST is 

reproducible and reliable (173). 

 

The 75 E. faecalis genomes belong to 32 different sequence types (Appendix Table B1), 

excluding the ones that are absent in the current E. faecalis MLST database. Each sequence type 

has a number of genomes ranging from 1 to 16. The STs with ≥5 representative genomes, ST2, 

ST103 and ST21, were analyzed for MTase enrichment. E. faecalis ST2 and ST103 lineages are 

enriched with VREs and are hospital adapted pathogens (71, 174). In contrast, E. faecalis ST21 

strains contain less horizontally acquired antibiotic resistance genes. 

 

Of our 75 E. faecalis genomes, 16 belong to the ST2 lineage. Two consistent Type II MTases 

were predicted: OG1RF_10790 homologs and M.EfaBMDam homologs (Fig. 3.1). 
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OG1RF_10790 was previously predicted to be a Type II MTase, whose activity was not 

confirmed in native OG1RF or heterologous E. coli expression host, as discussed above. The 

dissemination of Tn916 is a possible source of OG1RF_10790 in ST2 lineages. On the other 

hand, M.EfaBMDam belongs to Type II MTase and is a homolog of E. coli DNA adenine 

methyltransferase (Dam). The presence of M.EfaBMDam homologs was found in all ST2 

strains, as well as E. faecalis V583 (ST6), E. faecalis Merz96 (ST103) and E. faecalis ERV73 

(new ST). The M.EfaBMDam was originally identified to be associated with vanB operon on 

transposon Tn1549 (175); and our analysis revealed that M.EfaBMDam-associated vanB operon 

was also present within V583 genes EF2284-EF2334. The V583 genes EF2284-EF2334 were 

previously shown to be a possible transposon (71), which was conserved in Merz96. Hence, we 

speculate that the dissemination of M.EfaBMDam was associated with Tn1549 or V583 vanB 

transposon. Additionally, three Type II MTases have sporadic occurrences in five E. faecalis 

ST2 genomes. 

 

Of our 75 E. faecalis genomes, 5 belong to the ST103 lineage. Of these 5, E. faecalis Merz96 is 

the only genome with predicted Type II MTases. E. faecalis Merz96 encodes a homolog of 

M.EfaBMDam and a homolog of M2.BspLU11III. No Type II MTase was predicted for the rest 

four E. faecalis ST103 genomes. 

 

Among our 75 E. faecalis genomes, 5 belong to the ST21 lineage. Three out of the five genomes 

encode four different Type II MTases; no Type II MTase was observed in the other two 

genomes. The occurrence of Type II MTase was poorly conserved within ST21. In conclusion, 
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one Type II MTase, M.EfaBMDam, is enriched in the ST2 lineage.. The DNA methylation 

activity of the ST2 specific Type II MTase remains to be determined. 

 

 
 

Figure 3.1. Prediction of Type II MTases in select E. faecalis STs. ST2 has two conserved 
Type II MTases, one of which is the homolog of OG1RF_10790. One of the ST103 strains have 
two predicted Type II MTases while the rest of ST103 genomes were predicted to lack Type II 
MTase. ST21 have four predicted MTases distributed in three genomes. No significant 
conservation was observed in ST103 and ST21. Number within cells: number of predicted Open 
Reading Frames per strain. The figure is color-coded based on the number in each cell. 
  

3.5.4 Two Type IV methyl-directed REases were predicted in 46 E. faecalis genomes 

Besides Type II R-M systems being a potential genetic exchange barrier, the presence of Type 

IV methyl-directed REases reduces horizontal gene transfer as well. Even though REases are 
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generally diverse and hard to predict using the same method as MTase prediction, we did detect 

the presence of homologs of two Type IV REases from the Gold Standard list (Appendix Table 

B1). SauNewI is a Type IV methyl-directed REase recognizing 5’-SCNGS-3’ with unknown 

cleavage site, whose enzymatic activity and sequence had been previously confirmed (176, 177 ). 

A homolog of SauNewI was detected in 27 E. faecalis genomes, and is conserved within all ST2 

strains. Another Type IV REase is ZmoCP4Mrr. The recognition sequence of ZmoCP4Mrr has 

not been identified. A homolog of ZmoCP4Mrr was detected in 36 E. faecalis genomes, and is 

conserved in all ST2 and ST103 and most ST21 (4/5) strains. The restriction activities of both 

Type IV REases in E. faecalis remain unclear. The presence of Type IV REase could possibly 

prevent horizontal transfer of methylated DNA. However, the genome modification statuses for 

most of the E. faecalis strains are unknown. Hence, the functionality of Type IV REases in 

blocking genetic exchanges within E. faecalis requires experimental confirmation. 

 

3.5.5 No DNA modification was detected from M.EfaBDam homolog in E. faecalis Merz96 

and OG1RF_11823 homolog in E. faecalis CH188 

A functional MTase recognizes a specific sequence motif and transfers a methyl group to either 

adenine or cytosine within that sequence. Consequently, the methylated DNA is protected 

against recognition and cleavage by the coordinate REase or its isoschizomers. Hence, self-

cleavage is prevented. Due to the fact that different MTases can share the same recognition sites, 

commercially available REases from other R-M systems can be used to test the DNA 

methylation status for a putative MTase-encoding genome.  
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The overexpressed OG1RF_11823 recognizes 5’-Cm4CGG-3’ (as described in Chapter 2), which 

overlaps with the recognition site of the NEB REase HpaII. According to REBASE, HpaII 

cleavage is blocked by cytosine modification. Here we used HpaII to test the DNA modification 

activities of OG1RF_11823 and its homologs. To confirm that DNA methylation from functional 

OG1RF_11823 protects the DNA from HpaII digestion, we overexpressed OG1RF_11823 in E. 

coli BL21(DE3) using an IPTG-inducible promoter, followed by gDNA extraction. The gDNA 

after OG1RF_11823 overexpression was protected against HpaII cleavage, as expected (Fig. 

3.2a).  

 

According to our prediction, E. faecalis CH188 encodes a homolog of OG1RF_11823. The 

gDNA from CH188 was extracted as described in Material and Methods, and then subjected to 

HpaII digestion. Similar to OG1RF native gDNA (Chapter 2), HpaII digested CH188 completely 

(Fig. 3.2b). This confirms that the homolog of OG1RF_11823 does not have DNA modification 

activity in CH188 under laboratory conditions, which is the consistent with OG1RF. Due to the 

high nucleotide sequence identity (≥99.7%) between OG1RF_11823 and its homologs in E. 

faecalis CH188, TX0630 and TX0635, we speculate that E. faecalis TX0630 and TX0635 might 

not have DNA modification at 5’-CCGG-3’ as well, and thus, no R-M defense activity from this 

system under laboratory conditions.  

 

M.EfaBMDam is a homolog of E. coli Dam, which was previously confirmed to methylate 5’-

Gm6ATC-3’ (175). In order to study if M.EfaBMDam is actively modifying DNA in E. faecalis 

Merz96, we used DpnI to test the 5’-Gm6ATC-3’ methylation in Merz96 genomic DNA (Fig. 
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3.2c). DpnI is a methyl-directed REase, which cleaves DNA with 5’-Gm6ATC-3’ methylation. 

We isolated gDNA from E. faecalis Merz96 as described in Material and Methods, followed by 

DpnI digestion. As a control, a pGEM plasmid propagated from E. coli DH5α was used, due to 

the presence of Dam in this E. coli background. As expected, DpnI digested the 5’-Gm6ATC-3’ 

modified pGEM plasmid. However, the E. faecalis Merz96 gDNA remains intact after DpnI 

digestion. This confirms that the homolog of M.EfaBMDam is not methylating 5’-Gm6ATC-3’ 

within Merz96 under laboratory conditions. High nucleotide sequence similarities (≥99.7%) were 

observed for the homologs of M.EfaBMDam in 19 E. faecalis genomes, and we speculate that 

none of them would be methylated at 5’-Gm6ATC-3’ under the conditions studied here.  

 

 
 
Figure 3.2. REase digestion assay detects DNA modification activity. a). The overexpression 
of OG1RF_11823 was induced by IPTG in E. coli BL21(DE3) heterologous host. The E. coli 
BL21(DE3) gDNA was subjected to HpaII digestions after no induction (-) or induction (+). 
IPTG-induced overexpression of OG1RF_11823 protects the gDNA from digestion. b). E. 
faecalis CH188 gDNA was digested using HpaII. CH188 encodes a homolog of OG1RF_11823, 
however the gDNA was not protected from HpaII digestion. NC: no enzyme control. c). E. 
faecalis Merz96 gDNA was digested with DpnI. Merz96 was predicted to encode a homolog of 
M.EfaBMDam, which methylate 5’-Gm6ATC-3’. DpnI did not digest Merz96 gDNA. 1). Merz96 
gDNA without enzyme digestion; 2). Merz96 gDNA digested with DpnI; 3). E. coli DH5α 
propogated pGEM plasmid digested with DpnI. 
 

a) b)  NC      CH188  -      +    1           2          3 c) 
IPTG 
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3.5.6 SMRT sequencing revealed the absence of m6A and m4C DNA modification in E. 

faecalis V583 

Single Molecule Real Time (SMRT) sequencing has been developed for longer read length with 

DNA modification detection. During SMRT sequencing, the kinetics of DNA polymerase are 

recorded during new strand synthesis. We performed SMRT sequencing for E. faecalis V583 and 

its WGA control to detect native DNA modifications. The gDNA was extracted from V583 at 

stationary phase and WGA amplified. Both native V583 gDNA and WGA DNA were analyzed 

by SMRT sequencing. The WGA SMRT sequencing reads were analyzed as described in 

Material and Methods. The average coverage depths for the WGA genomes are: 212X (V583), 

716X (pTEF1), 466X (pTEF2) and 6343X (pTEF3). Relative to the GenBank reference 

sequences, 25 variants were detected in our WGA V583 genome at >=50% frequency. 23 of the 

variants were also detected in a previous publication, and are variations in our laboratory stock 

relative to the NCBI reference (178). Two unique variants were identified: 

1062711_1062712insG (93% detection rate) and 966204delT (83% detection rate). The unique 

variants could be the result of laboratory passage of V583, or the error introduced during WGA 

amplification. The motif detection result for WGA V583 genome showed that three motifs 

caused longer DNA polymerase pause during SMRT sequencing (Table 3.1). According to the 

motif detection result, all three motifs were modified at Thymidine, with <=36% detection rate. 

However, these motifs are not truly methylated. Since WGA amplification removes all DNA 

modifications, these false modification motifs in WGA SMRT sequencing data were likely due 

to the specific local sequence context. The detection of such motifs underscores the importance 

of the WGA control. 
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Next, the SMRT sequencing reads from native V583 were analyzed as described in the Material 

and Methods, using the WGA result as a baseline control. This procedure removes the possible 

DNA polymerase pauses caused by specific local sequence context within V583 genomes. On 

average, the V583 native DNA was sequenced 202X (genome), 324X (pTEF1), 286X (pTEF2) 

and 186X (pTEF3). Relative to the GenBank reference sequences, 22 variants were detected in 

our native V583 genome at >=50% frequency. All variants were detected in a previous 

publication (178), and are variations in our laboratory stock relative to the NCBI reference. The 

result implies that the two unique variants detected in WGA V583 genome were due to 

amplification errors during WGA amplification. Native V583 SMRT sequencing revealed two 

unique variants: 966201delT (93% detection rate) and 1062711_1062712insG (93% detection 

rate). The mutation at 1062711_1062712 is consistent with WGA V583, which was possibly 

introduced during laboratory manipulation of V583. The mutation at 966201 is within the same 

genomic region with the mutation at 966204 in WGA sample, both of which are residing in 

EF1007. The motif detection revealed that no DNA methylation was found in native V583 

genomes (Table 3.1). Previous research shows that m6A and m4C modification detection 

requires at least 25X coverage depth while m5C modification detection requires at least 250X 

coverage depth in SMRT sequencing (179). Adequate coverage to detect m6A and m4C was 

achieved, but the V583 native genome was not sequenced at a deep enough coverage depth to 

confidently detect m5C modification profiles. 

 

V583 encodes homologs of OG1RF_10790 and M.EfaBMDam, which we provided evidence are 

not active in other E. faecalis strain under the laboratory conditions studied. Interestingly, V583 
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encodes three additional predicted MTases: homologs of M.McaTII (recognition site: 5’-m6AB-

3’; B=C/G/T), M.BceSVII (recognition site: 5’-AB-3’; B=C/G/T) and M.LmoA118I (unknown 

recognition site). The fact that no m6A or m4C DNA methylation was observed in V583 

supports the conclusion that these MTases are inactive under our laboratory conditions. We 

cannot fully exclude DNA methylation in V583 because the coverage depth was not deep enough 

for m5C modification detection. Also, it is possible that certain MTases require specific 

conditions for expression, which were not achieved in the culture condition we used here. 

 

3.5.7 Type II MTase prediction and cytosine modification detection in E. faecium 

E. faecium is another species of enterococci and is also one of the leading causes of hospital 

acquired infections. The exchange of virulence genes between E. faecalis and E. faecium has 

been reported (180). Since R-M systems play important roles in defending against horizontal 

gene transfer, the distinct R-M distribution between E. faecalis and E. faecium would effectively 

reduce the chance for exchange of antibiotic resistance genes between the two species. 

 

Based on the MLST analysis, multiple studies have reported that E. faecium ST17 and its single- 

and double-locus variants are closely associated with hospital-adapted E. faecium (13, 181). 

Hence we analyzed the predicted R-M systems from two fully sequenced E. faecium from those 

hospital-adapted strains: E. faecium 1,231,410 (410 hereafter; ST17); E. faecium 1,231,502 (502 

hereafter; ST203, which is a double-locus variant of ST17); with one fully sequenced commensal 

strain E. faecium 1,141,733 (733 hereafter; ST327); and one hybrid strain E. faecium 1,231,501  

(501 hereafter; ST52). We first predicted Type II MTases using the same methods as we did for
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Table 3.1. DNA modification analysis in E. faecalis V583 using SMRT sequencing. 
Sample name Motif Modified 

base 
# Modified 

motifs detected 
 

Total # motifs in 
genome 

Mean modification 
QVa 
 

Mean motif coverage 
 

WGA V583 TNWNNTATTGTT  1 81 223 61.7 223.9 
TTATNAWTTG  1 67 270 59.6 149.9 
TNNNAATRTGWW  1 104 523 55.5 154.5 

Native V583 None detected 
aMean Quailty Value (QV) for modified bases in motifs.
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E. faecalis. All four E. faecium strains encode predicted Type II methyltransferases. Both 501 

and 733 encode one putative cytosine MTase with no predicted coordinate REase. On the other 

hand, 410 and 502 encode multiple predicted cytosine MTases with no predicted REases and 

recognition sequences (Table 3.2). 410 encodes two homologs of M.Cdi630II and one homolog 

of M.LmoA118I, while 502 encodes two homologs of M.Cdi630II. The four proteins that are 

homologs of M.Cdi630II from 410 and 502 share ≥89.9% nucleotide sequence identities among 

each other. Hence, the methylation activities and recognition sites from 502 are possibly 

overlapped with that from 410, and 410 might have additional DNA modifications due to the 

presence of M.LmoA118I homolog.  

 

In order to study the associated cytosine modifications for all Type II MTases in four E. faecium 

genomes, we performed whole genome bisulfite sequencing on 410, 501 and 733 using a 

previously developed protocol described in Chapter 2 (94). As a control, we used whole genome 

amplified DNA for each genome. After sequencing, Bismark (116) was used to analyze the 

bisulfite sequencing results. The coverage depth was calculated to determine how many times 

each nucleotide position had been sequenced. The sites with ≥10X coverage depth were used for 

methylation ratio calculation. Covered cytosine sites would be represented as a cytosine if 

methylated or thymine if not methylated in the deep sequencing read assembly. The percentage 

of cytosine content at each cytosine site is a marker for whether the site is methylated (if nearly 

100%, or methylation ratio 1) or not (if nearly 0%, or methylation ratio 0). Since whole genome 

amplification removes all DNA modification, we are expecting a 0% methylation ratio for all 

cytosine sites in WGA samples, with any variance due to sequencing error. Like we discussed in 
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Chapter 2 (94), we were able to use Bisulfite sequencing to distinguish m5C from m4C. Since 

m4C is not fully protected from bisulfite conversion, we are expecting an average methylation 

ratio of 0.5 for m4C methylation. 

 

Within WGA 410 bisulfite sequencing, 552,543 cytosine sites (51.12% of all cytosine sites in 

410 genome) passed the quality filters and were analyzed for methylation ratio calculation. On 

average, cytosine sites were sequenced 24X times with a methylation ratio of 0.008936 (± 

0.02514) (Fig. 3.3a). There are 13 cytosine sites with ≥0.35 methylation ratio, the coverage depth 

of which ranges from 10X to 17X. Due to the low coverage depth, we speculate that the cytosine 

sites with higher methylation ratio were possibly due to DNA polymerase amplification error 

during library enrichment or MiSeq sequencing. In native 410 samples, 993,457 (91.92% of all 

cytosine sites in 410 genome) cytosines were analyzed, and they had an average coverage depth 

of 54X and an average methylation ratio of 0.08066 (± 0.06249) (Fig. 3.3a). We detected 2,498 

cytosine sites with ≥0.35 methylation ratio with an average methylation ratio of 0.40 and an 

average coverage depth of 16X. Considering that the cytosine sites with high methylation ratio 

were sequenced at a coverage depth lower than genome-wide average, we speculate that those 

sites were not truly methylated. To confirm our speculation, we subjected the cytosine sites with 

higher methylation ratio for consensus motif search; as expected, no consensus motif was 

detected using MEME (114) (Fig. 3.3b). Hence, we conclude that no cytosine methylation is 

present in native 410. This result indicates that the two M.Cdi630II homologs and one 

M.LmoA118I homolog are not active in DNA modification in native 410 uner our laboratory 

growth conditions. 
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The WGA 733 bisulfite sequencing covered 930,964 cytosine sites (89.86% of all cytosines in 

733 genome on both strands) effectively, with an average coverage depth of 60X and an average 

methylation ratio of 0.008097 ± 0.018447 (Fig. 3.3a). There are only 6 sites with higher than 

0.35 methylation ratio, ranging from 0.3571 to 0.40. The cytosine sites with higher methylation 

ratio have ≤14X coverage depth, which is much lower than the genome-wide average. We 

speculate that the cytosine sites with high methylation ratio in WGA sample were due to DNA 

polymerase amplification error during library enrichment or MiSeq sequencing. In contrast, there 

were 953,187 cytosine sites (92.01% of all cytosines in 733 genome on both strands) analyzed in 

native 733, with an average coverage depth of 48X. We detected 3,193 cytosine sites with ≥0.35 

methylation ratio, with an average methylation ratio of 0.67 (Fig. 3.3a) and an average coverage 

depth of 36X. We extracted the cytosine sites with methylation ratios ≥0.35, along with their 

upstream and downstream sequences within 5 bp, and subjected the sequences to MEME 

analysis in order to find a consensus motif. It turned out that the motif 5’-RCCGGY-3’ (R=A/G 

and Y=T/C) was enriched, with the underlined C being methylated (Fig. 3.3c). Furthermore, we 

extracted the methylation ratio for all 5’-RCCGGY-3’ sites, regardless of coverage depth, which 

were 780 sites (100% of all RCCGGY in the 733 genome) in total. The average methylation ratio 

for all 5’-RCCGGY-3’ at the underlined cytosine is 0.9655 ± 0.06214 (Fig. 3.4a). This supports 

the conclusion that 5’-RCCGGY-3’ is m5C methylated and thus completely protected from 

bisulfite conversion. Since EFSG_00659 is the only predicted cytosine MTase in 733, we 

hypothesize that EFSG_00659 is responsible for 5’-Rm5CCGGY-3’ modification. With no 

significant REase-related domains found in the nearby region, EFSG_00659 is possibly an 
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orphan MTase. More experiments are required to confirm its methylation activity and to study its 

functions. 

 

For 501, the WGA control covered 539,410 cytosine sites (50.80% of all cytosine sites in 501 

genome) effectively during analysis, with an average coverage depth of 24X and an average 

methylation ratio of 0.006345 ± 0.02047 (Fig. 3.3a). Five cytosine sites were detected to have 

≥0.35 methylation ratio, the coverage depth of which ranges from 10X to 11X. Similar to WGA 

410 and WGA 733 samples, we speculate that the higher methylation ratios at these positions 

were due to DNA polymerase amplification variations rather than protection against bisulfite 

conversion. In native 501, 973,654 cytosine sites (91.70% of all cytosine sites in 501 genome on 

both strands) were sequenced effectively, with an average coverage depth of 54X and an average 

methylation ratio of 0.03772. The methylation ratio from native 501 cytosine sites ranges from 0 

to 0.92308 (Fig. 3.3a). We extracted the cytosine sites with ≥0.35 methylation ratio, followed by 

consensus motif search using MEME. The motif 5’-GCCCC-3’ is enriched in those extracted 

sites at the underlined position (Fig. 3.3d). In order to study which kind of cytosine methylation 

occurred at 5’-GCCCC-3’, we further extracted all 5’-GCCCC-3’ sites with their methylation 

ratios regardless of their coverage depth. In total, 1,012 sites were extracted, which is 100% of 

all 5’-GCCCC-3’ sites in 501 reference genome. We observed an average methylation ratio of 

0.5535 ± 0.1374 and a range of 0 to 1 for the underlined cytosine within all 5’-GCCCC-3’ sites 

(Fig. 3.4b). Considering that m4C is only partially protected against bisulfite conversion, we 

conclude that it is m4C methylation within GCCCC at the underlined position. According to our 

prediction, EFRG_02239 encodes a homolog of M.TacIII, which also methylates m4C (35). We 
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hypothesize that EFRG_02239 is functional in 501 and methylates 5’-GCCm4CC-3’. The pfam 

analysis on the genes surrounding EFRG_02239 showed no significant similarity to REase-

related domains. This m4C cytosine MTase appears to be an orphan MTase.  

