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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 acqui-
sition, 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 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=-GC-
WGC-3=motifs. A type II R-M system confers the m5C modification, and disruption of this system impacts OG1RF electrotrans-
formability and conjugative transfer of an antibiotic resistance plasmid. A second DNA MTase was poorly expressed under labo-
ratory 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 antibi-
otic resistance gene dissemination in the E. faecalis species.

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 inves-
tigate 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.

Enterococcus faecalis is a Gram-positive bacterium that natively
colonizes the gastrointestinal tracts of humans and other ani-

mals (1). It is an opportunistic pathogen that causes life-threaten-
ing infections, such as bacteremia and endocarditis in compro-
mised individuals (2). E. faecalis is among the leading causes of
hospital-acquired infections in the United States, making it a ma-
jor public health concern (3). Rising antibiotic resistance in E.
faecalis, including resistance to the last-line antibiotic vancomy-
cin, complicates treatment of these infections (2, 4). One way that
E. faecalis becomes antibiotic resistant is via the horizontal acqui-
sition of antibiotic resistance genes. These genes are disseminated
by mobile genetic elements (MGEs), including integrative conju-
gative elements, such as Tn916, broad-host-range plasmids, and a
group of narrow-host-range plasmids called pheromone-respon-
sive plasmids (5). E. faecalis also acts as a conduit for MGEs har-
boring antibiotic resistance, transferring them to Staphylococcus
aureus and Clostridium difficile (6, 7).

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 (8), 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 identi-
fied in the United States (9). 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, trans-
posons, and genomic 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 (10–12). Among a larger collection of 18 E.
faecalis genomes, genome sizes range from 2.74 to 3.36 Mb, with
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MDR strains enriched for MGE content and having the biggest
genomes (13). In general, MDR E. faecalis strains are enriched for
horizontally acquired content, including antibiotic resistance
genes, virulence factor genes, and metabolic genes potentially im-
portant for niche expansion (10, 11, 13–16).

Compromised genome defense, specifically the lack of clus-
tered, regularly interspaced short palindromic repeats (CRISPR-
Cas) defense systems, has been hypothesized to play a role in ge-
nome expansion in MDR E. faecalis (10, 17). 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 (18). Among a collection of
48 E. faecalis strains, CRISPR-Cas systems were absent from van-
comycin-resistant strains and strains associated with hospital in-
fections and were rarely present in MDR strains (17). This sug-
gests that CRISPR-Cas defense systems act as barriers to antibiotic
resistance gene dissemination in E. faecalis.

Another genome defense mechanism utilized by bacteria, re-
striction-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 restric-
tion endonuclease (REase) cleaves motif sequences lacking appro-
priate modification. By this mechanism, the REase recognizes and
cleaves nonself 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
(19). Type IV REases recognize and cleave methylated motif se-
quences and do not have cognate MTases (20). Common genome
modifications in the prokaryotic world are 6-methyladenine
(m6A), 4-methylcytosine (m4C), and 5-methylcytosine (m5C)
(21). 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 iden-
tity, 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 experi-
mentally characterized enterococcal R-M enzymes (22–26), 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 (27). Here,
we used Pacific Biosciences single-molecule real-time (SMRT) se-
quencing and Illumina bisulfite sequencing to map genome mod-
ification 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-re-
sponsive plasmid, pCF10. We conclude that differential genome
modification has the potential to impact HGT frequencies and the
population structure of E. faecalis.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and routine molecular biology
procedures. Bacterial strains used in this study are shown in Table 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 �g/ml; fusidic
acid, 25 �g/ml; erythromycin, 50 �g/ml; tetracycline, 10 �g/ml; strepto-
mycin, 500 �g/ml; spectinomycin, 250 �g/ml for OG1RF and OG1SSp

and 750 �g/ml for V583; chloramphenicol, 15 �g/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 �g/ml; ampicillin,
100 �g/ml; chloramphenicol, 15 �g/ml; spectinomycin, 100 �g/ml. PCR
was routinely performed with Taq polymerase (NEB). Phusion polymer-
ase (Fisher) was used for cloning applications. Primers used in this study
are shown in Table S1 in the supplemental material. Routine DNA se-
quencing was performed by Macrogen (Rockville, MD) or by the Massa-
chusetts General Hospital DNA Core Facility (Boston, MA). REase diges-
tions 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 (28), 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.

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-�-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 �l crude cell lysate was prepared and analyzed via 12% bis-
acrylamide (Bio-Rad) SDS-PAGE and Western blotting to confirm
MTase overexpression (see Fig. S1 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.

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
assembled to the E. faecalis OG1RF reference sequence (GenBank acces-
sion 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 per-
formed at the University of Michigan sequencing core facility. SMRT
sequencing reads were assembled to the E. coli BL21(DE3) reference se-
quence (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 nu-
cleotide 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 � �log10 P; details can be found by accessing PacificBio-
sciences/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 (29).

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.
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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
OG1RF_11844 sequence. Products were sequenced to evaluate the meth-
ylation 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 bisul-
fite-converted ECD_00002 sequence (see Table S1 in the supplemental
material). Primers targeting bisulfite-converted DNA were designed using
MethPrimer (30).

Illumina MiSeq whole-genome bisulfite sequencing. Bisulfite-con-
verted Illumina sequencing libraries were constructed using the Illumina
TruSeq sample prep (LT) kit and the Qiagen EpiTect bisulfite kit, de-
scribed further in the supplemental material. E. coli strains BW25113 and
JW1944 (dcm deficient) (31) 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 num-

ber NC_000913) by using Bismark (32) with paired-end read mapping.
The bisulfite conversion rate for individual reads was calculated by divid-
ing the number of C-to-T conversions in each mapped read by the total
number of Cs in the corresponding reference sequence. For determina-
tion 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 modeling, with OG1RF
WGA or dcm-deficient DNA as the background (negative control) (de-
scribed further in the supplemental material).

Generation of an E. faecalis �EfaRFI mutant. Approximate 1-kb
regions up- and downstream of OG1RF_11622-11621 were amplified us-
ing primer sets 1F_BamHI/1R_XbaI and 2F_PstI/2R_BamHI (see Table
S1 in the supplemental material). Products were digested with REases and
ligated with Xbal/PstI-digested pLT06 (33) 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 (34). The OG1RF
�EfaRFI strain lacking OG1RF_11622-11621 was generated by tempera-
ture shifts and p-chlorophenylalanine counterselection, as previously de-

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Description Reference or source

E. faecalis strains
OG1RF (*)a Rifampin- and fusidic acid-resistant derivative of human oral cavity isolate OG1 8
OG1SSp (*) Spectinomycin- and streptomycin-resistant derivative of human oral cavity isolate OG1 8
OG1RF �EfaRFI OG1RF EfaRFI (OG1RF_11622-11621) deletion mutant This study
OG1RF �EfaRFI pAT28 OG1RF �EfaRFI containing shuttle vector pAT28 This study
OG1RF �EfaRFI pM.EfaRFI (*) OG1RF �EfaRFI containing pM.EfaRFI This study
OG1RF �EfaRFI::EfaRFIrbs OG1RF �EfaRFI with chromosomal integration of OG1RF_11622-11621 between

ORFs OG1RF_11778 and OG1RF_11779
This study

OG1RF �EfaRFI::EfaRFIpro (*) �EfaRFI::EfaRFIrbs with putative OG1RF_11622 promoter knocked in to
OG1RF_11622-11621 integration

This study

V583 Vancomycin-resistant clinical isolate 9
V583 pM.EfaRFI (*) V583 containing pM.EfaRFI This study
T11 (*) Urinary tract infection isolate 75
CH188 Liver abscess isolate 76

E. coli strains
EC1000 Cloning host, providing repA in trans 77
TOP10 Cloning host Invitrogen
StbL4 Cloning host Life Technologies
BW25113 Keio Collection host 31
JW1944 Keio Collection dcm mutant 31
BL21(DE3) Expression host strain Novagen

Plasmids
pAT28 Shuttle vector for E. faecalis; confers spectinomycin resistance 35
pLT06 Markerless exchange plasmid; confers chloramphenicol resistance 33
pGEX-6p-1 E. coli expression vector GE Healthcare
pET28a E. coli expression vector Novagen
pCF10 cCF10-inducible conjugative plasmid 37
pWH01 pLT06 containing 2,306-bp XbaI/PstI-digested fragment of OG1RF_11621-2 This study
pWH03 pLT06 containing 1,998 XbaI/PstI-digested fragment of EF2238-NotI-EF2239 This study
pWH02 pLT06 containing 1,989-bp BamHI/PstI-digested fragment of EF2239 and