 

We did not perform whole genome bisulfite sequencing for 502. Due to the presence of 502 

MTases in 410 genome, we speculate that 502 does not have cytosine modification as well. 

 

3.5.8 Type I R-M systems prediction and validation in E. faecalis ATCC_29212 

Our Type I R-M predictions were first compared to the REBASE prediction. Of our 75 E. 

faecalis genomes, three genomes were analyzed by REBASE: V583, OG1RF and ATCC_29212, 

among which ATCC_29212 is the only genome with predicted Type I R-M systems. Our 

prediction revealed that E. faecalis ATCC_29212 encodes two complete Type I R-M systems: 

the first Type I R-M is encoded at ORFs DR75_1436-1440 and the second Type I R-M is 

encoded at ORFs DR75_1740-1736. 

 

The first Type I R-M locus is encoded at DR75_1124-9, where DR75_1129 is a homolog of 

M.Lla2614I and DR75_1124 is a homolog of R.Lla2614I. Hence, we refer to this R-M locus as 

RM.Lla2614I. Between R and M subunits, one S subunit was predicted at ORF DR75_1125. 

This S subunit appears to be truncated and contain only one TRD domain. This R-M locus, 

together with the 27 kb surrounding region, is located between orthologs of the V583 genes 

EF2390 and EF2383 (Fig. 3.5a). A phage integrase was annotated at ORF DR75_1138. We 

speculate that this phage integrase played a role in integrating the 27 kb fragment. This locus was
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Table 3.2. The prediction of R-M systems in E. faecium and their DNA cytosine methylation profiles. 
Strain ST Reference Cytosine MTases Cytosine 

modificationsa 
Type I R-M system 

Commensal E. faecium 
1,141,733 327 (11) M.AvaIX homolog: EFSG_00659 

 
5'-Rm5CCGGY-3' 

 
EFSG_05027,8,9                                                                 

 

Hybrid E. faecium    

1,231,501 52 (11) M.TacIII homolog: EFRG_02239 5'-GCCm4CC-3' 
 

EFRG_00105,6,7 
 

Hospital adapted E. faecium 
1,231,502 203 (11) M.Cdi630II homologs: EFQG_01609 and 

EFQG_02270 
NA EFQG_01130,1,2b 

 

1,231,410 17 (11) M.Cdi630II homologs: EFTG_02364 and 
EFTG_02653; 
M.LmoA118I homolog: EFTG_ 02333 

No methylation 
 

EFTG_00782,3,4; 
EFTG_02030,1,2 

 
aCytosine modifications were detected using whole genome bisulfite sequencing. NA: whole genome bisulfite sequencing was not 
performed. 
bThe locus is identical to EFTG_00782,3,4 in E. faecium 1,231,410. 
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Figure 3.3. Cytosine methylation profiles in E. faecium detected by bisulfite sequencing. a) 
gDNA from three E. faecium strains with their respective WGA controls were whole genome 
bisulfite sequenced and the methylation ratio for each cytosine site with ≥10X coverage depth 
was calculated and summarized. Overall, three WGA samples as well as native 410 gDNA 
showed mostly 0% methylation ratio. 501 has a increased number of cytosines with methylation 
ratio around 50%, and 733 has a significant amount of cytosines with methylation ratio near 
100%. b-d) All sites with ≥35% methylation ratio from native gDNA samples are extracted, 
along with the sequences of 5 bp upstream and 5 bp downstream. The sequences were subjected 
for consensus motif analysis using MEME (114). No significant enriched motif is found within 
410 (b). One cytosine motif was found in 733 (c) and 501 (d), respectively. 
 
 

predicted to be a Type I R-M system by REBASE. 

 

The second Type I R-M system is encoded at ORFs DR75_1740-1736. DR75_1740 shares 

protein sequence homology to REBASE Gold Standard R subunit, R.Lla1403I, and DR74_1739 

shares protein sequence homology to REBASE Gold Standard M subunit M.Lla1403I. Hence we  
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Figure 3.4. Bisulfite sequencing distinguishes m5C and m4C methylation profiles. a) The 
methylation ratio within 5’-RCCGGY-3’ at the underlined position in 733 have mostly 100% 
methylation ratio, which implies a m5C modification. b). The methylation ratio within 5’-
GCCCC-3’ at the underlined position were extracted from 501. The distribution of methylation 
ratio was plotted. The average methylation ratio around 0.5 implies a possible m4C modification. 
 

refer to this R-M locus as RM.Lla1403I. The RM.Lla1403I locus is located between orthologs of 

the V583 genes EF3007 and EF3008 (Fig. 3.5a). Two full-length S subunits were predicted at 

ORFs DR75_1738 and DR75_1736, interspaced by an integrase. DR75_1738 is co-directionally 

transcribed with RM.Lla1403I. REBASE predicted that DR75_1738 is a functional S subunit 

within RM.Lla1403I locus. The functionality of DR75_1736 as a S subunit was not discussed by 

REBASE. We speculate that DR75_1736 originated elsewhere and was integrated into 

ATCC_29212 genome by the integrase. It has been reported that Type I R and M subunits can 

utilize S subunits in trans (182). It is possible that both DR75_1736 and DR75_1738 can be used 

as S subunit for motif recognition within RM.Lla1403I R-M locus. 

 

As both Type I R-M systems in ATCC_29212 were validated by REBASE prediction, we further 

performed the same prediction algorithm on our collection of 75 E. faecalis genomes. Of 75 

genomes, the RM.Lla2614I locus and RM.Lla1403I locus from ATCC_29212 appear to be 

0.0 0.5 1.0
0.1

1

10

100

Methylation ratio

R
el

at
iv

e 
fr

eq
ue

nc
y 

(p
er

ce
nt

ag
es

)

501 motif

0.0 0.5 1.0
0.1

1

10

100

Methylation ratio

R
el

at
iv

e 
fr

eq
ue

nc
y 

(p
er

ce
nt

ag
es

)
733 motif

a) b) 

D
en

si
ty

 

1% 

0.1% 

10% 

100
% 

Methylation ratio Methylation ratio 
0 0.5 1 0 0.5 1 

D
en

si
ty

 

1% 

0.1% 

10% 

100
% 



 

 85 

enriched in 43 and 16 genomes, respectively. In addition, five other Type I M subunits were also 

predicted: 4 M subunits had homologs in only one genome; 1 M subunits had homologs in six 

genomes. To study the lineage-specific Type I R-M systems, we focused on the two enriched 

Type I R-M loci and studied their conservation in the E. faecalis ST types with ≥5 representative 

genomes. 

 

3.5.9 The distribution of Type I RM.Lla2614I among E. faecalis 

The first Type I R-M in ATCC_29212, RM.Lla2614I, is conserved across 43 E. faecalis 

genomes. However, the genetic contexts of RM.Lla2614I in different STs vary. In vancomycin-

resistant E. faecalis ST2 and ST103, the RM.Lla2614I is encoded between orthologs of V583 

genes EF3008 and EF3006 (ST2) or EF3007 (ST103). In contrast, the RM.Lla2614I in the drug 

sensitive lineage ST21 is located on a 6-kb mobile element and inserted between orthologs of 

V583 genes EF3311 and EF3310. Though R and M subunits from different STs share 

homologies (>70% protein sequence identies), S subunits appear to be unique within each ST. 

All S subunits prediction results are listed in Appendix Table B2. 

 

Of our 75 E. faecalis strains, 16 belong to ST2 lineage. All ST2 genomes encode RM.Lla2614I 

locus between orthologs of the V583 genes EF3008 and EF3006 (Fig. 3.5b). Two S subunits 

were predicted between R and M subunits, interspaced by an integrase. According to the 

different sequences in S subunits, we categorized the R-M loci into three types: ERV25 R-M, 

ERV41 R-M and ERV103 R-M_1. Each ST2 strain encodes one R-M system that has identical S 

subunits to one of the three R-M types at the conserved genomic locations: 6 strains encode 
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ERV25 R-M, 8 strains encode ERV41 R-M and 2 strains encode ERV103 R-M_1. Two S 

subunits from ERV25 R-M are truncated with one TRD domain each (Fig. 3.5b). Two S subunits 

from ERV41 R-M and ERV103 R-M_1 are full-length S subunits and share partial homology to 

the S subunits from ERV25 R-M (≥95% nucleotide sequence identity in one TRD domain; 

Figure 3.5b), indicating a common ancestor. Due to the disrupted R-M composition by the 

integrase, we are not sure if these Type I R-M systems are functional.  

 

Additionally, of the 16 genomes in ST2 lineage, ERV103 and ERV116 encode another Type I R-

M system located between orthologs of the V583 genes EF3311 and EF3310, which we named 

as ERV103 R-M_2 for clarification. This R-M system is homologous to ERV103 R-M_1 (amino 

acid sequence identity of 72% for both R and M subunits). However, ERV103 R-M_2 locus 

possesses one unique full-length S subunit with no homology to any other ST2 S subunits, 

indicating a different origin. The R, S and M subunits are co-directionally transcribed (Fig. 3.5b). 

We speculate that ERV103 R-M_2 is a functional R-M system. 

 

Of our 75 E. faecalis genomes, 5 belong to the ST103 lineage. All ST103 strains encode a 

RM.Lla2614I locus between orthologs of V583 genes EF3008 and EF3007. Two full-length S 

subunits were predicted between R and M subunits, interspaced by an integrase. Both S subunits 

are identical across ST103 genomes, except that the draft Merz96 genome has a contig gap at 

this location. We compared the S subunits from ST103 to all other S subunits from our collection 

of 75 E. faecalis genomes; it appears that the S subunits from ST103 are unique to its lineage. 

We conclude that this is a ST103 lineage-specific R-M system. 
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Of our 75 E. faecalis genomes, 5 belong to the ST21 lineage. 3 strains encode RM.Lla2614I: 

TX0102, TX0312 and TX0031. Due to the incomplete draft genome of TX0031, the S subunit 

was not identified. In TX0102 and TX0312, the RM.Lla2614I is encoded between the orthologs 

of V583 genes EF3310 and EF3311. One full-length S subunit was predicted between the R and 

M subunits, all of which are co-directional transcribed. However, the S subunit from TX0102 

and TX0312 does not share high homology with each other (35% amino acid identity in both 

TRD domains), indicating distinct specificities in motif recognition. We speculate that the 

RM.Lla2614I loci in TX0102 and TX0312 are functional R-M systems. Overall, ST21 does not 

have a conserved RM.Lla2614I with the same recognition sequence. 

 

3.5.10 The distribution of Type I RM.Lla1403I among E. faecalis 

The second Type I R-M in ATCC_29212, RM.Lla1403I, is conserved across 16 E. faecalis 

genomes. Among the STs with ≥5 representative genomes, only one strain from ST21, 

ATCC_29200, encodes RM.Lla1403I. However, due to the incomplete draft genome, the M 

subunit and R subunit are not located on the same contig, and we did not identify cognate S 

subunit. Despite of the possible bias resulted from small sample size; we observed a conserved 

presence of the RM.Lla1403I within three ST16 genomes. The mosaic S subunits in ST16 R-M 

system are of interest and will be discussed below. 

 

Of our 75 E. faecalis genomes, 3 belong to ST16 lineage. This RM.Lla1403I is encoded between 

the orthologs of V583 genes EF3007 and EF3008 (Fig. 3.5d). Two full-length S subunits were 

predicted within each R-M locus, except the gap region within one S subunit in E. faecalis 599 
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due to incomplete draft genome. Between the predicted two S subunits, one is co-directional 

transcribed with R and M subunits, while another is interspaced by an integrase and is 

divergently transcribed. In the protein sequence analysis of ST16 S subunits, we observed 

mosaic compositions, where one TRD domain from one S subunit is identical to another TRD 

domain from the other S subunit in a different strain (Fig. 3.5d). Due to the presence of 

intergrase, we speculate that the mosaic S subunits originated from the integration of the 

additional S subunit by integrase and evolved by homologous recombination between the two 

nearby S subunits. 

 

3.5.11 The distribution of Type I RM.Lla2614I and RM.Lla1403I in E. faecium genomes 

E. faecium 502 encodes a Type I R-M locus with homology to RM.Lla2614I, with one 

coordinate full-length S subunit (Fig. 3.6). This R-M system is encoded by EFQG_01131-2-3. 

Three subunits are co-directionally transcribed. The S subunit does not share any homology with 

any S subunits from E. faecalis Type I loci, indicating different recognition sequences. We 

speculate that the RSM complex encoded at EFQG_01131-2-3 could serve as a genome defense 

system in 502.  

 

E. faecium 410 encodes two predicted Type I R-M systems, and both are homologs of 

RM.Lla2614I (Fig. 3.6). The two loci are encoded at different genomic locations, indicating two 

different systems. Both loci have coordinate full-length S subunits. In fact, one RM.Lla2614I 

locus in 410 is 100% identical to the 502 Type I R-M system, which we named as 410 RM1 for 

clarification. We speculate that 410 RM1 is functional in DNA modification and has the same 
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Figure 3.5. Type I R-M system predictions in select E. faecalis strains. a) The composition of 
two Type I R-M systems in E. faecalis ATCC_29212. The first Type I R-M system, 
RM.Lla2614I, encodes one truncated S subunit. The second Type I R-M system, RM.Lla1403I, 
encodes two full-length S subunits interspaced by an integrase. b) The conserved RM.Lla2614I 
loci among ST2 strains. The truncated S subunits in ERV25 R-M contain only one TRD domain 
each, and both are conserved in ERV41 R-M and ERV103 R-M_1 (as color-coded the same). c) 
The conserved RM.Lla2614I loci in ST103 strains. All ST103 strains encode the identical R-M 
system as in DAPTO_516. d) The RM.Lla1403I loci were predicted in ST16 strains. The S 
subunits appear to be mosaic. The conserved TRD domains are color-coded the same.  
Color code: R and M subunits were blasted against REBASE Gold Standard set and color-coded 
as their best blast hits (e-value = 0 and bit score >500). The S subunits and integrase with the 
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same color indicate high nucleotide sequence identity (≥95% nucleotide sequence identity). -/ /-: 
gap region. 
 

DNA modification profile as 502 does. On the other hand, 410 RM2, the other RM.Lla2614I 

locus, has a unique S subunit. We speculate that 410 RM2 is functional as well, with a distinct 

recognition sequence from 410 RM1.  

 

E. faecium 733 encodes one Type I R-M system at EFSG_05027-8-9. The R and M subunits are 

homologous to that in RM.Lla2614I. A full-length S subunit was predicted between R and M 

subunits (Fig. 3.6). This S subunit shares low homologies to than that in 410 RM1 (40% protein 

sequence identity) and 410 RM2 (43% protein sequence identity), which implies a different 

recognition motif. All subunits are co-directionally transcribed. We speculate a functional R-M 

from this locus. 

 

E. faecium 501 encodes one Type I R-M system with homology to RM.Lla1403I. A full-length S 

subunit was predicted between R and M subunits (Fig. 3.6). This locus is intact and all subunits 

are co-directionally transcribed. We speculate that this system is a functional Type I R-M system 

in 501. Since none of the subunits share any homology with the R-M systems from 502 and 733, 

we expect a different DNA modification profile in 501. 

 

3.6 Discussion 

In this study, we developed a prediction algorithm for R-M system identification using blastp 

and REBASE Gold Standard set. We applied our algorithm on 75 E. faecalis genomes and 4  
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Figure 3.6. The Type I R-M system prediction in E. faecium. Except that 502 RSM locus 
shares 100% nucleotide sequence identity with 410 RM1, the S subunit from each E. faecium 
strain differs from each other. Color code: R and M subunits were blasted against REBASE Gold 
Standard set and color-coded as their best blast hits (e-value = 0 and bit score >500). The same 
colors for S subunits and integrase indicate high nucleotide sequence identity among each other 
(≥95% nucleotide sequence identity). 
 

E. faecium genomes. In total, 43 MTases were predicted in E. faecalis and 7 MTases were 

predicted in E. faecium. Our predictions were crosschecked with REBASE predictions for three 

E. faecalis genomes, and consistent results were observed. Four types of systems were predicted 

to be present in our collection: Type I RSM, Type II MTase, Type III MTase and Type IV 

methyl-directed REase.  

 

Type I R-M system has been the most complex and diverse R-M system among the others. Two 

TRD domains within S subunit dictate the recognition sequence, the orientation of which 

corresponds to the orientation of the recognition sequence. Due to the fact that two TRD domains 

are usually not identical, the recognition sequence of a Type I R-M system is usually asymmetric 
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and bipartite. The length between two TRD domains, or the dimerization domain, decides the 

gap length between the bipartite recognition sequences. The diversification of Type I R-M 

recognition sequence is driven by the TRD exchanges, permutation of the dimerization domain 

and circular permutation of TRDs (167). This leads to difficulties in the prediction of Type I R-

M recognition sequences. In E. faecalis, we observed lineage conserved Type I R-M systems 

with identical S subunits in ST103, and lineage conserved Type I R-M systems with mosaic S 

subunits in ST2 and ST16, respectively. Most of the Type I R-M systems discovered in E. 

faecalis appear to be disrupted by a phage integrase. We speculate that the mosaic S subunits are 

due to the acquisition of additional S subunit through integrase action, followed by homologous 

recombination between the two nearby S subunits (183-185). The swapped S subunits recognize 

novel motifs (182). Consequently, it provides evolutionary basis and drives Type I R-M system 

diversification. However, we are not sure if such interrupted Type I R-M systems are functional 

in DNA modification and genome defense in E. faecalis. In contrast, intact Type I R-M systems 

were predicted in all E. faecium genomes among our collection. The Type I R-M systems from 

E. faecalis appear to be homologous to that from E. faecium. However, due to the divergent S 

subunits, we do not expect that they share the same recognition sequences. Hence, active R-M 

barriers between E. faecalis and E. faecium are likely. 

 

Only one Type III MTase was predicted among our collection of 75 E. faecalis genomes and 4 E. 

faecium genomes. The homolog of this Type III MTase, M.Tca7334III, was predicted in E. 

faecalis TX0855 (ST4) and TX2141 (ST25). Due to the limited occurrence of Type III MTase, 

no lineage specificity was identified.  
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To detect DNA cytosine modification, we successfully utilized whole genome bisulfite 

sequencing to identify an m5C methylation motif and an m4C methylation motif in 733 and 501, 

respectively. The m5C modification is fully protected against bisulfite conversion, while m4C 

modification is partially protected under the same experimental conditions. Using whole genome 

bisulfite sequencing, we observed nearly 100% methylation ratio for almost all of the m5C 

motifs; and averagely 50% methylation ratio for m4C motifs, ranging from 0% to 100%. Hence, 

we confirmed that m5C and m4C motifs could be well distinguished using whole genome 

bisulfite sequencing. Though SMRT sequencing has been utilized for accurate m4C and m6A 

detection, the cost of SMRT sequencing is much higher than bisulfite sequencing. When no 

significant Type I R-M system is predicted, the utilization of bisulfite sequencing in identifying 

m4C and m5C modifications is efficient and cost effective. 

 

The predicted cytosine MTases in E. faecium appear to be orphan MTases. The pfam analysis on 

the surrounding protein sequences showed absence of significant REase related domains. 

However, this doesn’t exclude the possibility of REase, due to the highly diverse REase 

sequences. Previous studies have reported diverse functions of orphan MTases, including gene 

regulation. More experiments are required to confirm this hypothesis in E. faecium. 

 

3.7 Acknowledgements 

We thank Zhixing Feng for assistance with SMRT sequencing analysis.    



 

 94 

CHAPTER 4 

CRISPR-CAS SYSTEMS COMPROMISE FOR BENEFICIAL MGE ACQUISITION IN 

E. FAECALIS 

4.1 Author contributions 

This work was performed in collaboration with Valerie Price (VP), Ardalan Sharifi (AS), 

Michael Zhang (MZ) and Kelli Palmer (KP). Wenwen Huo (WH), VP and KP designed the 

experiments. WH, VP and AS performed the experiments. WH, VP, MZ and KP designed deep 

sequencing analyses. WH performed the deep sequencing analysis. WH wrote the chapter. WH 
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4.2 Abstract 

Enterococcus faecalis is a Gram-positive bacterium that naturally colonizes human intestines and 

opportunistically causes life-threatening infections. Multidrug-resistant (MDR) E. faecalis strains 

have emerged that are replete with mobile genetic elements (MGEs). E. faecalis possesses 

CRISPR-Cas systems, which are able to reduce the conjugation frequency of MGEs by 2-log. 

However, transconjugants still arise. Using serial passage experiments in the presence and 

absence of antibiotic selection for a MGE, we found that there is a cost to maintain both the 

MGE and a functional CRISPR-Cas system in these transconjugants. Under antibiotic selection, 

we observed the emergence of compromised CRISPR-Cas systems. Here, we used deep 

sequencing to monitor CRISPR array dynamics. We found that the CRISPR array is naturally 

heterogeneous. About 0.4% of bacterial cells within a population possess a mutant CRISPR 

allele, which increased up to 99% in the compromised CRISPR-Cas systems. Under antibiotic 
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selection, the recombination rate within CRISPR increases and the population of mutant alleles 

with spacer deletions rises in frequency. The end effect is that beneficial MGEs are maintained in 

the population. Based on these results, we conclude that adaptive immunity can be compromised 

under selection for MGEs. These results are consistent with our overall hypothesis that 

compromised genome defense contributes to the emergence of MDR E. faecalis. 

 

4.3 Introduction 

E. faecalis is a Gram-positive and lactic acid bacterium, which normally inhabits the 

gastrointestinal tracts of humans and other mammals (95). E. faecalis is also an opportunistic 

pathogen and is able to cause serious infections in immune-deficient patients (10, 157, 158, 186). 