OG1RF_11622 with its upstream intergenic region
This study

pWH21 pGEX-6p-1 containing 1,275-bp BamHI/NotI-digested fragment of OG1RF_11823 This study
pWH51 pET28a containing 1,005-bp NdeI/BamHI-digested fragment of OG1RF_10790 This study
pM.EfaRFI pAT28 containing 1,543-bp BamHI/EcoRI-digested OG1RF_11622 with its promoter This study
pCom02 pWH03 containing 2,129-bp NotI-digested fragment of OG1RF_11621-2 with putative

OG1RF_11622 ribosome binding site
This study

a Strain names followed by (*) are resistant to ApeKI and TseI digestion (Fig. 4). All E. faecalis strains were tested for ApeKI and TseI sensitivity.
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scribed (33). Deletion of OG1RF_11622-11621 was confirmed by se-
quencing of the engineered region.

OG1RF �EfaRFI complementation. In one complementation strat-
egy, OG1RF_11622 was provided in trans on the multicopy shuttle vector
pAT28 (35). OG1RF_11622 with 386 bp of upstream sequence was am-
plified 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 intro-
duced into OG1RF �EfaRFI by electroporation to generate the strain
OG1RF �EfaRFI pM.EfaRFI and into V583 to generate the strain V583
pM.EfaRFI.

In a second complementation strategy, the OG1RF_11622-11621
genes were incorporated into the OG1RF �EfaRFI chromosome at a neu-
tral site. An E. faecalis genomic insertion site for expression (GISE) was
previously identified (36). This site occurs in the intergenic region be-
tween 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. (36) developed pRV1, a plasmid conferring
erythromycin resistance that can be used to knock in genes at the E. faeca-
lis GISE. We used this information to develop pWH03, a pLT06 derivative
conferring chloramphenicol resistance that can be used for gene knock-
ins 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 S1 in the supplemental ma-
terial) (36). 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 �EfaRFI 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 �EfaRFI, and temperature shifts and coun-
terselection were used to generate the strain OG1RF �EfaRFI::EfaRFIrbs.
The promoter region upstream of OG1RF_11622-11621 was separately
knocked into OG1RF �EfaRFI::EfaRFIrbs. Sequence 331 bp upstream of
OG1RF_11622 and 775 bp of the OG1RF_11622 coding region were am-
plified 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 di-
gested 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 �EfaRFI::EfaRFIrbs, and
temperature shifts and counterselection were used to obtain OG1RF
�EfaRFI::EfaRFIpro.

RT-qPCR. Exponentially growing E. faecalis broth cultures were di-
luted 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
�g of RNA as the template and primers targeting a 16S rRNA gene (see
Table S1 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 (34). RT-qPCR was carried out using a Cepheid
Smart Cycler with SYBR green I (Sigma). Threshold cycle (CT) values for

clpX reactions were compared to those for MTase reactions. Expression
levels were analyzed for two independent growth experiments.

Conjugation frequency test. The pheromone-responsive plasmid
pCF10 (37), 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 �l) of the recipient culture was pelleted and resuspended
with 100 �l of donor culture. The mixture was spread on a BHI plate and
incubated at 37°C overnight. Bacterial growth was recovered with 1�
phosphate-buffered saline supplemented with 2 mM EDTA. Cell resus-
pensions 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 (38), 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 (39). Sig-
nificance was assessed using the paired t test.

Transformation efficiency test. Electrocompetent E. faecalis cells
were made as described previously (40). The test plasmid pMSP3535 (41)
was introduced into either OG1RF or OG1RF�EfaRFI for propagation
and purified using cesium chloride density gradient centrifugation (42).
The control plasmid pLZ12 (43) was propagated in E. coli DH5� and
purified by use of a column miniprep (Qiagen). During electroporation,
50 ng of pMSP3535 with varied modification status was coelectroporated
with 50 ng of pLZ12 into OG1RF competent cells. Electroporation reac-
tion 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 44). The EOT should not be
confused with the conventional definition of transformation efficiency,
with which the number of transformants per microgram of DNA is cal-
culated. 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 plas-
mid, allowing us to assess the impact of modification status on transform-
ability of the test plasmid. Three independent experiments were per-
formed, and significance was assessed using a paired t test.

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). 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
(12, 13), each MTase protein sequence was pairwise aligned against all
predicted protein sequences from the 17 E. faecalis strains.

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.