Multidrug-resistant (MDR) E. faecalis have emerged since 1980s, which leaves less treatment 

options for the associated infections (187, 188). Vancomycin is a last-line antibiotic for E. 

faecalis associated infections; hence, vancomycin-resistant E. faecalis (VREfs) have become a 

major health care concern. E. faecalis V583 is the first VRE isolate from the U.S. (101), whose 

genome has been fully sequenced (7). The genome analysis of E. faecalis V583 shows a genome 

size of 3.36 Mbp, with 25% of the genome consisting of various mobile genetic elements 

(MGE), where antibiotic resistance genes reside (71). E. faecalis T11, on the other hand, is a 

vancomycin-sensitive E. faecalis isolate with a genome size of 2.74 Mbp (11). T11RF shares 

99.5% average nucleotide sequence identity in its core genome with V583, and almost all MGEs 

present in V583 are absent in T11RF (11). It was proposed previously that compromised genome 

defense leads to the acquisition of MGEs and further contributes to the evolution of MDR E. 

faecalis (13). This has been specifically proposed as a mechanism for the lack of MGEs in E. 
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faecalis T11RF relative to V583, as T11RF possesses functional CRISPR-Cas, while V583 lacks 

CRISPR-Cas (13, 61). However the mechanism of how genome defense systems are 

compromised has not been studied. 

 

Antibiotic resistance genes are disseminated among E. faecalis through horizontal gene transfer 

(HGT) mediated by plasmids, phage and transposons. Pheromone-responsive plasmids (PRP) are 

E. faecalis species-specific plasmids, which conjugate in high efficiencies and cannot replicate 

outside the species (122, 189, 190). PRP conjugation is highly regulated and induced by plasmid-

free recipient cells. The plasmid-free cells secrete short peptides of 7 to 8 amino acids in length, 

which are referred to as sex pheromones (191 , 192, 193). Sex pheromones can be recognized by 

plasmid-encoded proteins in donor cells. This leads to the induction of synthesis of a sticky 

surface protein called 'aggregation substance' in donor cells (194, 195). The expression of 

aggregation substance leads to aggregation of donor and recipient cells, facilitating high 

frequency genetic exchange. PRP-mediated conjugation usually results in one transconjugant per 

1 to 100 donors (123, 196, 197). PRPs encode antibiotic resistance genes as well as various 

virulence factors such as cytolysin (198).  

 

CRISPR-Cas systems prevent MGE dissemination in bacteria, including in E. faecalis (61). A 

CRISPR-Cas system consists of a series of cas genes and a CRISPR array possessing spacers 

interspaced by direct and partially palindromic repeats. There are three stages to CRISPR-Cas 

defense: adaptation, expression and interference. A protospacer in a newly encountered MGE is 

recognized by Cas9 in a PAM (Protospacer Adjacent Motif)-dependent manner. The protospacer 
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is incorporated into the leader end of the CRISPR array. During expression, the newly 

incorporated spacer is transcribed with other spacers into pre-crRNA. The pre-crRNA is then 

processed by Cas9 together with a host-encoded endonuclease and tracrRNA (trans-activating 

crRNA). Each spacer, with partial adjacent repeat, forms a crRNA, which is bound by Cas9 and 

tracrRNA to form an active targeting complex. When the bacterial host is invaded by a MGE that 

a crRNA has complementary to, the active targeting complex is able to recognize the target in a 

PAM-dependent manner and create a double-stranded DNA break to prevent MGE invasion. 

Each spacer bears a unique memory of a previously encountered MGE, which makes the 

CRISPR-Cas system an adaptive immune system. 

 

The CRISPR array region undergoes dynamic evolution. The addition of new spacers into the 

leader end provides fresh immunity to newly evolved or encountered MGEs. At the same time, 

the expansion of the CRISPR array is not unlimited (199). The internal spacers could be deleted 

through homologous recombination or replication slippage (200). Previous researchers have 

estimated such heterogeneity occurs at 10-4 to 10-3 per cell per generation in Staphylococcus 

epidermidis (199).  

 

E. faecalis has Type II CRISPR-Cas systems, which are characterized by the cas9 gene, 36 bp 

repeats and 30 bp spacer sequences (13, 62, 201, 202). Three subtypes of CRISPR-Cas systems 

were observed in E. faecalis: CRISPR1-Cas, CRISPR2 and CRISPR3-Cas (13). CRISPR1-Cas 

and CRISPR2 share the direct repeat sequences. However, CRISPR2 does not have cognate cas 

genes in its vicinity. Previous research has confirmed that the CRISPR2 array is active for 
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genome defense when the CRISPR1-associated cas9 and putative tracrRNA are expressed in E. 

faecalis T11RF (61). On the other hand, CRISPR3-Cas is characterized by a distinct direct repeat 

sequence, which shares 58% nucleotide sequence identity to CRISPR1 and CRISPR2 direct 

repeats. The E. faecalis T11RF CRISPR3 array is not active for genome defense in the presence 

of cas9 from CRISPR1-Cas (61), which indicates functional divergence between CRISPR3-Cas 

and CRISPR1-Cas.  

 

Two model strains were studied in this research: E. faecalis T11RF and E. faecalis OG1RF. 

T11RF encodes a CRISPR2 array and a CRISPR3-Cas system (Fig. 4.1). The T11RF CRISPR3 

array contains 21 unique spacers. Spacer 6 bears 100% sequence identity to the pheromone-

responsive plasmid pAD1 (13, 61, 189). Previous research has confirmed that CRISPR3-Cas 

successfully utilizes spacer 6 to reduce pAD1 conjugation frequency by 2-log in T11RF (61). 

However, despite a reduction in conjugation frequency, we noticed that pAD1 transconjugants 

(TCs) still arose, demonstrating that CRISPR3-Cas was not a complete block to plasmid 

acquisition. Moreover, these TCs presumably possessed both an antibiotic resistance plasmid and 

a CRISPR-Cas system actively targeting that plasmid, establishing a conflict.  

 

In this study, we serially passaged these TCs to study if or how these conflicts are resolved, by 

monitoring plasmid maintenance and how CRISPR3-Cas responds to its target. We observed 

that, without antibiotic selection, pAD1 plasmids were eliminated gradually from the majority of 

the bacterial population; when the antibiotic is present, compromising mutations arose in 

CRISPR3-Cas. By deep sequencing the CRISPR3 array region, we observed the natural 
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existence of mutant CRISPR array alleles with internal spacer deletions. The mutant CRISPR 

array alleles provide an evolutionary basis to resolve the conflict between active CRISPR-Cas 

and its targets under the selection pressure for the target.  

 

To study the broader spectrum of the spacer deletion phenomenon in other CRISPR types in E. 

faecalis, we performed similar experiments using E. faecalis OG1RF. E. faecalis OG1RF 

encodes a CRISPR1-Cas system and a CRISPR2 array (Fig. 4.1). We utilized a broad host range 

plasmid, pLZ12, with engineered OG1RF CRISPR1 and CRISPR2 targets. As with E. faecalis 

T11, mutant CRISPR1 and CRISPR2 alleles were observed under selection for maintenance of 

their targets.  

 

4.4 Material and Methods 

4.4.1 Strains and Reagents  

The bacterial strains and plasmids used in this study are listed in Table 4.1. All E. faecalis strains 

were grown in Brain Heart Infusion (BHI) broth or agar at 37°C. Antibiotics were used at the 

following concentrations: erythromycin 50 µg/ml, chloramphenicol 15 µg/ml, streptomycin and 

spectinomycin 500 µg/ml, rifampicin 50 µg/ml, fusidic acid 25 µg/ml. PCR was routinely 

performed using Taq polymerase (NEB) or Phusion polymerase (Fisher). Routine DNA 

sequencing was carried out at the Massachusetts General Hospital DNA Core Facility (Boston, 

MA).  
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Figure 4.1. Type II CRISPR-Cas systems in E. faecalis OG1RF and T11. OG1RF encodes 
CRISPR1-Cas and CRISPR2. OG1RF CRISPR1-Cas is located between genes orthologous to 
EF0672 and EF0673 from V583. There are seven unique spacers within the OG1RF CRISPR1 
array, and spacer 4 was used to engineer the CRISPR1 target plasmid pKHS96. OG1RF 
CRISPR2 occurs between EF2063 and EF2061 from V583 and contains seven unique spacers. 
The spacer 6 from OG1RF CRISPR2 array was used to engineer CRISPR2 target plasmid 
pKHS5. T11RF CRISPR2 array is encoded at the genomic position conserved with that in 
OG1RF and contains four unique spacers. T11RF CRISPR3-Cas is encoded between genes 
orthologous to EF1760 and EF1759. 21 unique spacers were identified in T11RF CRISPR3 array 
and spacer 6 bears 100% sequence identity to pAD1. Each spacer is 30 bp in length and each 
direct repeat is 36 bp in length. The terminal repeat (TR) shares partial identity with the direct 
repeat within the same CRISPR array, as color coded with shaded area. The 30 bp upstream of 
the first direct repeat is defined as S0 and the 30 bp downstream of TR is defined as ST. 
 

4.4.2 Conjugation  

The donor and recipient strains were grown overnight to stationary phase. A 1:10 dilution was 

made for both donor and recipient in fresh BHI broth and cultured for 1.5 hrs at 37°C. A mixture 

of 100 µl donor cells and 900 µl recipient cells was pelleted and plated on BHI agar. After 18 

hours incubation at 37°C, the mating mixture was scraped off the plate using 2 mL of 1X PBS 

E. faecalis OG1RF CRISPR1-Cas locus 

E. faecalis OG1RF CRISPR2 locus 

E. faecalis T11 CRISPR3-Cas locus 

repeat 

spacer 

Terminal repeat 

V583 ORF 

E. faecalis T11 CRISPR2 locus 

cas9 EF0672 EF0673 S1 S7 ST S4 

EF2063 EF2061 S1 S7 S6 

EF2063 EF2061 S1 S4 S2 S3 S0 ST TR 

cas9 EF1760 EF1759 S1 S21 S0 ST TR S6 
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supplemented with 2 mM EDTA, then serially diluted. The dilutions were plated on BHI plates 

with appropriate selection.   

 

4.4.3 Electroporation 

E. faecalis electrocompetent cells were made using the lysozyme method as described previously 

(125). 1 µg of pLZ12 or its derivatives were electroporated into E. faecalis electrocompetent 

cells and plated onto BHI plates supplemented with chloramphenicol after 2 hours outgrowth. 

 

4.4.4 Serial passage  

Select transconjugants or transformants were resuspended in 50 µl BHI broth and were 

confirmed to possess the intact CRISPR array using PCR with CR_seq primers (Appendix Table 

C1). Equal amounts of transconjugants/transformants were inoculated into either plain BHI broth 

or selective BHI broth and cultured at 37°C for 24 hours. At each 24 hr-interval, the previous 

overnight culture was diluted 1:1000X into either fresh plain BHI or fresh selective BHI, 

respectively. At the same time, PCR was performed to check CRISPR array integrity using 

CR_seq primers (Appendix Table C1). Samples were also removed for serial dilution and plating 

to determine total viable cells and total plasmid-maintaining cells. The passaging was continued 

for 14 days. 

 

4.4.5 Isolation of genomic DNA 

The gDNA was isolated using phenol-chloroform. Briefly, 10 mL overnight culture was pelleted 

and washed with 1 mL TE buffer (10 mM Tris and 1 mM EDTA). The cells were incubated in 
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200 µl of IHB-1 solution (50 mM glucose; 25 mM Tris; 10 mM EDTA), supplemented with 50 

µl lysozyme (50 mg/ml) and 10 µl mutanolysin (2500 U/ml) for 2 hours at 37°C. 100 µl of 20% 

sarkosyl and 15 µl of RNase (10 mg/ml) was added and the incubation was continued for another 

30 min, followed by addition of 15 µl pronase (10 mg/ml) and an additional 30 min incubation. 

After the incubation, the supernatant was extracted five times with phenol:chloroform and once 

with chloroform, and then subjected to an isopropanol wash and two ethanol washes. The DNA 

pellet was finally dissolved in TE buffer. 

 

4.4.6 Deep sequencing of gDNA and CRISPR amplicons 

The genomic DNA sequencing was performed by either MR DNA (Molecular Research LP; 

Shallowater, TX) or in-house. For in-house deep sequencing, 3 µg gDNA was used for library 

construction using the Illumina TruSeq PCR-FREE sample preparation kit, per the 

manufacturer’s instruction. The final library was enriched with an 8-cycle PCR using Illumina 

universal primers (Appendix Table C1). The library was subsequently sequenced using 2 X 300 

bp paired end sequencing chemistry on Illumina MiSeq. The samples subjected to MR DNA 

sequencing were sequenced using 2 X 150 bp paired end sequencing chemistry on Illumina 

HiSeq. 

 

For amplicon sequencing, 3 µl from the broth culture was used as template in PCR using 

CR3_seq primers (Table C1) and Phusion Polymerase. The PCR products were purified using 

Thermo Scientific PCR purification kit (Thermo Scientific) and subjected for either MR DNA or 

in-house sequencing. For in-house sequencing, the DNA library was constructed as described 
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above and sequenced using 2 X 75 bp paired end sequencing chemistry on Illumina MiSeq. For 

MR DNA sequencing, the amplicon was sequenced using 2 X 150 bp paired end sequencing 

chemistry on Illumina HiSeq. 

 

4.4.7 Amplicon sequencing read mapping  

CRISPR3 amplicon references were manually created. Each reference contained two spacers 

connected by a T11RF CRISPR3-Cas repeat: 5’-spacer[x]-repeat-spacer[y]-3’ (5’-SxRSy-3’), 

where spacer[x] and spacer[y] could be 30 bp upstream of the first repeat (S0), or any internal 

spacers within the CRISPR3 array (from S1 to S21; Fig. 4.1). Each reference is 96 bp in length. 

The references where y = x + 1 represent wild type alleles. Since the terminal repeat is divergent 

from the regular internal repeat sequence, references containing 5’-spacer[x]-TerminalRepeat-

ST-3’ (5’-SxTRST-3’) were constructed, where spacer[x] ranges from S0 to S21 and spacer ST 

represents the 30 bp downstream of the terminal repeat. Intuitively, 5’-S21TRST-3’ represents the 

wild type reference. In total, 484 references were generated for the CRISPR3 amplicon. For the 

T11RF CRISPR2 amplicon, references were similarly constructed. Due to the shorter array 

length, 25 references were constructed for the CRISPR2 amplicon, in total. Since the sequencing 

from MR DNA was performed using 150 bp chemistry, to make it consistent with in-house 

sequencing, we manually split each sequencing read into two reads of 75 bp in length. The 

sequencing reads were subjected to adapter trimming and then mapped to the 5’-SxRSy-3’ and 5’-

SxTRST-3’ references using stringent parameters in CLC Genomic Workbench (Qiagen). The 

stringent mapping parameters require each mapped read to be at least 95% identical to one 
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unique reference, which tolerates up to 3 mismatches from the reference. Thus, the sequencing 

reads from different CRISPR alleles will be distinguished.  

 

4.4.8 Calculation of mapping efficiency 

Within each sample, the mapping efficiency for each reference was calculated by dividing the 

number of mapped reads to the given reference by the total number of mapped reads to all 

references. Assuming no spacer deletions and rearrangements are present, each reference 

representing CRISPR3 wild type should have an expected mapping efficiency of (1/22=) 4.54%, 

while each reference from CRISPR2 wild type should have an expected mapping efficiency of 

(1/5=) 20%. The total wild type mapping efficiency was calculated by adding up the mapping 

efficiencies from all wild type references, which would be 100% for an intact CRISPR array, 

theoretically.  

 

4.4.9 Calculation of wild type frequency  

Our calculation is based on the Markov model. For each bacterial cell, the CRISPR array is 

denoted as X=(X0,X1,X2, … Xn) where Xm is the specific spacer at the position m, X0 is 30 bp 

upstream of the first repeat and Xn is 30 bp downstream of the terminal repeat. For a wild type 

CRISPR allele, we expect X=(X0=S0, X1=S1, X2=S2…Xn=ST) where (S0, S1, … ST) is wild type 

CRISPR array as described above (Fig. 4.1). To calculate the frequency of wild type CRISPR 

allele, or the proportion of bacterial cells having the wild type CRISPR allele, we utilized the 

Bayesian formula: 

P(WT) = P(X0=S0, X1=S1, X2=S2…Xn=ST) 
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= P(X0=S0) × P(X1=S1|X0=S0) × P(X2=S2|X1=S1,X0=S0) …× P(Xn=ST| Xn-1=Sn-1, Xn-2=Sn-2 …. 

X0=S0) 

The conditional probability P(Xn=Sn|Xn-1=Sn-1, Xn-2=Sn-2 …X0=S0) stands for the probability that 

Xn is the wild type spacer Sn, under the condition that its upstream spacers are also wild type 

spacers. To simplify the calculation, we assume that the spacer sequence in a single bacterial cell 

satisfies the Markov property, that is, the occurrence of a future spacer only depends on the 

occurrence of the current spacer:  

P(Xn+1=Sn+1| Xn=Sn, Xn-1=Sn-1 …X0=S0) = P(Xn+1=Sn+1| Xn=Sn)  

 

Furthermore, we have P(Xn+1=Sn+1|Xn=Sn) = P(5’-SnRSn+1-3’). The probability P(5’-SnRSn+1-3’) 

is calculated using the read mapping results: 

P 5'-S!RS!!!-3'

=   
#  mapped  reads  to  the  reference  of  5'-S!RS!!!-3'  

#  mapped  reads  to  the  references  of  5’-SnRSy-3’ and 5’-SnTRST-3’  !
!!!

 

(when n<L), and 

P 5'-S!TRS!-3' =   
#  mapped  reads  to  the  reference  of  5'-S!TRS!-3'

#  mapped  reads  to  the  references  of  5'-S!RS!-3' and 5'-S!TRS!-3'  !
!!!

 

where L is the total number of spacers of a CRISPR array. 

 

Hence, the wild type frequency is given by: 

P(WT) 

= P(X0=S0) × P(X1=S1|X0=S0) × P(X2=S2|X1=S1) …× P(Xn=ST| Xn-1=Sn-1)  

= P(X0=S0) × P(5’-S0RS1-3’) × P(5’-S1RS2-3’) …. × P(5’-S21TRST-3’) 
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The probability P(X0=S0) represents the prior probability of having spacer S0. In all of our 

samples, we did not observe the loss of S0, we assume that P(X0=S0) = 100%.  

The mutant frequency is hence expressed as P(mutant) = 1 - P(WT). The mutant frequency 

represents the proportion of bacterial cells having at least one mutant allele of 5’-SxRSy-3’ (y ≠ 

x+1). 

We stress here that the Markov model usually underestimates the conditional probability, that is, 

P(Xn=Sn|Xn-1=Sn-1, Xn-2=Sn-2 …X0=S0) ≥ P(Xn=Sn| Xn-1=Sn-1). Subsequently, the wild type 

frequency is usually underestimated. With the increased length of CRISPR array, the accuracy of 

wild type frequency decreases exponentially.  

 

4.4.10 The degree of forward recombination and backward recombination  

Among the mutant alleles, we observed two categories: 5’-SxRSy-3’ (y > x+1) and 5’-SxRSy-3’ 

(y < x). The forward recombination mutants with 5’-SxRSy-3’ (y > x+1) are the result of spacer 

deletions, with spacers from Sx+1 to Sy-1 deleted; while the backward recombination mutants with 

5’-SxRSy-3’ (y < x) are the result of spacer rearrangement, when a downstream spacer Sy flips to 

the upstream of an upstream spacer Sx. To compare the degree of recombination rates between 

the two categories among all samples, we calculated the forward recombination rate and 

backward recombination rate by taking the average and standard deviation of P(5’-SxRSy-3’) 

(y>x+1) and P(5’-SxRSy-3’) (y<x), respectively. The calculation of the joint probability is 

similar: 

P 5'-S!RS!-3' =   
#  mapped  reads  to  the  reference  of  5'-S!RS!-3'

#  mapped  reads  to  the  references  of  5'-S!RS!-3' and 5'-S!TRS!-3'  !
!!!

 



 

 107 

where y ≠ T, and  

P 5'-S!TRS!-3' =   
#  mapped  reads  to  the  reference  of  5'-S!TRS!-3'

#  mapped  reads  to  the  references  of  5'-S!RS!-3' and 5'-S!TRS!-3'  !
!!!

 

where L is the total number of spacers of a CRISPR array. 

 

4.4.11 The degree of terminal spacer deletion  

To estimate the terminal spacer deletion rate, we utilized the Bayesian formula and Markov 

model as introduced before: 

P Terminal spacer deletion =1- 
# mapped reads to the reference of 5'-‐SLTRST-‐3' 

# mapped  reads  to  the  references  of  5'-S!TRS!-3'L
x=0

 

where L is the length of a CRISPR array. 

This probability represents the total probability of any spacer except the terminal spacer to be 

recombined with the terminal repeat, or the probability of terminal spacer deletion. 

 

4.5 Result 

4.5.1 Active CRISPR-Cas eliminates its target over time 

E. faecalis T11RF possesses a Type II CRISR-Cas system, within which 21 unique spacers 

reside (61). Among the 21 spacers, spacer 6 (S6) bears 100% sequence identity to the previously 

characterized PRP pAD1 (203, 204). In previous research we found that CRISPR3-Cas 

significantly reduces the conjugation frequency of pAM714, an erythromycin-resistant pAD1 

derivative (204), within E. faecalis (61). However, transconjugants still arise. Here we serially 

passaged T11RF pAM714 transconjugants to study how T11RF resolves the conflict between 

CRISPR-Cas and its target. As controls, T11RF Δcas9 transconjugants were also evaluated. Six 
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Table 4.1. Bacterial strains and plasmids used in Chapter 4. 
Name Description Reference 
E. faecalis strains   
T11RF Human urine isolate (61, 205) 
OG1RF Human oral isolate (100, 102) 
CK111SSp::pCF10-101 E. faecalis donor strain for conjugation assay of pLZ12 derivatives (206) 
OG1SSp::pAM714 E. faecalis donor strain for pAM714 conjugation assay (203, 204) 
Transconjugantsa   
WT�C2TC1 Plasmid loss in BHI; No spacer deletionb in Erm This study 
WT�C2TC2 Plasmid loss in BHI; S2-S11 deletionb in Erm  This study 
WT�C2TC3 Plasmid loss in BHI; S5-S7 deletionb in Erm This study 
WT�C3TC1 No plasmid loss in BHI; No spacer deletionb in Erm; cas9 mutant from Day 1 passage This study 
WT�C3TC2 Plasmid loss in BHI; S3-S9 with low Sanger sequencing qualityb and two CRISPR3 

alleles in Erm 
This study 

WT�C3TC3 Plasmid loss in BHI; S5-S6 with low Sanger sequencing qualityb in Erm This study 
Δcas9�C2TC1 T11RF Δcas9 transconjugant This study 
Δcas9�C2TC2 T11RF Δcas9 transconjugant This study 
Δcas9�C2TC3 T11RF Δcas9 transconjugant This study 
Δcas9�C3TC1 T11RF Δcas9 transconjugant This study 
Δcas9�C3TC2 T11RF Δcas9 transconjugant This study 
Δcas9�C3TC3 T11RF Δcas9 transconjugant This study 
Transformants   
pKHS96�TF1 Day 14 Cam-passaged pKHS96 transformant 1 This study 
pKHS96�TF2 Day 14 Cam-passaged pKHS96 transformant 2 This study 
pKHS5�TF1 Day 14 Cam-passaged pKHS5 transformant 1 This study 
pKHS5�TF2 Day 14 Cam-passaged pKHS5 transformant 2 This study 
pKHS5�TFa pKHS5 transformant a for antibiotic titration This study 
pKHS5�TFb pKHS5 transformant b for antibiotic titration This study 
pKHS5�TFc pKHS5 transformant c for antibiotic titration This study 
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Plasmids   
pAM714  (204) 
pLZ12  (128) 
pKH12 pLZ12::oriT This study 
pKHS5 pKH12::CRISPR2protospacerS5::PAM This study 
pKHS96 pKH12::CRISPR1protospacerS96::PAM This study 
aWild-type transconjugants are named as WTCxTCy where x represents the experiment series and y represents colony number, 
while dCas9 transconjugants are named as dCas9CxTCy with the same definition of x and y. 
bLow quality region indicates the presence of multiple different spacers, which could not be resolved by Sanger sequencing. 
Erm: erythromycin. Cam: chloramphenicol.



 

 110 

transconjugants were selected from two independent conjugation experiments, where pAM714 

was transferred from E. faecalis OG1SSp. The transconjugants were subjected for in vitro 

evolution experiments as described in Material and Methods. With each passage, we monitored 

total colony forming units (CFU), plasmid-containing CFU, and CRISPR3 array size (using PCR 

and electrophoresis of products).  

 

For in vitro passaging without antibiotic selection for pAM714, over the course of passaging, we 

observed a gradual decrease of the plasmid-maintaining CFU for 5 out of the 6 T11RF 

transconjugants, while the total CFU remained stable (Fig. 4.2a). This is consistent with 

CRISPR3-Cas elimination of its target from the E. faecalis populations. On the other hand, when 

passaging the T11RF Δcas9 transconjugants without antibiotic selection, the plasmid-

maintaining CFU are almost identical to the total CFU along the course of passaging (Figure 

4.2c). These data demonstrate that plasmid loss in the absence of antibiotic selection is cas9-

dependent.  

 

As stated above, one T11RF pAM714 transconjugant population, referred to as WT•C3TC1, did 

not exhibit plasmid loss in the absence of antibiotic selection. We rationed that a pre-existing 

mutation in CRISPR or cas9 could explain these results; i.e., this transconjugant may have been 

CRISPR-deficient prior to serial passage. Using PCR and sequencing, we determined that the 

WT•C3TC1 transconjugant, after Day 1 passage with antibiotic selection, possessed a mutation 

in cas9 resulting in an Ala749Thr substitution. Ala749 is within the RuvC nuclease domain in 

T11RF Cas9. The sequence alignment of T11RF Cas9 with Streptococcus pyogenes Cas9 
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(SpCas9) revealed its conservation with Ala987 in SpCas9 (61). Previous structural analysis of 

SpCas9 showed that His983 and Asp986 are possible catalytic residues in target cleavage (207), 

both of which are conserved with His745 and Asp748 in T11RF Cas9 (61). Because of the high 

conservation and the potential catalytic function in this region, we postulate a critical role for 

Ala749 in T11RF Cas9 function. The A749T substitution might interfere with substrate 

recognition or RuvC nuclease activity of T11RF Cas9. The mutation was also detected in Day 14 

passage with and without antibiotic selection. We speculate that the mutation was present prior 

to the start of the serial passage experiment. This further confirms the importance of cas9 in 

eliminating CRISPR targets. 

 

4.5.2 Continuous antibiotic selection against CRISPR target plasmid results in spacer loss 

The same set of selected transconjugants were also subjected to in vitro passaging with 

erythromycin selection to enforce the maintenance of pAM714. Due to the antibiotic usage, all of 

the transconjugants maintained pAM714 over the course of passaging, regardless of the presence 

of cas9 (Fig. 4.2b and 4.2d). We monitored the daily CRISPR3 array size by PCR (Fig. 4.3a). All 

of T11RF Δcas9 transconjugants retained the intact CRISPR3 array after 14 days passage. 

However, several of the T11RF transconjugants had reduced size in CRISPR3 array after 14 

days passage (Fig. 4.3a). The CRISPR3 array began showing a reduction in size at intermediate 

time points within the passaging experiments (Fig. 4.3b). Sanger sequencing revealed that 4 out 

of the 6 T11RF transconjugants had mutant CRISPR3 alleles with varied spacers lost (Table 4.1). 

The two exceptions, WT•C3TC1 and WT•C2TC1, are discussed further here. The WT•C3TC1 

transconjugant maintained a wild type CRISPR3 allele over the course of passage; this was 
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expected as WT•C3TC1 is a cas9 mutant, as discussed above. The WT•C2TC1 transconjugant 

appeared to possess a wild-type CRISPR3 allele at Day 14 passage. However, Sanger sequencing 

after Day 2 passage revealed the existence of a mixed population at the S6-S7 region as evidenced 

by low sequencing quality in this region. Therefore, a spacer S6 deletion arose during the passage 

experiment, but this allele was not detectable at the Day 14 passage using PCR and 

electrophoresis. Deep sequencing revealed that the WT•C2TC1 Day 14 passage was a mixed 

population with both S6 deletion and cas9 mutation, which will be discussed later in this chapter.  

 

 
 
Figure 4.2. In vitro evolution experiments revealed plasmid elimination without antibiotic 
selection in T11RF transconjugants. A). When passaged without antibiotic selection, five out 
of the six wild-type transconjugants (shown in red) showed loss of plasmid over the course of 
passaging; WT•C3TC1 had stable plasmid maintenance (shown in blue). The total viable cells 
for all six transconjugants stayed stable (five shown in black and WT•C3TC1 shown in green). 
B). When passaged with erythromycin selection, all six wild-type transconjugants showed stable 
total viable cells and almost 100% plasmid maintenance. C) Six T11RF Δcas9 transconjugants 
passaged in BHI had stable plasmid maintenance and d) passaging in erythromycin increased the 
plasmid maintenance rate. Except WT•C3TC1, each dot on the plots is an average from five (a) 
or six (b,c,d) transformants with standard deviation. Erm: erythromycin. 
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In conclusion, Sanger sequencing of CRISPR3 from serial passage endpoint populations revealed 

that S6 had been lost for four T11RF transconjugants. It is clear that, under antibiotic selection, 

the conflict between active CRISPR3-Cas and its target was resolved by compromising 

CRISPR3-Cas system, in the form of either S6 loss or cas9 mutation.  

 

4.5.3 The phenomenon of plasmid elimination and spacer deletion is conserved for 

CRISPR1-Cas and CRISPR2 in E. faecalis OG1RF 

Similar experiments were performed in OG1RF using the E. faecalis shuttle vector pKH12 and 

its derivatives (Table 4.1). OG1RF possesses a Type II CRISPR1-Cas system and an orphan 

CRISPR2 array. Both the CRISPR1 and CRISPR2 arrays contain seven unique spacers. Previous 

research demonstrated that the T11RF CRISPR2 array is active for genome defense in the 

presence of CRISPR1 Cas9 (61). We hypothesize that both CRISPR1 and CRISPR2 loci can be 

used as genome defense in E. faecalis OG1RF, due to the presence of endogenous CRISPR1-Cas 

in OG1RF. The pKH12 plasmid does not contain any CRISPR1-Cas or CRISPR2 target. 

pKHS96 is a pKH12 derivative with an engineered CRISPR1 protospacer and PAM, which can 

be targeted by OG1RF CRISPR1 S4.  pKHS5 is a pKH12 derivative with an engineered 

CRISPR2 protospacer and PAM and can be targeted by OG1RF CRISPR2 S6 (Table 4.1; Fig. 

4.1). The three plasmids were each electroporated into electrocompetent OG1RF. By PCR and 

electrophoresis of products, intact CRISPR1 and CRISPR2 arrays were observed for twenty 

transformants from three transformations. Three transformants from each transformation were 

subjected to in vitro passaging without antibiotic selection. Similar to our observations for 

T11RF and pAM714, we observed reductions in the maintenance of pKHS5- and pKHS96- 
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Figure 4.3. In vitro evolution experiments revealed CRISPR size reduction in the presence 
of antibiotic selection in T11RF transconjugants. a). The CRISPR3 array size is monitored 
using PCR for Day 14 passaged T11RF wild-type and Δcas9 transconjugants. Without antibiotic 
selection, all wild-type transconjugants showed same size as the positive control (PC); with 
antibiotic selection, four wild-type transconjugants had reduced CRISPR3 array size while all 
Δcas9 transconjugants maintained the same CRISPR3 array size with PC. b) The CRISPR3 array 
size was monitored from Day 1 to Day 14. Three select wild-type transconjugants had reduced 
CRISPR3 array size at varied time point over the course of passaging. The passage dates for the 
initial CRISPR3 size reductions are highlighted in red. Erm: erythromycin. 
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containing cells (Fig. 4.4). Since neither CRISPR1-Cas nor CRISPR2 targeted the wild-type 

pKH12 plasmid, the pKH12-containing CFU were similar to the total CFU over the course of 

passaging without antibiotic selection. In other words, pKH12 was maintained in E. faecalis 

OG1RF in the absence of antibiotic selection, while plasmids bearing CRISPR protospacer and 

PAM sequences were not. This confirms that CRISPR1-Cas and CRISPR2 naturally serve as 

genome defense systems in OG1RF.  

 

At the same time, we in vitro passaged the same transformants with chloramphenicol selection 

for 14 days. The integrity of the CRISPR1 and CRISPR2 arrays was checked for Day 14 

passaged cultures using broth PCR (Fig. 4.4d). Under active antibiotic selection, all plasmids 

were maintained over the course of passaging. However, the CRISPR1 arrays in the three Day 14 

passage pKHS96 transformants have reduced sizes, and the CRISPR2 arrays in two Day 14 

passage pKHS5 transformants have reduced size (Fig. 4.4d). In three Day 14 passage pKH12 

transformants, both CRISPR1 and CRISPR2 array had the same sizes with positive controls. 

Using PCR and Sanger sequencing, we confirmed that three pKHS5 transformants lost CRISPR2 

S6 while CRISPR1 remains intact; three pKHS96 transformants lost CRISPR1 S4 while 

CRISPR2 remains intact; and pKHS12 transformants had intact CRISPR1 and CRISPR2 

sequences. The Day 14 chloramphenicol passaged pKHS5 transformant without size reduction in 

CRISPR2 array was confirmed to have a mixed population, the Sanger sequencing of which 

revealed mixed nucleotides with low sequencing quality in S5 and S6 while the repeat region 

between S5 and S6 had clear sequencing result. This confirms that both OG1RF CRISPR1-Cas 

and CRISPR2 can be compromised to maintain beneficial MGEs.  
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We conclude that, regardless of the CRISPR subtypes involved or the nature of the plasmid 

(pheromone-responsive or shuttle vector), spacer deletion events occur under antibiotic selection 

for CRISPR target maintenance. 

 

4.5.4 Deep sequencing revealed various CRISPR alleles exist under laboratory growth 

conditions 

Previous research has proposed that the heterogeneity within CRISPR array exists (59, 199, 208). 

Here we are interested in the degree of the heterogeneity in wild-type T11RF as well as 

erythromycin-passaged transconjugants. We hypothesize that the natural heterogeneity provides 

a survival advatanges for the transconjugants. To assess the natural heterogeneity of CRISPR 

array and to study if the serial passage has impact on the heterogeneity, we deep sequenced the 

CRISPR3 and CRISPR2 array region from Day 1 and Day 14 BHI-passaged T11RF. Since Day 

1 passage T11RF experienced the fewest laboratory cultures, we compared the deep sequencing 

result from other samples to this control. In order to study if the erythromycin passage has an 

impact on the heterogeneity of CRISPR3 array in transconjugants, we deep sequenced the 

CRISPR3 array from select Day 14 erythromycin-passaged transconjugants, which will be 

discussed later. 

 

Here, we deep sequenced the CRISPR3 array from Day 1 BHI-passage T11RF. To analyze the 

sequencing result, we constructed CRISPR3 references containing 5’-SxRSy-3’ (0 ≤ x, y ≤ 21; x 

≠ y) and 5’-SzTRST-3’ (0 ≤ x ≤ 21), as described in Material and Methods. In total, 484 

references were constructed. Intuitively, the wild-type CRISPR alleles are represented by wild-  
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Figure 4.4. CRISPR1-Cas and CRISPR2 eliminate their targets without antibiotic selection 
in OG1RF transformants. a) OG1RF transformed with pKH12 has stable plasmid maintenance 
over the course of passging in BHI. b) pKHS5 possesses a CRISPR2 protospacer and PAM. 
Three OG1RF transformants with pKHS5 had an average three log reduction in plasmid-
containing CFU on Day 1 and this was maintained over the course of passaging in BHI. c) 
pKHS96 possesses a CRISPR1-Cas protospacer and PAM. Three OG1RF transformants with 
pKHS96 had two log reduction in plasmid-containing CFU on Day 1 and continued eliminating 
plasmid over the course of passaging in BHI. Each dot on the plots (a)-(c) is an average from 
three transformants with standard deviation. d) Day 14 PCR result revealed reduced CRISPR1 
array size in pKHS96 transformants and reduced CRISPR2 array size in pKHS5 transformants. 
PC: positive control; Cam: chloramphenicol. 
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frequency, which equals the probability for one bacterial cell to contain a wild-type allele, 

P(WT). As introduced in Material and Methods, using Bayesian formula and assuming that the 

probability of each spacer composition in a single bacterial cell satisfies the Markov property, 

P(WT) = P(5’-S0RS1-3’) × P(5’-S1RS2-3’) × … × P(5’-S21TRST-3’). Hence, the wild-type 

frequency was estimated and represents the percentage of bacterial cells within a population 

containing the intact wild type CRISPR3 allele. However, due to the usage of Markov property, 

the wild-type frequency is underestimated. The underestimation increases exponentially when 

the length of CRISPR array expands.  

 

First, the mapping efficiency was analyzed. Theoretically, for a T11RF population having only 

wild-type CRISPR3 arrays, each spacer will be sequenced equally, which means that the  

expected mapping efficiency percentage for each wild-type reference is (1/22 =) 4.545%. In Day 

1 BHI-passaged T11RF, the mapping efficiency has an even distribution (Fig. 4.5a) with an 

average of 4.472% ± 1.114%. The mapping efficiency to wild-type references is 98.384% (Table 

4.2). Second, the wild-type frequency was calculated as described in the Materials and Methods. 

In Day 1 BHI-passaged T11RF, the wild-type frequency is 67.508%, meaning that an estimated 

67.508% of the bacterial cells have wild type CRISPR3 alleles while the rest have mutant alleles. 

However, due to the underestimation in our Markov Model assumption, this frequency is 

underestimated, as described in Material and Methods. Since CRISPR3 has 21 spacers, the 

underestimation is exponentially increased. We address this underestimation further, later in this 

chapter.  
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Even though the wild-type frequency was underestimated in Day 1 T11RF, mutant CRISPR3 

alleles were detected in read mappings and therefore do exist in the T11RF population. Taking 

into account possible spacer deletion or spacer rearrangement events, we categorized the mutant 

CRISPR3 alleles into two groups: forward recombination and backward recombination. Here we 

hypothesize that recombination events occur because of the presence of direct repeats in the 

CRISPR array. The forward recombination mutant group contains the mutant alleles with spacer 

deletion (5’- SxRSy -3’ where y > x+1 and 5’-SxTRST-3’ where x < 21), while the backward 

recombination mutant group consists of the mutant alleles with flipped spacer (5’- SxRSy -3’ 

where y < x). We calculated forward and backward recombination rates for each 5’ spacer as 

described in Material and Methods. We observed slightly decreased forward recombination rates 

at the terminal end spacers (Fig. 4.6a). The decreased forward recombination at the terminal end 

spacers is likely due to the reduced number of direct repeats towards the terminal end of the 

CRISPR array. Since the CRISPR repeat sequence was not identified outside of the CRISPR 

array region, the forward recombination of the terminal spacer S21 (5’-S21RX-3’ and 5’-S21TRX-

3’ where X represents 30 bp sequence downstream of ST) and 5’-ST STRX-3’ and 5’-STTRX-3’ 

where X represents 30 bp sequence downstream of ST) were not studied. The backward 

recombination rate was slightly increased at the terminal end spacers. Here the backward 

recombination occurs when a spacer flips to a leader end location through homologous 

recombination of direct repeats. Towards the terminal end of the CRISPR array, there is 

increased number of leader end repeats for a downstream repeat to recombine with. This likely 

led to the increased backward recombination rate. Since the CRISPR repeat sequence was not 

identified upstream of S0, the backward recombination rate for S0 (5’-YRS0-3’ where Y 
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represents 30 bp sequence upstream of S0) was not studied. On average, the backward 

recombination rate was lower than the forward recombination rate. This suggests that spacers are 

more readily deleted than flipped. 

 

Due to the underestimation of wild-type frequency with longer CRISPR array size, we corrected 

the wild-type frequency using CRISPR2 amplicon sequencing, discussed further below. There 

are only four spacers in the CRISPR2 locus, therefore the estimated wild-type frequency of 

CRISPR2 obtained from our simplified Bayesian calculations is theoretically closer to the real 

CRISPR2 wild-type frequency in the population. Because CRISPR3 is longer, possesses more 

direct repeats, and thus has more possible sites for recombination between repeats, we 

hypothesize that the CRISPR3 wild-type frequency is less than the CRISPR2 wild-type  

frequency. This can be assessed using our CRISPR amplicon deep sequencing data.  

 

The CRISPR2 array region from Day 1 and Day 14 passaged T11RF control cultures was 

amplified and deep sequenced. The sequenced reads were mapped to CRISPR2 wild-type and 

mutant amplicon references, as described in Material and Methods. Theoretically, for an intact 

T11RF CRISPR2 array, we expect the wild-type mapping efficiency is (1/5 =) 20%. Indeed, we 

observed the wild-type mapping efficiency had an average of 19.99% ± 7.56% for Day 1 T11RF 

CRISPR2 and 19.99% ± 7.12% for Day 14 T11RF CRISPR2 (Fig. 4.7a). The wild-type 

frequency was 99.542% for Day 1 T11RF CRISPR2 and 99.551% for Day 14 T11RF CRISPR2. 

As discussed earlier, the shorter CRISPR2 array results in less underestimation in the wild-type 
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frequency. We expect that the real CRISPR3 wild-type frequency is less than but close to this 

frequency.  

 

The forward and backward recombination rates were calculated for CRISPR2, as described 

above. It appears that both forward recombination and backward recombination rates were lower 

than that in the Day 1 T11RF CRISPR3 amplicon (compare Fig. 4.7b with Fig. 4.7a). This is 

possibly due to the shorter array length in CRISPR2, and thus fewer direct repeats for 

recombination.  

 

4.5.5 Deep sequencing revealed multiple internal spacer deletions and elevated 

recombination rate in Day 14 erythromycin-passaged wild-type transconjugants 

To evaluate the population diversity of CRISPR array in the transconjugant populations, we deep 

sequenced the CRISPR3 region for the following samples, using two different sequencing 

facilities. The Day 14 BHI-passaged T11RF, Day 14 BHI-passaged WT•C3TC2, and Day 14 

erythromycin-passaged WT•C3TC2 populations were sequenced in-house using Illumina MiSeq. 

The Day 14 erythromycin-passaged WT�C2TC1, WT�C2TC2, WT�C2TC3, WT�C3TC3 and 

Δcas9�C3TC1 populations were sequenced at an external service provider (MR DNA) using 

Illumina HiSeq. The Δcas9�C3TC1 population serves as a negative control. The sequencing 

reads were analyzed as above.  

 

Firstly, the mapping efficiency was calculated. Both Δcas9�C3TC1 and WT�C2TC1 had similar 

mapping efficiency as that of Day 1 T11RF (Table 4.2). WT�C2TC2, WT�C2TC3 and 
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WT�C3TC3 had lower average mapping efficiency with elevated standard deviations (Table 

4.2). The elevated standard deviations were due to the depletion of S6 and its surrounding spacers 

(Fig. 4.5a). The result indicates that WT�C2TC2, WT�C2TC3 and WT�C3TC3 populations had 

S6 deletions after 14 days passage with erythromycin selection, which is consistent with previous 

PCR result (Table 4.1).  