RESULTS
Putative DNA MTases in E. faecalis OG1RF. The NEB REBASE
(27) predicts 3 DNA MTases for E. faecalis OG1RF (Table 2). To
determine whether the putative DNA MTase genes are transcrip-
tionally active, RNA was harvested at four points across the
growth curve of OG1RF laboratory cultures. RT-qPCR with prim-
ers targeting each of the predicted DNA MTase genes and the
housekeeping control gene clpX was performed with cDNA tem-
plates, 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 (45), and its expression is unaf-
fected by changes in E. faecalis growth rate (46). For negative con-
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trols, 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. 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).
OG1RF_11622-OG1RF_11619 are encoded between orthologues
of the V583 genes EF1960 and EF1956; each of the two strains
possess strain-specific genes between those loci (Fig. 2A).
OG1RF_11621 is likely cotranscribed with OG1RF_11622 (17-bp
intergenic region) and encodes a putative NgoFVII family REase
(Pfam family RE_NgoFVII; E value of 3.9e�53) (Table 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 ele-
ment inserted downstream of an rRNA-tRNA gene cluster occur-
ring between orthologues of the V583 genes EF1051 and EF1053
(Fig. 2B). Other genes with putative R-M functions are present
near OG1RF_10790, including OG1RF_10794, encoding a puta-
tive 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 se-
quence of OG1RF_10790 has 61% identity with EF2340 from
V583 (Fig. 2D), which is also predicted to be an MTase based on
information in REBASE. EF2340 is encoded within a potential
pathogenicity island (11), which is consistent with a mobile origin
for this MTase.

OG1RF_11823-OG1RF_11822 are likely cotranscribed (2-bp
intergenic region) and are present between orthologues of the
V583 genes EF2383 and EF2388 (Fig. 2C). OG1RF_11822 is pre-
dicted to be an REase by REBASE (Table 2). Pfam analysis indi-
cated 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 pre-
viously sequenced collection of 17 E. faecalis strains (12, 13) was
investigated using pairwise protein sequence alignments. Figure
2D shows the percent amino acid sequence identities for best pair-
wise hits. Collectively, results of comparative analyses were con-
sistent 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.

SMRT sequencing identified a putative m5C modification
motif in OG1RF. SMRT sequencing has been used to characterize
the methylomes of bacteria (47–54). During SMRT sequencing,
DNA polymerase kinetics are monitored in real time; modified
bases in the sequencing template lead to altered polymerase kinet-
ics relative to those obtained with an unmodified template (55,
56). Because DNA polymerase contacts several nucleotide posi-
tions during DNA synthesis, polymerase kinetics can be altered
over a range of positions near a modified base, generating second-
ary kinetic signals (53, 55, 56).

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 181� (range, 0 to 534�; 150 nucleotide [nt]
positions with 	10� coverage) and 295� (range, 0 to 825�; 102
nt positions with �10� coverage), respectively. Regions of zero
coverage occurred in rRNA operons, presumably because of se-
quence 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 �5� cov-

TABLE 2 Predicted DNA MTases in E. faecalis OG1RF

MTase name Locus ID Annotationb Function predicted by REBASE Pfam hitc REased

M.EfaRFI OG1RF_11622 bbviM DNA
cytosine-5 MTase

Putative type II cytosine-5 DNA MTase,
probably recognizes 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 recognizes CCWGG

Methyltransf_26
(2.7e�11)

R.EfaRFII (Pfam hit:
HATPase_c_3)

M.EfaRFORF10790Pa OG1RF_10790 hpaIIM DNA
cytosine-5 MTase

Putative type II cytosine-5 DNA MTase,
unknown recognition sequence

DNA methylase
(2.0e�87)

a This nomenclature is used in REBASE for putative R-M enzymes.
b From the NCBI Gene database.
c The expectation value is shown in parentheses.
d Potential REases were predicted using REBASE.

FIG 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.
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erage (see Table S2A 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.

Modification motifs predicted by the SMRT portal analysis

pipeline for native OG1RF gDNA are shown in Table 3. m6A and
m4C modifications require modest sequencing coverage (25� per
strand) for detection by SMRT sequencing; m5C modifications
require high coverage (250� per strand). Based on the average
fold coverage of the native sample (181�), we expected to detect
m6A and m4C but not m5C modifications with high confidence.
No A modification motifs were detected; however, C modification

FIG 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 sequence is 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.

TABLE 3 Modified sequence motifs in E. faecalis OG1RF and E. coli BL21(DE3) detected by the SMRT analysis pipeline

Strain Motifa

Total no. of motifs
in genome

No. of modified motifs
detected (% of total)b

Mean modification
QVc

Mean motif
coverage

E. faecalis OG1RF GCNGCAGCd 377 198 (52.5) 73.6 118�
GCTGCAANNNNNNNT 100 23 (23) 51.4 120�
GNGCAGCT 163 26 (16) 58.3 119�

E. coli BL21(DE3)(pET28a) GATC 37,562 37,555 (99.98) 211.4 135�
E. coli expressing OG1RF_11823e CCGG 47,782 21,776 (45.57) 55.3 83�
E. coli expressing OG1RF_10790e None detected
a The predicted modified position is underlined.
b The percent motif detection was calculated by dividing the number of modified motifs that were detected by the total number of motifs in the genome.
c Mean QV for modified bases in motifs.
d Contains overlapping GCNGC motifs.
e Dam modifications were removed during postprocessing of data.
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motifs containing GCNGC, GCAGC, and GCTGC and one mod-
ified G motif containing GCAGC were predicted with low detec-
tion rates (Table 3). The modified G could be a spurious predic-
tion 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. S2 and Table S2B), indicated that a 5=-G-m5C-
WGC-3=modification occurred in OG1RF.

Bisulfite sequencing to discriminate common prokaryotic C
modifications. Bisulfite sequencing is commonly used to detect
m5C in eukaryotic DNA (57, 58), and has been used to study Dcm
methylation (5=-C-m5C-WGG-3=, where underlining indicates
the modified position) in E. coli (59). Unmodified Cs are suscepti-
ble to deamination by bisulfite, and through a series of chemical treat-
ments, 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 (60).

One potential issue with applying bisulfite sequencing to pro-
karyotic 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 sites are fully protected from bisulfite
conversion while m4C sites are sometimes protected (61). 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 se-
quencing chromatograms [see Fig. S3A in the supplemental ma-
terial]). Partial protection of dm4CTP products was reproducible
over 2 independent trials. Alteration of bisulfite conversion reac-
tion conditions may result in complete conversion of m4C, al-
though 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 conver-
sion of all C positions except for the underlined position in the
5=-GCWGC-3=motifs (see Fig. S3B 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.

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 con-
trols. Illumina reads were mapped to reference sequences, and
reads were filtered based on bisulfite conversion ratios as de-
scribed in the supplemental material (see also Table S2C and D
and Fig. S4 in the supplemental material). Methylation ratios for
each C position with a coverage of �7� 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-pro-
tected, 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 S2C in the supplemental ma-
terial. Figure 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 pro-
tection 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. 3). Of the 5=-
GCWGC-3=motifs in the OG1RF genome 83% were bisulfite pro-
tected, with the remaining 17% of the motifs not adequately
covered by sequence reads (see Table S2D in the supplemental
material).

The detection rate for 5=-GCWGC-3=modification in OG1RF
was compared between SMRT and bisulfite sequencing (see Table
S3 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 re-
duced sequencing coverage in bisulfite-converted read assemblies.
For positions meeting our coverage threshold, the detection rate
was 100% (see Table S3). Conversely, SMRT sequencing achieved
a coverage of 
99% for 5=-GCWGC-3=motifs in the OG1RF ge-
nome, but the detection rate for 5=-GCWGC-3=modifications was
only 5.1%. Therefore, in our studies bisulfite sequencing was su-
perior to SMRT sequencing for the detection of m5C modifica-
tions.

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
digested OG1RF WGA DNA (data not shown), while OG1RF na-
tive DNA was protected from these enzymes (Fig. 4). We interpret
this findings to mean that ApeKI and TseI are also blocked by

FIG 3 Distribution of methylation ratios for C positions in bisulfite sequenc-
ing 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 nucle-
otide positions) on a logarithmic scale.
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modification at the internal C position of the 5=-GCWGC-3=mo-
tif. Interestingly, gDNA from E. faecalis T11, a strain that encodes
a protein with 58% sequence identity to OG1RF_11622 (Fig. 2D),
was also protected from ApeKI and TseI digestion (Table 1).

To identify the MTase responsible for 5=-GCWGC-3=methyl-
ation, 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 (47). OG1RF_11621 was
deleted along with OG1RF_11622, under the assumption that
OG1RF_11621 encodes an 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. 4). E. faecalis
V583 lacks an OG1RF_11622 orthologue (Fig. 2D), and V583
gDNA is susceptible to cleavage by ApeI and TseI (Table 1). Ex-
pression of the OG1RF_11622 MTase in V583 protects V583
gDNA from digestion (Table 1). Collectively, these results dem-
onstrate 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 (62).