 

Next, the wild-type frequency was calculated (Table 4.2). Both Δcas9�C3TC1 and WT�C2TC1 

had similar result with Day 1 BHI passaged T11RF CRISPR3. WT�C2TC3 and WT�C3TC3 had 

significantly lower wild type frequency, which indicates that majority of the populations were 

mutant CRISPR3 alleles. WT�C2TC2 has intermediate wild-type frequency between 

Δcas9�C3TC1 and WT�C2TC3. 

 

Next, the forward and backward recombination rates were evaluated. Both Δcas9�C3TC1 and 

WT�C2TC1 had similar results with that from Day 1 T11RF (Fig. 4.6c and Fig. 4.6d). 

Considering that WT�C2TC1 also had similar wild-type mapping efficiency and wild-type 

frequency as T11RF and Δcas9�C3TC1, we hypothesize that the CRISPR3-Cas system within 

WT�C2TC1 was not active, and that WT�C2TC1 under antibiotic selection evolved cas9 

mutations during passaging. In contrast, WT�C2TC2, WT�C2TC3 and WT�C3TC3 had higher 

forward recombination rates and slightly lower backward recombination rate (Fig. 4.6e-g). This 

indicates that the bacterial cells bearing any of the mutant CRISPR3 alleles are increased, and 

this is consistent with the skewed wild-type mapping efficiency distribution (Fig. 4.5a). The 
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heterogeneity of mutant CRISPR3 alleles in WT transconjugants increased during the course of 

erythromycin passaging. 

 

We noticed that the in-house sequencing samples had lower wild-type mapping efficiency and 

higher recombination rates in general (Table 4.2; Fig. 4.5b; Fig. 4.6b,h,i). This may have resulted 

from a bias towards shorter alleles (fragments) during library construction. Hence, we compared 

frequencies only between samples from the same sequencing platform. The MR DNA sequenced 

samples were discussed above. Within in-house sequenced samples, Day 14 BHI-passaged 

T11RF and Day 14 BHI-passaged WT�C3TC2 had similar wild-type mapping efficiencies and 

similar recombination rates (Fig. 4.7). This is consistent with the observation that Day 14 BHI-

passaged WT�C3TC2 had intact CRISPR3 array using PCR (Fig. 4.3a). However, in Day 14 

erythromycin-passaged WT�C3TC2, the wild-type mapping efficiency was reduced (Table 4.2) 

and the S6 was depleted with its surrounding spacers (Fig. 4.5b). The forward recombination rate 

was elevated while the backward recombination rate was reduced (Fig. 4.6h). The results are 

consistent with the pattern we observed in MR DNA sequenced samples. Overall, our results 

indicate that under no selection, CRISPR-Cas eliminates its target and the internal spacer 

recombination rate stays steady. Under antibiotic selection, bacterial cells with mutant CRISPR3 

alleles lacking S6 have a survival advantage and are selected for over the course of passage. The 

majority of mutant CRISPR3 alleles were from forward recombination rather than backward. 

 

Lastly, the forward recombination has positional preferences in wild-type transconjugants. In 

BHI-passaged T11RF and Δcas9�C3TC1, for spacer-specific recombination from leader end to 
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S21, no strong preference for any spacer was observed (Fig. 4.6c). This result proves that the 

CRISPR array is naturally heterogeneous and there is no preference for deletion of specific 

internal spacers over others. In BHI-passaged WT�C3TC2, spacer-specific recombination was 

also not observed (Fig. 4.6i). This result suggests that, in the absence of antibiotic selection, the 

majority of CRISPR arrays in the transconjugants are intact with a recombination pattern similar to 

the wild-type T11RF parent. However, the recombination in most erythromycin-passaged wild type 

transconjugants had positional preferences. Different transconjugants showed preferences towards 

different spacers. Overall, recombination at the spacers before S6 was elevated while after S6 was 

decreased. We speculate that this is because the internal spacer recombination downstream of S6 

doesn’t provide a selective advantage and hence will not be selected for over the course of passage.  

To confirm our previous hypothesis that WT�C2TC1 has cas9 mutation, and to study if any other 

mutations arise during the serial passage experiments, we performed whole genome sequencing for 

Day 14 erythromycin-passaged WT�C2TC1, WT�C2TC2 and WT�C2TC3. The sequencing results 

were mapped to the T11RF reference genome, and sequence variants were detected as described in 

Material and Methods. Interestingly, cas9 mutations were observed with various frequencies and at 

different positions in all samples. All cas9 mutations caused nonsynonymous changes and are 

predicted to lead to loss-of-function (Table 4.3).  

 

Interestingly, also for erythromycin-passaged WT�C2TC1, we also observed elevated recombination 

rate at S5. Even though WT�C2TC1 appeared to have no spacer deletion by PCR and 

electrophoresis, the elevated recombination rate at spacer 5 indicates internal spacer deletion within 

the population. Hence, we conclude that the WT�C2TC1 erythromycin-passaged population is a 
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heterogeneous mixture of CRISPR (spacer deletion) and cas9 mutants, both of which resolve the 

conflict between the plasmid and CRISPR-Cas under antibiotic selection. 

 

 

Figure 4.5. CRISPR3 amplicon sequencing revealed the deletion of S6 and its surrounding 
spacers in Day 14 erythromycin-passaged T11RF transconjugants. a) The mapping 
efficiency for all MR DNA sequenced samples. Day 1 BHI-passaged T11RF, Day 14 
erythromycin-passaged Δcas9�C3TC1 and WT�C2TC1 had evenly distribution regardless of 
spacers. WT�C2TC2 had reduced mapping from S2 to S12. WT�C2TC3 and WT�C3TC3 had 
significantly reduced mapping at S5-S8 region. b) The mapping efficiency for all in-house 
sequenced samples. Day 14 BHI-passaged T11RF and WT�C3TC2 had similar mapping 
efficiency, which was evenly distributed across the CRISPR array. Day 14 erythromycin-
passaged WT�C3TC2 had reduced mapping at spacer 5-8 region. Erm: erythromycin. 
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Table 4.2. Mapping efficiencies and wild-type frequencies in CRISPR3 amplicon deep sequencings. 
Population namea CRISPR 

type 
Total mapped 

readsb 
Wild-type 
mapping 

efficiencyc 

Standard 
deviation of 

mapping 
efficiency  

WT 
frequencyd 

Mutant 
frequencye 

Day 1 T11RF in BHI CRISPR3 6437441 98.384% 1.114% 67.508% 32.492% 
Day 14 T11RF in BHI* CRISPR3 3594314 85.603% 0.958% 2.972% 97.028% 
Day 1 T11RF in BHI CRISPR2 3865774 99.935% 7.561% 99.542% 0.458% 

Day 14 T11RF in BHI CRISPR2 3850780 99.936% 7.124% 99.551% 0.449% 
Δcas9�C3TC1 CRISPR3 5424127 98.985% 1.376% 78.761% 21.239% 
WT�C2TC1 CRISPR3 5275312 98.943% 1.302% 78.485% 21.515% 
WT�C2TC2 CRISPR3 4744271 94.633% 2.799% 12.334% 87.666% 
WT�C2TC3 CRISPR3 6039132 93.610% 2.298% 1.202% 98.798% 
WT�C3TC2*  CRISPR3 4299379 82.258% 3.443% 0.039% 99.961% 

Day 14 WT�C3TC2 in BHI*  CRISPR3 2526304 80.876% 0.585% 0.937% 99.063% 
WT�C3TC3 CRISPR3 4505798 93.253% 2.184% 0.559% 99.441% 

aUnless otherwise stated, the populations were passaged in erythromycin for 14 days. 
bThe number of reads mapped to constructed CRISPR2 or CRISPR3 references. 
cThe wild-type mapping efficiency was calculated by dividing the number of reads mapped to the wild-type references by total mapped 
reads. 
dWild-type frequency was calculated as described in main text, which represents the percentage of bacterial cells within a population 
having wild-type CRISPR alleles. 
eThe mutant frequency is percentage of bacterial cells having mutant CRISPR alleles. 
*In-house sequencing
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Figure 4.6. Assess forward and backward recombination frequencies in CRISPR3 
amplicon deep sequencing. a) Day 1 BHI-passaged T11RF. Both forward and backward 
recombination rates do not have positional preference over a specific spacer. The forward 
recombination rate is slightly decreased towards the terminal end, while the backward 
recombination rate is slightly increased. Overall the forward recombination rate is higher than 
the backward recombination rate. b) Day 14 BHI-passaged T11RF. No positional preference was 
observed. Both forward and backward recombination rates are higher than that in (a), which was 
discussed in the main text. c) Day 14 erythromycin-passaged Δcas9�C3TC1 has similar pattern 
with Day 1 BHI-passaged T11RF. No positional preference was observed for either forward or 
backward recombinations. d) Day 14 erythromycin-passaged WT�C2TC1. The forward 
recombination at S5 is slightly increased with elevated standard deviation (the bottom part of the 
error bar at S5 exceeded the y-axis and was not shown on the figure). The backward 
recombination is similar to that in (a). e) Day 14 erythromycin-passaged WT�C2TC2. The 
forward recombination has increased rate at S1 and S5 with elevated standard deviations. It 
indicates a deletion of S2 and S6, which is consistent with Fig. 4.5a. f) Day 14 erythromycin-
passaged WT�C2TC3. The forward recombination has increased rate at S4 and S5 with elevated 
standard deviations. g) Day 14 erythromycin-passaged WT�C3TC3. The forward recombination 
has increased rate at S0, S3, S4 and S5 with elevated standard deviations. h) Day 14 erythromycin-
passaged WT�C3TC2. Both forward and backward recombination rates are increased compared 
to other wild type transconjugants. This is due to the sequencing using different platform, which 
was discussed in the main text. The forward recombination has increased rate at S0, S1, S2, S3, S4 
and S5 with elevated standard deviations. i) Day 14 BHI-passaged WT�C3TC2. Both forward 
and backward recombination rates are similar with Day 14 BHI-passaged T11RF (b). 
 

4.5.6 Assessment of terminal spacer deletion frequency 

Since the CRISPR2 and CRISPR3 terminal repeats are degenerate and divergent from the direct 

repeats (Fig. 4.8), we were interested in whether the terminal repeat is able to recombine with 

regular direct repeats. Considering that the degree of terminal repeat degeneracy is different in 

CRISPR2 and CRISPR3, we were also interested in whether lower degeneracy results in higher 

recombination rate. Hence, we calculated the terminal spacer deletion frequency, as described in 

Material and Methods. The terminal spacer deletion frequency represents the degree of 

recombination between the terminal repeat and upstream (5') direct repeats. Here, the Day 1 

BHI-passaged T11RF CRISPR3 amplicon sequencing was used as a control and the terminal 

spacer deletion frequency was calculated, as described in Material and Methods. The terminal 
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spacer deletion frequency represents the percentage of bacterial cells having terminal spacer 

deletion, regardless of other spacer deletion events. The reads mapped to 22 references of 5’-

SxTRST-3’ (0 ≤ x ≤ 21) were analyzed. Among these mapped reads, we observed 99.947% were 

from wild-type reference 5’-S21TRST-3’ and 0.05283% were from mutant references with 

terminal spacer deletion. This represents that 0.05285% of the bacterial population having 

mutant CRISPR3 allele with terminal spacer deletion. To determine if the wild-type 

transconjugants with increased CRISPR heterogeneities also have higher recombination of 

terminal repeat, we calculated the terminal spacer deletion frequency in Day 14 erythromycin- 

 

 

Figure 4.7. The analysis of CRISPR2 amplicon deep sequencing. a) The mapping efficiency 
for CRISPR2 sequencing from Day 1 and Day 14 BHI-passaged T11RF. No mapping reduction 
was observed for any spacers within both samples. b) The forward and backward recombination 
rate for CRISPR2 sequencing. y-axis is log scaled recombination rate. The forward 
recombination rate for Day 1 S4 and Day 14 S4 are 0, which could not be displayed on the plot. 
The backward recombination rate for Day 1 S1 is 0, which was not displayed.  
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Table 4.3. Non-synonymous mutations in T11RF transconjugants whole genome sequencings. 
Contig 
# 

Position Type Ref Allele Gene 
name 

AA 
change 

Mutation 
frequency in 
WT�C2TC1a 

Mutation 
frequency in 
WT�C2TC2a 

Mutation 
frequency in 
WT�C2TC3a 

1.11 652983 SNV G A cas9 Gln506* 31.64% 0% 0% 
1.11 653184 SNV C T cas9 Glu439Lys 0% 0% 24.17% 
1.11 653180 Replacement AG T cas9 Leu440fs 0% 0% 23.52% 
1.11 654165 Deletion G - cas9 Arg112fs 0% 48.41% 0% 
aDay 14 erythromycin-passaged transconjugants.  
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passaged WT�C2TC1, WT�C2TC2, WT�C2TC3 and WT�C3TC3. We observed that the 

terminal spacer deletion rate was not elevated relative to the control T11RF Day 1 population 

(Table 4.4). Considering that the CRISPR3 terminal repeat shares only 61.11% nucleotide 

sequence identity with regular repeat, with 5’ 6 bp consecutively identical (Fig. 4.8), we 

speculate that the low frequency of terminal spacer deletion is because the identity between the 

regular CRISPR3 repeat and the terminal repeat is too low to be efficiently recombined. It is also 

possible that the distance between S0-S5 to the terminal spacer is so far that terminal spacer 

deletion does not provide any advantages over other spacer deletions. Hence, the terminal spacer 

deletion was not preferred. 

 

In order to see if shorter array size increases terminal spacer deletion, we calculated the terminal 

spacer deletion frequency from CRISPR2 amplicon deep sequencing samples. The terminal 

spacer deletion frequency for two CRISPR2 sequencing samples are similar to that for CRISPR3 

(Table 4.4), which indicates that the length of CRISPR array does not have significant impact on 

the terminal spacer deletion. Hence, we propose that the degree of sequence identity between 

regular repeat and terminal repeat plays a role in terminal spacer deletion. 

 

We compared the sequence identity between terminal repeat and direct repeat for three E. 

faecalis CRISPR types. We found that OG1RF CRISPR1 terminal repeat sequence share 69.44% 

nucleotide sequence identity to regular CRISPR1 repeat, with 5’ 22 bp consecutively identical; 

and OG1RF CRISPR2 terminal repeat shares 72.22% nucleotide sequence identity to regular 

CRISPR2 repeat, with 5’ 9 bp consecutively identical (Fig. 4.8 a,b,c). The overall nucleotide 
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sequence identities between CRISPR2 and CRISPR3 are similar, and we did not observe the 

difference in their terminal spacer deletion frequency, as discussed above. Hence, we further 

propose that the sequential sequence identity at the 5’ repeat region is important for homologous 

recombination. Since OG1RF CRISPR1 terminal shares 22 bp consecutive sequence identity at 

its 5’ end with OG1RF direct repeat, we compared the terminal deletion frequency between 

CRISPR1 and CRISPR2. Considering that the natural terminal spacer deletion frequency is low 

(Table 4.4) and that Day 14 antibiotic-passaged transconjugants had increased population 

diversity at the CRISPR array region (Fig. 4.6), we assessed the terminal spacer deletion 

frequency in Day 14 chloramphenicol-passaged pKHS96 and pKHS5 transformants.  The 

possible terminal spacer deletion was assessed using PCR and Sanger sequencing. Among the 

pKHS5 transformants, no CRISPR2 terminal deletion was observed. In the pKHS96 

transformants, one had clear deletion of CRISPR1 terminal repeat and one had mixed population 

at terminal spacer region, the sequence of which was not resolved by Sanger sequencing (Fig. 4.8 

d). The result indicates that the higher consecutive sequence identity in 5’ region of repeat 

sequences increases the homologous recombination frequency. However, the extent of 

recombination efficiency and the exact number of identical nucleotide positions required for 

recombination needs to be further studied. 

 

4.5.7 Antibiotic concentration titration results in gradual loss of plasmid.  

In order to study whether antibiotic selection has a dose-dependent effect on plasmid elimination, we 

monitored plasmid maintenance in OG1RF pKHS5 transformants in the presence of different 

concentrations of chloramphenicol (0 to 30 µg/ml). After 24 hours incubation, the plasmid 
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Figure 4.8. Sequence comparisons of direct repeat and terminal repeat in three E. faecalis 
CRISPR types. a) CRISPR1 terminal repeat shares the first 22 bp with CRISPR1 regular repeats 
with 100% sequence identity while CRISPR2 terminal repeat only shares the first 9 bp (b) (framed in 
red). CRISPR3 terminal repeat shares the first 6 bp with regular repeat (c). DR: direct repeat; TR: 
terminal repeat. d) The Sanger sequencing of Day 14 BHI-passaged pKHS96 and pKHS5 
transformants. The spacers targeting pKHS96 and pKHS5 are highlighted in red. pKHS96�TF1 had 
mixed population at S2-S7 region and pKHS96�TF2 had S3-S6 deletion. pKHS5�TF1 had mixed 
population at S1-S6 region and pKHS5�TF2 had S3-S6 deletion. The terminal spacer was observed in 
both pKHS5 transformants with clear Sanger sequencing results. The mixed population was because 
low sequencing quality in Sanger sequencing. 

 
 

maintenance rate decreased with decreased chloramphenicol concentration (Fig. 4.9), ranging from 

0.091% (± 0.022%) plasmid maintaining rate in 0 µg/ml chloramphenicol to 13.158% (± 10.823%) 

plasmid maintaining rate in 30 µg/ml chloramphenicol. This shows that there is a balance between 

antibiotic concentration and CRISPR-Cas efficiency. Under no selection, CRISPR-Cas is able to 
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function to its best level. With gradual increase in the antibiotic usage, the bacterial population has an 

increased need for plasmid maintenance. The number of plasmid-maintaining cells are then decided 

by how many plasmids are needed and how many plasmids can be maintained, which further are 

determined by the antibiotic concentration and to what degree CRISPR-Cas can be compromised. 

We did not test the dose-dependent effect for OG1RF pKH12 transformants. However, Day 1 BHI-

passaged pKH12 transformants had 83.359% (± 16.752%) plasmid maintaining rate (Fig. 4.4a). This 

indicates that the dose-dependent effect in OG1RF pKH12 transformants is mild, if any. We conclude 

that the dose-dependent effect is determined by the interaction of active CRISPR-Cas and its target, 

and that the conflict between CRISPR-Cas and its target is dynamic and dose-dependent. We 

speculate that there are different types of loss-of-function mutations in CRISPR-Cas systems  

corresponding to different antibiotic concentrations. 

 
Table 4.4. Terminal spacer deletion frequencies in CRISPR2 and CRISPR3 amplicon deep 
sequencing. 
Sample namea CRISPR type Terminal spacer deletion 

rate 
Day 1 T11RF in BHI CRISPR2 0.040711% 
Day 14 T11RF in BHI CRISPR2 0.038999% 
Day 1 T11RF in BHI CRISPR3 0.052827% 
Day 14 T11RF in BHIb CRISPR3 0.125373% 
WT�C2TC1 CRISPR3 0.051848% 
WT�C2TC2  CRISPR3 0.037552% 
WT�C2TC3  CRISPR3 0.029119% 
WT�C3TC3  CRISPR3 0.068018% 
WT�C3TC2 in BHIb CRISPR3 0.228685% 
WT�C3TC2b CRISPR3 0.055644% 
aUnless otherwise stated, the samples were passaged in erythromycin for 14 days. 
bSample was sequenced using in-house MiSeq, the higher terminal spacer deletion rate was due to different 
sequencing platform, as discussed in Section 4.4.4. 
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Figure 4.9. The antibiotic dose-dependent maintenance of pKHS5 plasmids in OG1RF 
transformants. Three pKHS5 transformants were incubated with varied chloramphenicol 
concentrations ranging from 0 µg/ml to 30 µg/ml. With increased chloramphenicol selection, the 
maintenance of pKHS5 was gradually increased for three selected transformants. The total CFU 
represents total cell numbers. 
 

4.6 Discussion 

Horizontal transfer of antibiotic resistance genes is a major health concern. Usually, bacteria 

encode genome defense systems to prevent HGT. CRISPR-Cas systems are an example. In our 

study, we used in vitro passaging experiments to study the dynamics of CRISPR-Cas systems 

and how they adapt to allow beneficial MGEs to become established in bacterial populations. We 

found that both T11RF CRISPR2 and CRISPR3 arrays are naturally heterogeneous. The 

heterogeneity of CRISPR array can be a result of either homologous recombination or DNA 

replication slippage. The fact that we observed flipped spacers, where x > y in 5’-SxRSy-3’, 

indicates homologous recombination plays a role. It is possible that both mechanisms are playing 

roles in producing the heterogeneous CRISPR alleles. We do not have a good estimate of which 

one acts more than the other. Either way, the homologous recombination or DNA slippage may 

indicate other sources of stress response besides DNA base pair substitution.  
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Within the bacterial cells with active CRISPR-Cas system and CRISPR target, the active 

CRISPR-Cas system is able to eliminate the target. Over the course of passaging without 

antibiotic selection, the CRISPR target plasmids were gradually eliminated from the population. 

At Day 14 BHI-passaged populations, 0.001% to 0.006% of the wild-type population, T11RF 

transconjugants and OG1RF pKHS96/pKHS5 transformants, maintained their CRISPR target 

plasmids; 22.70% to 42.41% of the Δcas9 transconjugants maintained the CRISPR target 

plasmids, pAM714; and 2.42% to 22.68% of the OG1RF pKH12 transformants maintained the 

non-CRISPR target plasmid (Fig. 4.2 and Fig. 4.4). Without antibiotic selection, it is evident that 

bacterial cells resolve the conflict between active CRISPR-Cas system and its target by 

eliminating the target over time. Furthermore, we propose that the CRISPR target plasmid-

maintaining rate is influenced by the antibiotic concentration. The lower the antibiotic 

concentration present, the more target plasmid CRISPR-Cas can eliminate. However, when 

stronger antibiotic selection for the CRISPR target is present, the balance between enforced 

plasmid maintenance and CRISPR-Cas function is dynamic and dose-dependent.  

 

When the CRISPR targets provide a survival advantage under antibiotic selection, the CRISPR-

Cas systems are compromised. cas9 mutants arose, since cas9 plays a critical role in target 

recognition and cleavage. More frequently, the spacer deletion was observed, hence the memory 

for the CRISPR target is lost. The pre-existing heterogeneous CRISPR alleles provide the 

evolutionary basis for bacterial survival under such condition, and E. faecalis sub-populations 

with mutant CRISPR alleles lacking the target spacer proliferated. Using deep sequencing, we 

found that there were multiple compromised CRISPR-Cas systems within each passaged 



 

 137 

population. In Day 14 erythromycin-passaged wild-type transconjugants, mixed populations of 

cas9 mutants and various spacer deletions were observed. Fixation of one mutation was not 

observed within such a short period of passaging time frame. 

 

pAM714 is a derivative of the PRP pAD1 and confers erythromycin resistance. pAD1 encodes a 

an experimentally characterized toxin-antitoxin system (209). The toxin-antitoxin is a selfish 

system and is usually associated with plasmids. In essence, the toxin will kill cells that fail to 

maintain plasmid carriage. However, in our study, we observed gradual decrease of 

erythromycin-resistant bacteria when we passaged T11RF pAM714 in BHI for 14 days. We 

suspect that such decrease is due to the gradual loss of pAM714. In this case, the toxin-antitoxin 

system in pAM714 seems not to work, or its effect is overwhelmed by active CRISPR-Cas 

system. More experiments are required to address the function of toxin-antitoxin system during 

the course of passaging. 
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CHAPTER 5 

CHARACTERIZATION OF ENTEROCOCCAL PHAGES 

5.1 Author contributions 

This work was supervised by Kelli Palmer (KP). Wenwen Huo (WH) and KP designed the 

experiments. WH performed the experiments and wrote the chapter. KP edited the chapter. Part 

of this chapter was in collaboration with Dr. Breck Duerkop and were published in mBio in 2016 

(210).  

 

5.2 Abstract 

Enterococcus faecalis is part of the normal human gut microflora, but is able to opportunistically 

cause serious infections in humans. The emergence of multidrug resistant enterococci leads to 

less antibiotic treatment options for their associated infections. The formation of enterococcal 

biofilms further complicates the efficiency of antibiotic treatment. Bacteriophage therapy is thus 

proposed. However, little is known about enterococcal phages. In this study, we further 

characterized two previously isolated lytic phages. The two phages have limited, but different, 

host range within E. faecalis. Both phages encode an anti-restriction-modification system, which 

helps the phage evade a previously identified native E. faecalis restriction-modification system. 

Further analysis revealed that the two phages utilize different receptors. Our results indicate 

potential new enterococcal receptors for phage infection. 
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5.3 Introduction 

Enterococci are a group of Gram-positive bacteria that normally reside in human gastrointestinal 

tracts (1). They are also opportunistic pathogens (3). Lately, enterococci have been listed as one 

of the leading causes of hospital acquired infections (4). Two species, Enterococcus faecalis and 

Enterococcus faecium, cause 90% of enterococci-related infections (9). The acquisition of 

antibiotic resistance genes through horizontal gene transfer (HGT) has played a critical role in 

the evolution of multidrug-resistant (MDR) enterococci (96). Vancomycin resistant enterococci 

(VRE) encode resistance to the last-line antibiotic, vancomycin, which leads to limited antibiotic 

treatment options for VRE infections (4, 7). The vancomycin resistance genes were found to be 

associated with transposons Tn1546, Tn1547 and Tn5382 (211-216). Thus, the study of HGT is 

clinically significant. Generally speaking, conjugation has been studied as a major pathway of 

HGT in E. faecalis; however, recently, transduction through lysogenic bacteriophages (phages) 

has been demonstrated to play a role in HGT in E. faecalis (217). 

 

Phages are viruses that infect bacteria and are the most prevalent organisms in the world (66-68). 

The means by which a phage can replicate is through either the lytic or lysogenic cycle (218, 

219). In the lytic cycle, the phage injects its genome into the host and replicates, which is 

followed by assembly and disruption of the host cell to release the assembled phage particles. 

During lysogenic cycle, however, the phage genome is incorporated into the host genome and 

propagates along with the host. Lysogenic phage co-exist with their hosts and have the capability 

of entering lytic cycle in case the environment becomes deleterious (220, 221). However, 

bacterial host is able to develop resistance mechanisms to defend against phage infection, such as 
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blocking of phage receptors, CRISPR-Cas system adaptation, and superinfection immunity (222, 

223). The arm-race between phage and their bacterial hosts has played a critical role in the 

evolution of both organisms (224-226). 

 

Enterococcal phage are phage that specifically infect enterococci, most of which have narrow 

host range (70). Several lytic enterococcal phages have been isolated from sewage, effluent and 

stool specimens (210, 227-230). At the same time, lysogenic phage (or prophage) were observed 

in native enterococcal genomes (71, 205, 231). Previous studies have successfully induced the 

lytic cycle from clinical enterococcal prophages and observed transduction of virulence (80, 

232). However, little is know about how phage help disseminate antibiotic resistance genes 

among enterococci. 

 

Besides being a potential HGT pathway, enterococcal phages have probable therapeutic 

importance. Due to limited antibiotic treatment options, phage therapy has been proposed for 

VRE related infections (233-236). Previous research has shown that a single injection of 

enterococcal phage φC33 or φENB6 was able to rescue 50% mice with vancomycin-resistant E. 

faecium induced bacteremia (227). Other than potential application in treating VRE infections, 

phage therapy has been proposed to treat biofilm infections (78, 237, 238). The formation of 

biofilms protects embedded enterococci from exposure to antibiotics, and subsequently leads to 

antibiotic treatment failure (239-241). Due to their ability to lyse specific host bacterial cells as 

well as their production of depolymerase, which degrades bacterial exopolysacharrides (242), 

phage are one of the possible therapeutic treatment options. 
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However, a deeper understanding of enterococcal phage biology is required for successful and 

efficient enterococcal phage therapy. More specifically, the bacterial host receptors for 

enterococcal phage infections and the evolution of host-phage arm-races are of interest. To target 

bacterial hosts, phages utilize cell surface proteins as receptors. The receptors for enterococcal 

phages are mostly uncharacterized (70). Polysaccharide, cell wall teichoic acid and numerous 

cell surface proteins are possible candidates (243-245). Additionally, other cell surface structure 

proteins, such as capsule polysaccharide, can be utilized for phage attachment (70). Previous 

research has demonstrated the importance of a polysaccharide synthesis operon, E. faecalis 

polysaccharide antigen (epa), in φNPV1 infection in OG1RF (246, 247). Another cell surface 

protein, phage infection protein (PIP), has also been described as phage receptor for a different 

lytic phage, φVPE25 (210).  

 

To defend against phage infection, enterococci encode Restriction-Modification (R-M) systems 

(23, 61, 94, 109-111). In a simplified R-M system, there are two enzymatic activities: restriction 

endonuclease (REase) and methyltransferase (MTase) (23). While MTases modify bacterial host 

genomic DNA in a sequence-specific manner, REases recognize invading phage DNA without 

specific modification and cleave phage DNA. The posseson of functional R-M systems are able 

to reduce phage infection by 3-log in E. coli (16). Due to frequent mutations in phage genomes, 

phage develop various anti-R-M mechanisms (39, 146). Reduction of the number of recognition 

motifs in the phage genome helps alleviate REase cleavage (36, 37). Acquisition of the same 

modification by encoding the corresponding MTase also helps the phage evade the REase 

recognition (21). Finally, utilization of uracil or other modified nucleotide bases in the phage 
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genome also helps prevent REase recognition and cleavage (39, 248, 249). However, the 

function of R-M system in defending phage infection and the possible anti-R-M mechanisms has 

not been studied in enterococci and enterococcal phage before. 

In this study, we acquired two previously isolated E. faecalis lytic phages, φVPE25 (210) and 

φNPV1 (250), and characterized their host range and genome modification statuses, which 

provides implications on their anti-R-M strategies.  

 

5.4 Material and Methods 

5.4.1 Bacterial strains, phage, and growth conditions 

All bacteria and phage used are listed in Table 5.1. Brain Heart Infusion (BHI) broth or agar 

plates were used for bacterial growth. Phage stocks were stored in phage storage buffer (100 mM 

NaCl, 50 mM Tris�HCl, 8 mM MgSO4). Before use, the phage stock was diluted in fresh M17 

broth, supplemented with 10 mM MgSO4. The bacterial genomic DNA (gDNA) isolation was 

performed as described in Chapter 4. 

 

5.4.2 Phage streak assay  

M17 agar plates supplemented with 10 mM MgSO4 were used in the streak assay. 20 µl of phage 

lysate was spotted on the edge of the agar plate and then the plate was tilted to let the lysate run 

across the plate. Then, bacterial freezer stock was streaked across the phage lysate. The plate was 

then incubated at 37°C overnight. 
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5.4.3 Phage plaque assay 

The overnight bacterial culture was diluted 1 to 10 in fresh BHI broth and cultured to log phase 

(~1.5 hrs at 37°C). The phage stock was serially diluted in M17 broth supplemented with 10 mM 

MgSO4. 300 µl of the exponential-phase bacterial culture was pre-incubated with the diluted 

phage for 15 min at room temperature. 3 mL of soft agar (M17�MgSO4 with 7.5% agar) was 

then added to the mixture, mixed, and then overlaid on top of a pre-warmed M17�MgSO4 agar 

plate. The soft agar was allowed to solidify, and then the  

plate was incubated at 37°C overnight.  

 

5.4.4 Isolation of phage-resistant E. faecalis OG1RFΔPIP and whole genome sequencing  

After phage plaque assay, plates with confluent lysis were incubated further at 37°C until 

bacterial colonies were observed. The putatively phage-resistant bacteria were inoculated into 

BHI broth and grown to stationary phase, followed by resistance confirmation. The phage 

resistance was confirmed by both streak assay and plaque assay. The confirmed resistant bacteria 

were subjected to gDNA isolation and deep sequencing. The sequencing library was constructed 

using Illumina TruSeq PCR FREE Sample Preparation Kit. Briefly, the bacterial gDNA was 

fragmented using NEB fragmentase. The DNA fragments within 300 bp to 1500 bp were gel 

purified and end repaired. The A-tailing and Illumina adapter ligations were then performed. 

Finally, the library was enriched using an 8-cycle PCR amplification with Illumina universal 

primers. The enriched library was sequenced using 2 X 150 bp paired-end sequencing on 

Illumina MiSeq.  
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5.4.5 Whole genome sequencing analysis 

The sequencing reads were mapped to the OG1RF reference genome (GenBank Accession: 

NC_017316.1) using default parameters in CLC Genomic Workbench (CLC). The variants 

detection was performed using default parameters in CLC as well. The variants were first filtered 

with confidence (>= 90% frequency). Then, we manually inspected the variants for mapping 

efficacy. Next, the variants with nonsynonymous changes were subjected for Sanger sequencing 

confirmation. Additionally, the unmapped reads were de novo assembled using default 

parameters in CLC. The top five longest contigs were  analyzed for potential lysogenic phage 

existence using NCBI Blastn.  

 

5.4.6 Whole genome bisulfite sequencing 

The phage gDNA was first amplified using Qiagen Repli-g mini kit to obtain whole genome 

amplified (WGA) control DNA. Both native gDNA and WGA DNA were subjected for 

sequencing library construction using Illumina TruSeq PCR FREE Sample Preparation kit. 

Similar with whole genome deep sequencing, both DNA samples were fragmented using NEB 

fragmentase. The DNA fragments within 200 bp to 700 bp were gel purified, end repaired and A-

tailed. The Illumina adapters were then added to the A-tailed DNA fragments. The bisulfite 

conversion was then performed to convert unmethylated cytosine to uracil using the Qiagen 

EpiTect kit, per the manufacturer’s instruction. The bisulfite-converted library was finalized with 

an 8-cycle PCR enrichment, and then subjected for deep sequencing using 2 X 150 bp paired end 

chemistry on Illumina MiSeq.  
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5.4.7 Whole genome bisulfite sequencing analysis 

The whole genome bisulfite sequenced reads were first subjected for adapter trimming and 

quality trimming using TrimGalore! (Babraham Bioinformatics) and Cutadapt (251). The 

methylation status was analyzed using Bismark (Babraham Bioinformatics). Briefly, the 

reference genome (VPE25; GenBank Accession number: PRJEB13004) (210) was converted to a 

bisulfite-sensitive reference, where all cytosine becomes thymine. Then, the trimmed sequencing 

reads were mapped to the converted reference. The conversion rate was calculated for each 

mapped read by dividing the number of unconverted cytosine to the total number of cytosine. 

The conversion rate, ranging from 0% to 100%, indicates full conversion to full protection 

against bisulfite conversion for each single read. The methylation ratio was also calculated for 

each cytosine site by dividing the total number of unconverted cytosine by the total number of 

coverage depth. A methylation ratio near 1 is expected for methylated cytosine and a methylation 

ratio near 0 is expected for unmethylated cytosine. 

 

5.5 Results 

5.5.1 φVPE25 infection is not affected by the OG1RF R-M system 

In 2016, Duerkop et al. isolated a lytic E. faecalis V583 phage φVPE25 from sewage. He found 

that there are certain E. faecalis strains that are susceptible to this phage. Further analysis 

showed that φVPE25 utilizes Phage Infection Protein (PIP) as a receptor; hence, the phage 

susceptibility relies on the PIP composition. E. faecalis OG1RF is one of the φVPE25 

susceptible E. faecalis strains. Considering that OG1RF has an active Restriction-Modification 
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(R-M) system RM.EfaRFI (94), we first performed phage plaque assays to study if this R-M 

system plays a role in φVPE25 infection. 

Table 5.1. Bacterial strains and phages used in Chapter 5. 
Name Description Reference 
E. feacalis strains   

V583 Human blood isolate (7) 
ATCC4200 Human blood isolate (205) 
Merz96 Human blood isolate (205) 
T11 Human urine isolate (205) 
T3 Human urine isolate (205) 
T8 Human urine isolate (205) 
T2 Human urine isolate (205) 
ATCC29212 Human urine isolate (252) 
E1Sol Human fecal isolate (205) 
X98 Infant fecal isolate (205) 
CH188 Human liver isolate (205) 
OG1RF Human oral isolate (102) 
JH1 Clinical isolate (205) 
HIP11704 Clinical isolate (205) 
DS5 FDA strain PCI1326 (205) 
T1 CDC reference strain (205) 
D6 Pig isolate (205) 
Fly1 Commensal isolate from Drosophila (205) 
AR01/DG Dog wound isolate; (205) 
OG1RFΔR-M OG1RF derivative with disrupted R-M system (94) 
OG1RFΔPIP OG1RF derivative with disrupted pip gene (210) 
OG1RF�C OG1RFΔPIP derivative with resistance to φNPV1 This study 
E. faecium strains   

1,141,733 Human blood isolate (205) 
Com12 Human fecal isolate (205) 
Com15 Human fecal isolate (205) 
Phage   

φVPE25 V583 lytic phage (210) 
φNPV1 OG1X lytic phage (250) 
 

The native OG1RF MTase, M.EfaRFI, modifies 5’-Gm5CWGC-3’ and the coordinate REase, 

R.EfaRFI, recognizes and cleaves unmodified 5’-GCWGC-3’ (94). Previously we constructed an 

OG1RF derivative with R-M system deletion, OG1RFΔRM (Table 5.1). The OG1RFΔRM  
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Figure 5.1. φVPE25 is able to evade OG1RF native RM system. The OG1RFΔRM 
propagated φVPE25 was used to infect OG1RF and OG1RFΔRM. Three independent phage 
plaque assays were performed. Within each experiment, the phage plaques from OG1RFΔRM 
were normalized to that from OG1RF. The average of relative PFU/mL was plotted, along with 
the standard deviation. Unpaired t-test was performed and no significant difference was observed 
(p-value=0.7526). 
 

gDNA has been confirmed to be unmodified after R-M system removal. Hence, we propagated 

φVPE25 in OG1RFΔRM to remove m5C modification originated from native OG1RF. The 

OG1RFΔRM propagated φVPE25 was then subjected for plaque assay with native OG1RF and 

OG1RFΔRM. Three independent plaque assays were performed. However, we did not observe 

significant difference between OG1RF susceptibility and OG1RFΔRM susceptibility (Fig. 5.1). 

There are 104 5’-GCWGC-3’ sites within φVPE25 genome. The fact that the OG1RF 

RM.EfaRFI conferred no defense against φVPE25 infection indicates that φVPE25 encodes one 

or more anti-RM systems. 

 

5.5.2 The φVPE25 genomic DNA is protected against bisulfite conversion 

The genome of φVPE25 has been fully sequenced and annotated previously (210). Analysis of 
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the φVPE25 genome composition indicates that two genes might possibly account for the anti R-

M function, β-glucosyltransferase (encoded at region 32328..33386) and nucleotide sugar 

synthetase (encoded at region 33979..34941). It has been known for years that some phage 

nucleic acid, such as in E. coli T even phages, is composed of 5-hydroxymethylcytosine (5hmC) 

instead of cytosine (253). In E. coli T4 and T6 phage, a β-glucosyltransferase is able to transfer 

glucose from a sugar nucleotide (specifically UDP-glucose) to 5hmC and form β-glucosyl-

hydroxymethylcytosine (5ghmC) (254, 255). The utilization of 5ghmC in the phage genome 

helps evade the host R-M system successfully. The existence of a putative β-glucosyltransferase 

gene suggests that the φVPE25 genome might also possess 5ghmC. 

 

To detect cytosine modifications, whole genome bisulfite sequencing was performed, as 

described in Material and Methods. The sequencing reads were mapped back to the reference 

using Bismark (116) and Bowtie2 (256). For each mapped read, the conversion rate was 

calculated by dividing the total number of converted cytosine by the total number of cytosine 

from the same region on the reference where the read mapped. A fully converted DNA fragment 

will have a conversion rate of 100% and a non-converted or fully protected DNA fragment will 

have a conversion rate of 0%. Since WGA amplification removes all DNA modifications, a 

100% conversion rate was observed for the majority of mapped reads in WGA samples (Fig. 

5.2a). However, for native φVPE25 gDNA, the conversion rates for the majority of the mapped 

reads were close to 0% (Fig. 5.2a). Both samples were treated the same way during library 

construction and sequencing, so we exclude the possibility that bisulfite conversion failed at 

converting native φVPE25 gDNA. This leaves another explanation: that the majority of cytosine 



 

 149 

sites within φVPE25 are fully protected against bisulfite conversion. We further calculated the 

methylation ratio for each cytosine site by dividing the number of cytosine by the total coverage 

depth. The methylation ratio will range from 0 to 1, representing an unmethylated cytosine and a 

fully methylated cytosine, respectively. As expected, the majority of cytosine sites in WGA 

samples have a methylation ratio close to 0 (Fig. 5.2b), indicating the absence of cytosine 

methylation. Instead, most of the cytosine sites in φVPE25 have a methylation ratio close to 1, 

among which 90.27% have methylation ratio ≥ 0.35. There is no consensus recognition motif 

associated with this methylation. Hence, we conclude that the φVPE25 genome is globally 

methylated and protected against bisulfite conversion.  

Even though the bisulfite sequencing doesn’t distinguish 5mC from 5ghmC, the global cytosine 

modification from native φVPE25 helps explain how it helps evade OG1RF native R-M system. 

However, more restriction enzyme protection assays are proposed for further confirmation of the 

existence of 5ghmC. 

 

5.5.3 φNPV1 has a narrow host range and its infection is independent of PIPEF 

Previous research has described another lytic E. faecalis phage, φNPV1, which was isolated from 

sewage and able to form large clear plaques on E. faecalis OG1 and its derivatives (250). Further 

analysis of φNPV1 revealed that the susceptibility could be altered by the disruption of E. 

faecalis OG1RF epa (enterococcal polysaccharide antigen) polysaccharide genes (247). 

However, the φNPV1 host range and host receptors have not been described.  

 

Here, we used both plaque assay and streak assay to determine the φNPV1 susceptibility against  



 

 150 

 

Figure 5.2. Whole genome bisulfite sequencing revealed global cytosine methylation across 
φVPE25 genome. a) The conversion rates for all mapped reads were calculated and plotted. The 
majority of WGA mapped reads (80%) were fully converted (conversion rate at 100%), which 
confirms the success of bisulfite conversion. However, the majority of native φVPE25 mapped 
reads (80%) were fully protected (conversion rate at 0%), indicating global methylation. b) The 
methylation ratio was calculated for all covered cytosine sites in both samples. The methylation 
ratio from the WGA sample was distributed close to 0, implying the absence of cytosine 
methylation. The methylation ratio from native φVPE25 genome was distributed close to 1, 
indicating full methylation. 
 

17 E. faecalis hosts. 15/17 E. faecalis strains are completely resistant to φNPV1 infection; while 

2/17 E. faecalis strains, OG1RF and JH1, can be infected by φNPV1 (Fig. 5.3). To test if φNPV1 

can infect a closely related species, we also performed the phage streak assay against three E. 

faecium strains (E. faecium Com12, Com15 and 1,141,733). No phage killing was observed with 

E. faecium infection. Hence, the host range for φNPV1 is narrower than that of φVPE25, and 

seems to be restricted within E. faecalis species.  

 

Previous research has confirmed that PIP determined the phage tropism for φVPE25 (210). 

However, little is known about the function of PIP during φNPV1 infection. We acquired the 
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OG1RFΔPIP strain from Duerkop BA (210) and performed plaque assays and streak assays. 

Surprisingly, both assays show that φNPV1 is able to infect OG1RFΔPIP (data not shown). 

Considering that φNPV1 also has a narrow host range, it is possible that φNPV1 utilizes a 

different receptor than PIP. 

 

 

Figure 5.3. E. faecalis susceptibilities against φNPV1 infection. 19 E. faecalis strains were 
tested for φNPV1 susceptibility. The clustering of E. faecalis strains was generated using PIPEF 
protein sequences and the figure was adapted from reference (210). 
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5.5.4 φNPV1 is able to evade OG1RF native R-M system 

In order to study if φNPV1 is able to evade the host R-M system as does φVPE25, we performed 

phage plaque assays against OG1RF and OG1RFΔR-M. Similarly, the modification from native 

OG1RF is removed from φNPV1 by propagating φNPV1 in host OG1RFΔRM. Then, the plaque 

assay is performed and the relative phage forming unit (PFU) is calculated (Fig. 5.4). Three 

independent experiments were conducted and the result is analyzed using an unpaired student t-

test. The t-test result revealed no significant difference in φNPV1 susceptibility in OG1RF and 

OG1RFΔRM hosts, using OG1RFΔRM propagated φNPV1. It is evident that φNPV1 also 

encodes anti R-M systems. More experiments are required to identify the anti R-M systems.  

 

 

Figure 5.4. φNPV1 is able to evade OG1RF native R-M system. The OG1RFΔRM propagated 
φNPV1 was used to infect both OG1RF and OG1RFΔRM. Three independent phage plaque 
assays were performed. Within each experiment, the PFU/ml from OG1RFΔRM infection was 
normalized by that from OG1RF infection. The average relative PFU/ml was plotted, along with 
the standard deviations. Un-paired t-test was performed and no significant difference was 
observed (p-value = 0.2364). 
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5.5.5 Three non-synonymous substitutions are associated with φNPV1-resistant 

OG1RFΔPIP 

In order to study the possible new phage receptors towards φNPV1, we isolated φNPV1R 

OG1RFΔPIP strain, referred to as OG1RF�C here. The resistance against φNPV1 was confirmed 

using both streak assays and plaque assays. gDNA was isolated from OG1RF�C and subjected 

for whole genome sequencing. The sequencing results were analyzed as described in Material 

and Methods. In total, four nonsynonymous mutations are detected (Table 5.2). All 

bioinformatically predicted variations were validated using Sanger sequencing, and three 

mutations were confirmed to be true mutations. One single nucleotide polymorphism (SNP) 

occurs within the epaR gene, which is part of the epa operon. This is consistent with the previous 

report that Epa type plays a role during φNPV1 infection (247). However, the function of the 

epaR gene has not been studied before. More functional analyses need to be conducted for 

further characterization of φNPV1 receptors. 

 

Other possible means for phage resistance are CRISPR adaptation and superinfection immunity, 

if the phage is lysogenic (70, 223). From the genome data, we did not observe new spacer 

acquisition from OG1RF�C. This shows that CRISPR-Cas is not a reason why OG1RF�C is 

resistant to φNPV1. Additionally, the de novo assembly using unmapped reads did not show any 

evidence of lysogenic φNPV1. Hence, superinfection immunity was not a mechanism for phage 

resistance. 
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Table 5.2. Nonsynonymous variants detected in OG1RF�C whole genome deep sequencing. 
Reference 
Position 

Type Reference Allele Frequencya Average 
qualityb 

Amino acid 
change 

Annotation Confirmationc 

260665 Insertion - A 92.00 37.12 His44fs acyl-ACP family 
thiotransferase 

Not true 
mutation 

1800903 SNV C T 98.89 37.63 Asp361Asn epaR True mutation 
1878245 SNV G T 98.38 37.33 Ser453Tyr OG1RF_11785 True mutation 

2308650 SNV C A 98.25 38.17 Gly134* bgsB gene; group 1 
glycosyl transferase 

True mutation 

aFrequency was calculated by dividing the total number of mutant alleles to the number of coverage at that position. 
bAverage quality represents the average Phred quality for all mutant bases. 
cSanger sequencing was performed to confirm the mutation, using OG1RFΔPIP gDNA as control.
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5.6 Discussion 

Two lytic phage, φNPV1 and φVPE25, were studied in this research. During infection, both 

phage were able to evade the OG1RF native R-M system. In order to study the possible anti-R-M 

mechanisms, we utilized whole genome bisulfite sequencing to characterize the possible cytosine 

methylation within φVPE25 gDNA. We found that more than 90% of cytosines from the phage 

φVPE25 genome had methylation ratio ≥0.35. Since no consensus cytosine motif was found 

within the contexts surrounding those cytosines with methylation ratio ≥0.35, we speculate that 

all cytosines are methylated in φVPE25 gDNA and hence protected from bisulfite conversion. 

Considering that OG1RF native R-M system recognizes unmodified 5’-GCWGC-3’ (Chapter 2 

and reference (94)), the global cytosine methylation in φVPE25 helps evade the restriction 

enzyme recognition during phage infection. The anti-R-M mechanism for φNPV1 was not 

studied here and is proposed for future work. 

 

At the same time, upon phage infection, the E. faecalis hosts are able to develop phage resistance 

mechanisms. Previous research has shown that E. faecalis V583 develops loss-of-function 

mutations within the gene pip to prevent φVPE25 infections (210). The protein PIP was reported 

to be a receptor for φVPE25 infection, the mutation of which reduced the susceptibility in E. 

faecalis V583 (210). However, in our studies of φNPV1, we found that φNPV1 has a different 

host range than φVPE25, and that E. faecalis OG1RFΔPIP is as susceptible to φNPV1 infection 

as is E. faecalis OG1RF. Our result suggests that φNPV1 utilizes a different receptor during E. 

faecalis infection. In order to study the possible receptor for φNPV1 infection, we deep 

sequenced a φNPV1R strain, OG1RF�C. There non-synonymous changes were detected and 
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confirmed, which suggests that three genes might play roles during φNPV1 infection: 

OG1RF_11785, bgsB, and epaR. 

 

Previous research on bgsB (glycolipid synthesis B) gene showed that it played an important role 

in glycolipid synthesis in cell membrane and the disruption of which impaired biofilm formation 

(257). Glycolipids play important roles in E. faecalis pathogenesis (258, 259). The disruption of 

bgsB also reduced E. faecalis virulence in a mouse bacteremia model (257). We have not 

experimentally confirmed whether mutation in bgsB is causative for reduced φNPV1 

susceptibility.  However, if it is, and bgsB mutation occurs in response to φNPV1 phage therapy 

in vivo, the potential for reduced virulence in these mutants would be an asset to therapy.  

 

Previous research on epa gene clusters revealed that the disruption of epaB, epaE, epaM and 

epaN result in full resistance against φNPV1 infection, while that of epaA leads to reduced 

susceptibility (247). In our whole genome analysis, we found OG1RF�C has a nonsynonymous 

substitution within epaR. The function of epaR in φNPV1 infection has not been described 

before due to technical problems with deletion construction (247). It is possible that full-length 

EpaR protein plays a critical role in polysaccharide biosynthesis and hence cell envelope 

formation. The nonsynonymous SNP we observed within epaR might lead to attenuated function 

instead of complete loss-of-function, which further contributes to φNPV1 resistance. However, 

more experiments, such as epaR complementation, are required to confirm its function. 
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APPENDIX A 

CHAPTER 2 SUPPLEMENTAL MATERIAL AND METHODS 

Expanded Material and Methods 

Genomic DNA preparation. Cells were washed once with TE buffer (10 mM Tris�HCl, pH 8.0; 

1 mM EDTA, pH 8.0) and resuspended in 180 µL enzymatic lysis buffer (20 mM Tris�HCl, pH 

8.0; 2 mM sodium EDTA; 1.2% Triton X-100) amended with 20 mg/mL lysozyme, 10 µL of a 

2.5 kU/mL mutanolysin stock, and 15 µL of a 10 mg/mL pre-boiled RNase A stock. Samples 

were incubated at 37°C for 1-2 hours prior to proteinase K treatment and column purification of 

gDNA using the Qiagen DNeasy Blood and Tissue kit per the manufacturer’s instructions. E. 

coli gDNA was isolated using the same method except mutanolysin was not included.  

 

Pacific Biosciences SMRT sequencing. SMRT sequencing of native and WGA E. faecalis 

OG1RF gDNA was performed at the University of California San Diego BIOGEM core facility. 

800 bp insert libraries were built using the Sequencing kit 2.0 as described in the SMRTbell 

Template Preparation workflow (260). Libraries were sequenced using 2 x 45 minute movies and 

3 SMRT cells for OG1RF native gDNA and 4 SMRT cells for OG1RF WGA DNA. SMRT 

sequencing reads were assembled to the E. faecalis OG1RF reference sequence (Genbank 

accession NC_017316). Mean read lengths obtained were 3227 and 3760 bases for OG1RF 

native and WGA DNA, respectively.  

 

SMRT sequencing of E. coli BL21DE3 gDNA after overexpression of predicted MTases was 

performed at the University of Michigan sequencing core facility using P6-C4 chemistry. The 
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gDNA of E. coli BL21DE3 with induced empty vector pET28a was sequenced as negative 

control. Two SMRT cells were sequenced for each sample. SMRT sequencing reads were 

assembled to the E. coli BL21DE3 reference sequence (Genbank accession CP001509.3). Mean 

read lengths obtained were 9315, 5745 and 8557 bases for E. coli BL21DE3 containing induced 

pET28a, pWH21 and pWH51, respectively. 

 

The interpulse duration (IPD) is the time elapsed between incorporation of adjacent nucleotides 

by DNA polymerase, and the IPD ratio refers to the ratio of IPD values between native and 

control templates for a given nucleotide position. The significance of the IPD ratio is evaluated 

using Welch’s t-test, with the resulting p-value further transformed into a quality value (QV; QV 

= -10log p-value; details can be found at https://github.com/PacificBiosciences/kineticsTools). 

The IPD data generated from the control (OG1RF WGA or BL21DE3 with induced pET28a) 

library were analyzed using the RS_Modification_and_Motif_Analysis.1 protocol in the SMRT 

Portal (v1.3.3 or v2.3.0, respectively) using default analysis parameters. The IPD data generated 

from the native gDNA library were then analyzed using the same protocol with the control result 

as post-processing. This calculated the IPD ratio at each genomic position by dividing the IPD 

from native DNA with that from control DNA. Modified sequence motifs were also predicted by 

the analysis. Additional analyses of motif enrichment were performed with MEME (114).  

 

Illumina MiSeq whole genome bisulfite sequencing. Bisulfite-converted Illumina sequencing 

libraries were constructed using the Illumina TruSeq Sample Prep (LT) Kit and the Qiagen 

EpiTect Bisulfite kit. E. coli strains BW25113 and JW1944 (dcm-) (115, 261) were used as 
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positive and negative controls for bisulfite conversion due to the well characterized Dcm 

methylation system. The dcm- mutation in JW1944 was confirmed by PCR (data not shown). 

OG1RF WGA control DNA was also used as negative control. Briefly, DNA was fragmented 

using a Bioruptor Sonicator UCD-200, and 200-500 bp fragments were gel-extracted and end-

repaired. After adapter ligation, bisulfite conversion was performed using the Qiagen EpiTect 

Bisulfite kit per the manufacturer’s instructions, followed by an eight cycle PCR amplification 

using Taq polymerase (NEB) and a primer cocktail provided by the TruSeq Kit. Illumina 

sequencing was performed on an Illumina MiSeq with 2x150 paired end sequencing.  

 

Illumina sequence reads were mapped to the OG1RF reference sequence or the E. coli K12 

MG1655 reference sequence (GenBank accession number: NC_000913) using Bismark (116) 

with paired-end read mapping based on Bowtie2 (256). In read mappings, every C position could 

be represented either as a C (protected from bisulfite conversion) or a thymidine (T; bisulfite-

converted cytosine). We observed that bisulfite conversion failed for a subset of input DNA 

(discussed further below). To correct for this, we determined the bisulfite conversion rate for 

individual reads by dividing the number of C-to-T conversions in each mapped read by the total 

number of Cs in the corresponding reference sequence. For determination of methylation ratios, 

only reads with ≥80% bisulfite conversion rate were used. A sequencing depth threshold of ≥7 

was further applied to reduce bias generated by low coverage.  

 

The methylation ratio for each C position in the reference genome was calculated by dividing the 

number of Cs mapped by the total coverage at that position. The significance of the methylation 
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ratio was calculated using empirical modeling, with OG1RF WGA or dcm- DNA as the 

background (negative control) observation. Briefly, our null hypothesis is that no C methylation 

exists in native/dcm+ DNA, meaning that the distributions of methylation ratios in native/dcm+ 

and control DNA are the same. To assess whether a given methylation ratio in native/dcm+ DNA 

significantly differs from background, we calculated the occurrence of C positions from negative 

control with larger than or equal to the given methylation ratio in native DNA, which was further 

divided by the total number of C positions from the negative control. Zero frequency was 

represented by one over the total number of C positions from the negative control. The 

proportion of C positions in the negative control with methylation ratios as extreme as those in 

native DNA represents an empirical p-value. The lower the p-value, the more significantly the 

methylation ratio is different from background. The quality value was -10log transformed p-

value. Quality values larger than 40 or empirical P-values smaller than e-4 were considered as 

significant methylated positions. The detection rate of 5'-C5mCWGG-3' in E. coli strain indicated 

how well bisulfite sequencing detected m5C. 

 

Expanded analysis of E. faecalis SMRT sequencing data. Table 2.3 in the main text shows the 

modified sequence motifs predicted by the SMRT analysis pipeline for E. faecalis OG1RF. To 

explore the C modification motifs further, we extracted the nucleotide positions with the top 

1000 QVs (most significant IPD ratios) along with 20 bases of upstream and downstream 

sequence. The sequences were analyzed for putative modification motifs with MEME (Bailey 

TL, 2009). For 560 nucleotide positions with high QVs, a consensus GCAGC motif was 

identified two positions downstream, which suggests that the high QV positions are actually 
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secondary signals resulting from methylation at GCAGC motifs (Fig. A2). For 45 nucleotide 

positions with high QVs, a consensus 5’-GCWGC-3’ motif was identified five positions 

downstream (Fig. A2). For 78 positions with high QV, a GCTGC motif was identified within 

surrounding sequence, although the position relative to the high QV base varied (Fig. A2). No 

motifs were detected by MEME for the remaining 317 high QV positions. Broadening this 

analysis, for the 3610 positions with QV >40, 1533 positions have a 5’-GCWGC-3’ motif nearby 

(within 20 bases up- or downstream), out of which 461 positions are surrounded by >1 5’-

GCWGC-3’ motifs (Table A2B). To further evaluate the secondary peaks associated with 5’-

GCWGC-3’ motifs, sequences surrounding 8326 5’-GCWGC-3’ motifs were extracted and mean 

QVs for each position were calculated (Fig. A2). The underlined positions within motif 5’-

N(N2)N(N2)NNGCWGC-3’ have significantly higher QVs than the remaining positions (p-value 

= 6.31e-12). Based on the low detection rate and secondary kinetic signals surrounding 5’-

GCWGC-3’ motifs, we predicted that these motifs were modified with m5C.  

 

Expanded analysis of E. faecalis bisulfite sequencing data. We used bisulfite sequencing to 

explore the extent of m5C modification in the OG1RF genome, with OG1RF WGA DNA and E. 

coli dcm+ and dcm- strains serving as controls. Illumina reads were mapped to reference 

sequences, and visual inspection of the read mappings revealed that some reads contained no 

bisulfite conversion at any C position (data not shown). This suggested that bisulfite conversion 

had failed for some input DNA. Failure of bisulfite conversion for a subset of input DNA could 

strongly bias the identification of methylated Cs.  
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To address this confounding factor, we evaluated the bisulfite conversion rate for individual 

reads. The bisulfite conversion rate for each read was calculated by dividing the number of C-to-

T conversions in the read by the total number of Cs in the corresponding reference sequence. By 

this calculation, a read for which bisulfite conversion failed would have a bisulfite conversion 

rate of 0, and a read for which every C position was bisulfite converted would have a bisulfite 

conversion rate of 1. Reads containing protected positions (m5C or m4C positions) would be 

expected to have a bisulfite conversion rate between 0 and 1. Compared to the high conversion 

rate for WGA control DNA and E. coli gDNA, the conversion rate per read varies for native 

OG1RF gDNA (Fig. A4). Assuming the absence of methylated CpG islands or analogous 

features, it is unlikely that reads with bisulfite conversion rates near 0 resulted from DNA that 

was methylated at every C position in a 150 base region. We conclude that bisulfite conversion 

failed for some input DNA.  

 

To account for failed bisulfite conversion in a subset of input DNA, reads with bisulfite 

conversion ratios <0.8 (<80% bisulfite conversion rate per read) were removed from analysis. 

The number of mapped reads was reduced after application of this filter (Table A2C); however, 

the number of C positions covered was maintained (Table A2D), which suggests an unbiased 

distribution of sequencing reads with a low conversion rate. Figure 3 in the main text shows the 

distribution of methylation ratios obtained using these filtered assemblies.  

 

Expanded analysis of E. coli SMRT sequencing data. The IPD ratio for BL21DE3 with 

induced pET28a was calculated using an in silico control, which predicts host modifications. For 
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BL21DE3 with pET28a, we were able to detect 5’-GATC-3’ with m6A modification 

successfully, modified by DNA adenine methyltransferase (dam) (see Table 2.3 in main text). 

The IPD ratio for BL21DE3 with induced pWH21 and pWH51 was calculated using the pET28a 

result as the control, which removed baseline modifications (i.e., Dam modification). One 

cytosine modification motif was detected for the strain expressing OG1RF_11823 (5’-CCGG-3’, 

with underlined nucleotide modified). No modification motifs were detected for the strain 

expressing OG1RF_10790.  

 

To further explore the modification type, we extracted the nucleotide positions with top 1000 

highest QVs as described above for our E. faecalis SMRT analysis. The sequence contexts 

surrounding those nucleotide positions were analyzed by MEME. For 590 nucleotide positions, a 

consensus motif was found to be enriched in the center, indicating a strong primary signal within 

5’-CCGG-3’ at the underlined position (Fig. A2). The MEME analysis for the remaining 410 

nucleotide positions did not detect a consensus sequence. Based on the center position 

enrichment from the MEME analysis, and the fact that this cytosine methylation could be 

detected at a relatively lower mean coverage depth (86X), we predicted this modification to be 

m4C. 

 

For the strain expressing OG1RF_10790, SMRT analysis failed to detect modification motifs. 

However, the presence of m5C DNA modification cannot be excluded, due to insufficient 

coverage depth. We extracted the nucleotide positions with the top 1000 highest quality values 
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and their surrounding sequence contexts and performed a MEME analysis. We were unable to 

identify a consensus sequence from these data.  

 

One concern in using E. coli BL21DE3 as the MTase expression host is that the overexpressed 

MTases could modify 5’-GATC-3’ sequences, which could not be distinguished from the host 

Dam modification. To eliminate this possibility, we compared the protein sequences of 

OG1RF_11823 and OG1RF_10790 to Dam using pairwise alignment. The proteins share only 

12.2% and 13.0% amino acid sequence identity, respectively. Based on this and the REBASE 

predictions for these enzymes (Table 2.2 in the main text), we exclude the possibility that 

OG1RF_10790 and OG1RF_11823 modify 5’-GATC-3’. 

 

 

Figure A1. Overexpression of predicted DNA MTases in E. coli BL21DE3. E. coli expressing 
predicted DNA MTases were induced overnight using IPTG as described in Material and 
Methods. The crude cell lysate was analyzed on SDS-PAGE by coomassie blue staining (top 
panel) and western blot (bottom panel). The predicted molecular weights of the OG1RF_10790 
and OG1RF_11823 protein are 38 kDa and 50 kDa (26 kDa additional size for GST tag), 
respectively. NC, not IPTG-induced; I, induced with 1mM IPTG. 
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Table A1. Primers used. 
Primer name  Sequence 

pLT06 MCS for TCGCATCCGATTGCAGTATAAA 
pLT06 MCS rev ACCTATCACCTCAAATGGTTCG 

pAT28 For CGTATGTTGTGTGGAATTGTG 

pAT28 Rev GGCGATTAAGTTGGGTAACG 

clpX For CGCACACTTTCTGTTGCTG 

clpX Rev CCATCAAATGCTCCACCAAC 

16S E. faecalis For CATGCAAGTCGAACGCTTCT 

16S E. faecalis Rev CCATATATCTACGCATTTCAC 

Methyl Primers  

OG1RF_11844_For GATATTTGTAGGTATATTTTTGTTT 

OG1RF_11844_Rev AAATATTACTTTCATTAATAAAACC 

ECD_00002_For TTTTGTATGGTATTAGTTTGTTGGG 

ECD_00002_Rev TACCATCAACACCATATAATCAACC 

Generation of OG1RF ΔEfsI  
1F_BamHI AATGAAGGATCCACCTAAAGCTATTCCTCCTGGA 

1R_XbaI AGTACATCTAGATCAATCTTAAAAGGTCGTGGCT 

2F_PstI TCATCTCTGCAGACTCAACAGATAAAGCATCCCC 

2R_BamHI TTATCTGGATCCGGAAGATTGGATGTAGAGATAACA 

Confirmation of OG1RF ΔEfsI  

5F ACATGCGTAAATCATTGATGTCA 

5R TATTCTTGGTGTGTCTATCGCC 

3F GCGTACAGCGTTATCTAAAACC 

3R CATTAAGCCGTACTGACCGTAT 
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4F GAACTCCAAAATGGCAATGGAT 

4R TCTAAGCCGTCTTCGATTGAAA 

Construction of pM.EfaRFI  
M1_F_EcoRI ccgGAATTCCGATGTAGCTGAATACAAAGGC 

M1_R_BamHI cgcGGATCCCAACAGGTTCTATAAGCACTTT 

Construction of pCom02  
RBS_R_NotI AAGGAAAAAAGCGGCCGCTGGAAAATAGTGTCAAGAGAAGGA 

ORF_F_NotI AAGGAAAAAAGCGGCCGCTTAACCAAAAGGATTAAAATCTAAAT 

Construction of pWH02  
addProRM Arm1 For PstI aaaactgcagTTTGACTAATTTTTGCCCCTGC 

addProRM Arm1 overlap Rev AAAAAATAAGGACGGTTCCTTTATAGGAGCTTCATTTAATGAATAAC
GCTTAAAGGGAC 

ef2239 R BamHI CGCGGATCCGGTAAAACTAGGAGGGAAGCATATG 

ef2239 F GCTCCTATAAAGGAACCGTCCTTATTTTTT 

Construction of pWH03  
ef2239 F GCTCCTATAAAGGAACCGTCCTTATTTTTT 

ef2238 R NotI AAAAAATAAGGACGGTTCCTTTATAGGAGCGCGGCCGCGGTCCTTAT
TTTTTATTTCTGGCGTGG 

ef2239 R XbaI CTAGTCTAGAGGTAAAACTAGGAGGGAAGCATATG 

ef2238 F PstI aaaactgcagCTATAATAGTACTTGAGAAGGAGGC 

In vitro expression  

OG1RF_11823_For_BamHI CGCGGATCCATGAGGACTTTTATGGAAAGTATAA 

OG1RF_11823_Rev_NotI ATAAGAATGCGGCCGCTTATTTCCTCCCTACAACGATA 

OG1RF_10790_For_NdeI GGAATTCCATATGGTGGAATTTTTAGATTTATTTGCC 

OG1RF_10790_Rev_BamHI CGCGGATCCTCAATCCTTTAATTGTCTGGCAAT 

pCF10 transconjugant verification  
pCF10_Tn916 for TTATCACGCTCGGACTATTGAC 
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pCF10_Tn916 rev CGATTCAGAAATTGCAGACCTG 

pCF10_uvaB for GATCGAAATCAGCACATGGAAC 

pCF10_uvaB rev TTTGGCTTATCCGTTTTAACCG 

Quantitative RT_PCR primers  
RealTime_11622_For GCAGAGAATGTGGGAGGACT 

RealTime_11622_Rev TTCTTTCTCGTGCTTGTGGC 

RealTime_11823_For TTTTGCGGTTGCGGTACTGT 

RealTime_11823_Rev TTCGAGGTTCAAGTCGCTTACT 

RealTime_10790_For GAGCAGAACGTACCCCACAA 

RealTime_10790_Rev CCGTTGAGAAAACGCGACTG 

RealTime_clpX_For GAACGTAATACTGGCGCACG 

RealTime_clpX_Rev TTTACCGGTACCTTCAGCGG 
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Table A2. Extended analysis of SMRT and bisulfite sequencing data.  
 
Table A2A. E. faecalis OG1RF sequence variants detected by SMRT sequencing. 

Position Strand Variant Type Coverage Confidence Overlapping	  
annotation 

Amino	  acid	  
substitution 

23656 + 23656A>G Substitution 272 93 OG1RF_10019;	  manX2 Thr>Ala 

819012 + 819012_819013insT Insertion 100 93 OG1RF_r_10004;	  16S	  
rRNA 

 

819260 + 819260G>A Substitution 45 93 OG1RF_r_10004;	  16S	  
rRNA 

 

819271 + 819271C>T Substitution 44 93 OG1RF_r_10004;	  16S	  
rRNA 

 

1662413 + 1662413C>A Substitution 120 93 OG1RF_11594;	  
oxidoreductase 

Ser>Ile 
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Table A2B. Analysis of sequences surrounding positions with QV >40 in SMRT sequencing. 
Quantity of GCWGC in 
surrounding context 

Number of positions  Mean QVa  Std QVa Signal enrichment (Percent occurrence)b 

0 2077 48.04 66.81 No enriched motif 
1 1072 52.41 12.68 N(N4)GCWGC (15.21%) (163/1072) 

NNGCWGC (42.72%) (458/1072) 
GCWGC (17.35%) (186/1072) 

2 396 63.64 23.45 N(N7)GCWGCWGC (11.11%) (44/396) 
N(N4)GCWGCWGC (26.26%) (104/396) 
NNGCWGCWGC (38.64%) (153/396) 

3 55 75.82 39.53 GCWGCWGCWGC (58.185) (32/55) 
4 10 69.40 20.12 Contain at least one GCWGCWGC 
Total (QV>40) 3610 51.53 52.28  

aMean and standard deviation of QVs for modified positions 
bPercentage occurrences >10% are shown. The underlined positions indicate positions with QV >40. 
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Table A2C. Assembly statistics for bisulfite sequencing.  

  Total 
reads 

# of reads mapped to 
reference sequencea 

# of mapped reads 
after filterb 

% C positions 
coveredc 

Mean 
coverage 

depthc 

Mean 
methylation 

ratiod 

OG1RF gDNA 7,255,590 3,893,581 2,927,274 83.7 56.03 0.04286 

WGA OG1RF 
gDNA 1,735,910 617,489 616,682 42.1 20.04 0.01691 

BW25113 3,806,930 1,393,975 1392113 63.6 20.40 0.02731 

JW1944 3,722,370 1,004,669 1003679 49.6 17.83 0.01275 
aPaired-end mapping by Bowtie 2 
bMapped reads with bisulfite conversion rate <80% were excluded 
cConversion rate filter applied; coverage depth threshold applied (≥7X coverage)  
dMean methylation ratio for all covered C positions with the conversion rate filter applied 
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Table A2D. Number of covered cytosines before and after application of conversion rate filter in bisulfite sequencing. 

Sample Total	  #	  of	  cytosine	  
in	  genomea 

#	  of	  covered	  C	  before	  
filterb #	  of	  covered	  C	  after	  filter #	  of	  C	  after	  filter	  and	   

with	  coverage	  ≥7X 

OG1RF 1034280 1023870	  (98.99%) 1020912	  (98.71%) 865233	  (83.66%) 
WGA	  OG1RF 1034280 903219	  (87.33%) 889553	  (86.00%) 435854	  (42.14%) 
BW25113 2356477 2297949	  (97.52%) 2289786	  (97.17%) 1498465	  (63.59%) 
JW1944 2356477 2242744	  (95.17%) 2219752	  (94.20%) 1169036	  (49.61%) 
aNumber sums C positions from both strand 
bPercent coverage is shown in parentheses 
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Table A3. Comparison of motif detection in SMRT and bisulfite (BS) sequencing. 

Strain Motifa Sequencing 
method 

% Motif 
Detectedb 

% 
Covered 

Motif 
Detectedc 

# Motifs 
Detectedd 

# Covered 
Motifs 

# of 
Motifs in 
Genome 

Mean 
QVe 

Mean 
Motif 

Coverage 

OG1RF 

GCWGC BS 83.3% 100% 6981 6981 8380 53.4 54.8 

GCWGC SMRT 5.1% 5.10% 425 8326 8380 61.6 120.3 

NNGCWGCNN SMRT 9.5% 9.51% 792 8326 8380 60.8 121.3 

N(N4)GCWGC(N4)
N SMRT 4.2% 4.19% 349 8326 8380 59.4 120.2 

E. coli 
BW25113 CCWGG BS 66.5% 99.99% 16032 16033 24100 60.63 20.03 

aThe predicted modified position is underlined. 
bPercent motif detection was calculated by dividing the number of modified motifs detected by the total number of motifs in the genome. 
cPercent covered motif detection was calculated by dividing the number of modified motifs detected by the total number of covered. 
motifs in the genome with coverage threshold >7X applied. 
dNumber of modified motifs detected.  
eMean QV for modified bases in motifs. 
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Figure A2. Motif enrichment within the contexts of top 1000 high QV positions from SMRT 
sequencing. MEME was used to analyze sequence surrounding the 1000 nucleotide positions 
with the highest QVs. Position 21 is the base with high QV, indicated by a red asterisk.  
(A-C) In OG1RF SMRT sequencing, similar motifs were found 2 bases (A) and 5 bases (B) 
downstream of 560 and 45 high QV positions, respectively, indicating that the high QV positions 
are actually secondary peaks resulting from modification at GCWGC motifs. Excluding the 
sequences enriched in (A) and (B), GCTGC motifs with varying positions within the 41 base 
window were detected by MEME for 78 high QV positions (C).  
(D) In E. coli BL21DE3 with overexpressed OG1RF_11823 SMRT sequencing, the high QV 
positions are center enriched at position 21, suggesting a strong primary signal within CCGG 
motifs. The remaining 410 positions do not share any consensus motif. 
Expectation values are shown.  
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Figure A3. (A) Bisulfite-converted PCR products distinguish different cytosine 
methylations. The E. faecalis OG1RF clpX gene was amplified by PCR using dCTP, dm5CTP, 
or dm4CTP. Products were bisulfite-converted, re-amplified by PCR with dCTP, and then 
sequenced. The top line shows the OG1RF clpX reference sequence. Sequences of bisulfite-
converted products are aligned below the reference sequence. For the dCTP PCR product, all C 
positions have been converted to T. For the dm5CTP PCR product, no C positions have been 
converted. For the dm4CTP product, mixed C/T signals are observed for every reference C 
position. (B) GCWGC motifs are fully protected from bisulfite conversion. The E. faecalis 
OG1RF_11844 gene contains two GCWGC motifs. The “Reference” line above shows 
OG1RF_11844 sequence; GCWGC motifs are indicated by red bars below the figure. OG1RF 
gDNA was bisulfite-converted, OG1RF_11844 sequence was amplified by PCR with dCTP, and 
products were sequenced. The “BS converted fragment” shows the PCR product sequence 
aligned to the reference sequence. All C positions were fully converted to T, except for the 
internal C positions of the two GCWGC motifs. Those C positions were fully protected from 
bisulfite conversion, suggesting they are modified by m5C. (C) CCGG motifs are partially 
protected from bisulfite conversion. The E. coli BL21DE3 ECD_00002 gene contains two 
CCGG motifs. The “Reference” line above shows BL21DE3 sequence; two CCGG motifs are 
indicated by red bars below the figure. The gDNA from BL21DE3 with overexpressed 
OG1RF_11823 was bisulfite converted and amplified by PCR with dCTP using primers targeting 
ECD_00002, and products were sequenced. The “BS converted fragment” shows the sequenced 
PCR products aligned to reference genome. All C positions were successfully converted to T, 
except for the internal C of the two CCGG motifs. The mixed population of C and T within 
CCGG motifs indicates partial protection from bisulfite conversion, suggesting they are modified 
by m4C. 
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Figure A4. Evaluation of bisulfite conversion rate for bisulfite sequencing reads. Bisulfite 
conversion rate for each sequence read was calculated as described in the text. Graphs show the 
distribution of conversion rates for mapped sequencing reads in each sample. (A) OG1RF WGA 
DNA. (B) OG1RF native gDNA. (C) E. coli dcm
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. (D) E. coli dcm
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APPENDIX B 

CHAPTER 3 SUPPLEMENTAL TABLES 

Table B1. Strains used in Chapter 3 and the number of predicted R-M systems. 
Strain name STa  # Type I 

M 
subunits 

# Type II 
MTases 

# Type III 
MTases 

# Type IV 
REases 

Reference 

E. faecalis strains 

ERV25 2 1 2 0 2 NCBI draft genome 
ERV31 2 1 2 0 2 NCBI draft genome 
ERV37 2 1 3 0 2 NCBI draft genome 
ERV41 2 1 2 0 2 NCBI draft genome 
ERV62 2 1 2 0 2 NCBI draft genome 
ERV63 2 1 2 0 2 NCBI draft genome 
ERV65 2 1 2 0 2 NCBI draft genome 
ERV72 2 1 2 0 2 NCBI draft genome 
ERV81 2 1 2 0 2 NCBI draft genome 
ERV85 2 1 2 0 2 NCBI draft genome 

ERV103 2 2 3 0 2 NCBI draft genome 
ERV116 2 2 3 0 2 NCBI draft genome 
ERV129 2 1 2 0 2 NCBI draft genome 
ERV68 2 1 2 0 2 NCBI draft genome 
ERV93 2 1 2 0 2 NCBI draft genome 
TX0104 2 1 2 0 2 NCBI draft genome 

HIP11704 4 1 0 0 1 (205) 
TX0855 4 1 0 1 1 NCBI draft genome 

V583 6 0 5 0 1 Broad Institute 
HH22 6 0 3 0 1 Broad Institute 

TX0309A 6 0 4 0 1 NCBI draft genome 
TX0309B 6 0 4 0 1 NCBI draft genome 
TX4000 8 2 4 0 1 NCBI draft genome 
CH188 9 2 4 0 0 (205) 
TX0630 9 2 6 0 0 NCBI draft genome 
TX0635 9 3 5 0 0 NCBI draft genome 
TX0645 10 1 3 0 0 NCBI draft genome 

T2 11 0 2 0 0 (205) 
TX0860 11 0 1 0 0 NCBI draft genome 

599 16 1 2 0 0 NCBI draft genome 
D6 16 1 2 0 0 (205) 
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TX2137 16 1 1 0 0 NCBI draft genome 
X98 19 1 3 0 1 (205) 

TX0043 19 0 1 0 1 NCBI draft genome 
T1 21 0 1 0 1 (205) 

ATCC29200 21 1 2 0 0 NCBI draft genome 
TX0102 21 1 0 0 1 NCBI draft genome 
TX0312 21 1 1 0 1 NCBI draft genome 
TX0031 21 2 0 0 1 NCBI draft genome 
TX2141 25 2 1 1 0 NCBI draft genome 
TX4244 27 1 1 0 1 NCBI draft genome 

ATCC29212 30 3 2 0 0 (252) 
TX2134 30 1 3 0 0 NCBI draft genome 

JH1 40 1 1 0 0 (205) 
PC1_1 40 1 0 0 0 (262) 

 

TX4248 40 1 3 0 0 NCBI draft genome 
DS5 55 1 3 0 0 (205) 

TX0027 55 1 3 0 0 NCBI draft genome 
TX0109 59 2 1 0 0 NCBI draft genome 
TX1322 64 1 1 0 1 NCBI draft genome 

T11 65 0 1 0 0 (205) 
T3 67 0 2 0 0 (205) 
T8 71 2 1 0 1 (205) 

OG1X 92 0 3 0 0 (102) 
E1Sol 93 1 3 0 0 (205) 
Fly1 101 1 1 0 0 (205) 

DAPTO_512 103 1 0 0 1 NCBI draft genome 
Merz96 103 1 2 0 1 (205) 

S613 103 1 0 0 1 NCBI draft genome 
DAPTO_516 103 1 0 0 1 NCBI draft genome 

R712 103 1 0 0 1 NCBI draft genome 
ATCC4200 105 1 2 0 1 (205) 
ARO1-DG 108 1 1 0 0 (205) 

TX0470 110 1 2 0 0 NCBI draft genome 
TX0017 144 0 1 0 1 NCBI draft genome 
TX1341 287 1 2 0 1 NCBI draft genome 

TUSoD_Ef11 364 1 4 0 0 NCBI draft genome 
TX1346 412 2 2 0 1 NCBI draft genome 

R508 479 1 0 0 1 NCBI draft genome 
ERV73 NAb 1 2 0 2 NCBI draft genome 



 

 179 

TX0411 NAb 0 4 0 1 NCBI draft genome 
TX0012 new 1 2 0 1 NCBI draft genome 
TX1302 new 0 1 0 0 NCBI draft genome 
TX1342 new 1 1 0 1 NCBI draft genome 
TX1467 new 1 0 0 0 NCBI draft genome 

E. faecium strains 
1,231,501 52 1 2 0 0 (205) 
1,231,502 203 1 3 0 0 (205) 
1,231,410 17 2 5 0 0 (205) 
1,141,733 327 1 2 0 0 (205) 

aST profiles were acquired from reference (62). New: not available in current ST database; can’t assign: 
the genome sequence was not complete for ST assignment. 
bThe draft genome is not complete for ST assignment. 
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Table B2. The prediction of Type I S subunits in E. faecalis and E. faecium genomes. 
Strain 
name 

Homologs of S subunit from RM.Lla2614Ia Homologs of S subunits from 
RM.Lla1403Ia 

E. faecalis strains 
ERV25 S.Lla2614 (1/2) + S.PbrDF41I (1/2)   

ERV31 S.Sau347I (1) + S.Lla2614I (1)   
ERV37 S.Lla2614 (1/2) + S.PbrDF41I (1/2)   
ERV41 S.Sau347I (1) + S.SauMRSI (1)   
ERV62 S.Sau347I (1) + S.SauMRSI (1)   
ERV63 S.Lla2614 (1/2) + S.PbrDF41I (1/2)   
ERV65 S.Sau347I (1) + S.SauMRSI (1)   
ERV72 S.Sau347I (1) + S.SauMRSI (1)   
ERV81 S.Sau347I (1) + S.SauMRSI (1)   
ERV85 S.Lla2614 (1/2) + S.PbrDF41I (1/2)   
ERV103 S.Sau347I (1)+ S.Lla2614I (1/2); S.Lla509I 

(1) 
  

ERV116 S.Lla509I (1); S.Lla2614 (1/2) + S.PbrDF41I 
(1/2) 

  

ERV129 S.Lla2614 (1/2) + S.PbrDF41I (1/2)   
ERV68 S.Sau347I (1) + S.SauMRSI (1)   
ERV93 S.Sau347I (1) + S.SauMRSI (1)   
TX0104 S.Sau347I (1) + S.SauMRSI (1)   
HIP11704   
TX0855   
V583   
HH22   
TX0309A   
TX0309B   
TX4000 S.Lla2614I (1/2) + S.Aba6411I (1)  
CH188 S.TmeBIII (1/2) S.Lla509I (1) + S.HpyUM032XII (1) 
TX0630 S.TmeBIII (1/2) S.Lla509I (1) + S.HpyUM032XII (1) 
TX0635 S.TmeBIII (1/2) S.Lla509I (1) + S.HpyUM032XII (1) 
TX0645  S.Lla509I (1) + S.HpyUM032XII (1) 
T2   
TX0860   
599  S.LlaW12I (1/2) + S.HpyUM032XII (1) 

D6  S.PbrDF41I (1) + S.HpyUM032XII (1) 
TX2137  S.Lla7I (1) + S.HpyUM032XII (I) 
X98   
TX0043   
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T1     
ATCC2920
0 

  S.LlaW12I (1/2) 

TX0102 S.LldI (1)   
TX0312 S.Lla103I (1)   
TX0031 no S was foundb   
TX2141 S.LlaW12I (1/2) S.Awo1030III (1) + S.Spy8198I (1) 
TX4244 S.Lla7I (1)  
ATCC2921
2 

S.TmeBIII (1/2) S.Lla509I (1)  + S.Sau5096I (1) 

TX2134  S.Lla509I  (1) + S.Sau20231I (1) 
JH1 S.LlaW12I (1) + S.Lmo23463I (1)  
PC1_1 S.LlaW12I (1)  
TX4248 S.LlaW12I (1) + S.Lmo23463I (1)  
DS5  S.Lla509I  (1) + S.Sau20231I (1) 
TX0027  S.Sau20231 (1) 
TX0109   
TX1322 no S was foundb  
T11   
T3   
T8 S.TmeBIII (1/2); S.Lla509I (1/2) + 

S.PbrDF41I (1/2) 
 

OG1X   
E1Sol   
Fly1  S.Lla1403I (1) + S.Csp16704I (1) 
DAPTO_51
2 

S.Yal67083I (1/2) + S.LlaW12I (1)   

Merz96 S.LldI (1/2) + S.LldI (1/2)   
S613 S.Yal67083I (1/2) + S.LlaW12I (1)   
DAPTO_51
6 

S.Yal67083I (1/2) + S.LlaW12I (1)   

R712 S.Yal67083I (1/2) + S.LlaW12I (1)   
ATCC4200   
ARO1-DG S.Lla7I (1) + S.LlaW12I (1)  
TX0470 S.LlaW12I (1) + S.Pgr15220I (1/2)  
TX0017   
TX1341 S.Lla103I (1/2) + S.Lla1403I (1)  
TUSoD_Ef
11 

 S.LlaW12I (1/2) + S.Lla1403I (1) 

TX1346   
R508  S.Lmo23463I (1) + S.Lla103I (1/2) 
ERV73 S.Sau347I (1) + S.PbrDF41I (1/2)  
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TX0411   
TX0012 S.LlaW12I (1) + S.Lla1403I (1/2)  
TX1302   
TX1342 S.SauMRSI (1/2) + S.Lla1403I (1)  
TX1467 S.LlaW12I (1) + S.VcoRE98I (1/2)  
E. faecium strains 
1,231,501  S.LlaW12I (1) 
1,231,410 S.LldI (1); S.LlaW12I (1)  
1,141,733 S.Lla1403I (1)  
1,231,502 S.LldI (1)  
aThe S subunits listed in the table share high homology with the predicted S subunits in each strain (in 
parentheses: number of S subunits with homologies to the same S subunit from Gold Standard list; 1/2: 
homolog was observed in only one TRD domain). Semicolon separates S subunits from different R-M 
loci.  
bThe S subunits were not found, which is possibly due to incompete draft genome. 
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APPENDIX C 

CHAPTER 4 SUPPLEMENTAL MATERIAL 

Table C1. Primers used in Chapter 4. 
Name Sequence 
CR1_seq For CGTATTTGACAGAGGATGAAG 
CR1_seq Rev CGAATATGCCTGTGGTGAAA 
CR2_seq For CTGGCTCGCTGTTACAGCT 
CR2_seq Rev GCCAATGTTACAATATCAAACA 
CR3_seq For GCTCACTGTATTGGAAGAAC 
CR3_seq Rev 
Illumina Universal For 

CATCGATTCATTATTCCTCCAA 
AAT GAT ACG GCG ACC ACC GA 

Illumina Universal Rev CAA GCA GAA GAC GGC ATA CGA 
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