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 carries genes for tetracycline resistance and
possesses 59 5=-GCWGC-3= REase recognition motifs, was as-
sessed (37). 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 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 �EfaRFI mutant lacks 5=-GCWGC-3=
modification. Our expectation was that pCF10 lacking 5=-
GCWGC-3=modification would be restricted by OG1SSp, result-
ing in a lower DNA transfer efficiency from the �EfaRFI mutant to
OG1SSp. As expected, the pCF10 transfer frequency from the
�EfaRFI mutant was significantly lower than from the wild type,
OG1RF (P � 8e�7) (Fig. 5A). To assess the transfer frequency
from a complemented mutant strain, the EfaRFI R-M genes under
the control of their native promoter were incorporated into the

�EfaRFI mutant chromosome at a neutral site (the previously
described E. faecalis genomic insertion site for expression [36]).
With this strategy, antibiotic selection was not required to main-
tain the complementation construct during conjugation experi-
ments. The plasmid transfer frequency from the complemented
strain �EfaRFI::EfaRFIpro to OG1SSp was similar to that ob-
served for the wild type, OG1RF (Fig. 5A). For the reverse exper-
iment, with OG1SSp as donor and the OG1RF strains as recipi-
ents, 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. 5B).

Differential genome modification affects electrotransform-
ability of E. faecalis OG1RF. The EfaRFI R-M system in OG1RF
could affect the plasmid transformation efficiency. E. faecalis
OG1RF possesses competence genes (10), but natural transforma-
tion has not been demonstrated. We therefore tested transforma-
tion efficiency via electroporation. The plasmid pMSP3535, con-
taining 12 5=-GCWGC-3=REase recognition motifs, was modified
by M.EfaRFI when propagated in OG1RF (data not shown);
pMSP3535 was propagated in OG1RF �EfaRFI to obtain unmod-
ified plasmid. The control plasmid pLZ12, propagated in E. coli
DH5�, 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 statis-
tically significantly lower EOT than modified pMSP3535 when
electroporated into OG1RF (Fig. 5C).

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. 1). To determine
whether the two genes encode DNA MTase activities, we ex-
pressed the genes in the heterologous host E. coli BL21(DE3), us-
ing 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 277�, 86�, and 164� for the three strains, respec-
tively. Modification motifs predicted by the SMRT portal are
listed in Table 3. For E. coli BL21(DE3) carrying the pET28a plas-
mid, 5=-G-m6A-TC-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 ex-
pressing OG1RF_10790 (Table 3). Considering the mean cover-
age depth for the strain expressing OG1RF_10790 (164�), we
cannot fully exclude the presence of an m5C modification, which
requires 250� coverage depth.

To confirm that 5=-CCGG-3=methylation occurs in E. coli ex-
pressing OG1RF_11823, we used the methylation-sensitive re-
striction enzyme HpaII, which recognizes 5=-CCGG-3= but is
blocked by cytosine methylation. While gDNA extracted from an

FIG 4 OG1RF_11622 (M.EfaRFI) is responsible for 5=-GCWGC-3= methyl-
ation. gDNAs from OG1RF (lanes 1 and 2 for undigested control and digested
sample, respectively), OG1RF �EfaRFI (lanes 3 and 4), OG1RF �EfaRFI
pAT28 (lanes 5 and 6), and OG1RF �EfaRFI pM.EfaRFI (lanes 7 and 8) were
digested with ApeKI. gDNA (600 ng) was digested in a 50-�l reaction volume,
and 10-�l samples were analyzed by agarose gel electrophoresis. DNA size
standards are shown on the left. TseI digestions yielded identical results (data
not shown).
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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. S3A in the supplemental material), we
performed targeted bisulfite sequencing to determine whether
OG1RF_11823 is an m4C or an m5C MTase. The partial con-
version of cytosine to thymidine within 5=-CCGG-3= motifs
was observed, supporting the existence of m4C methylation
(see Fig. S3C). From these data, along with the SMRT sequenc-
ing data, we concluded that OG1RF_11823 modifies 5=-
CCGG-3= motifs with m4C. We have named this enzyme M.
EfaRFII (Table 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. 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 cul-
ture conditions.

DISCUSSION

Motivated by our interest in E. faecalis genome defense and hori-
zontal gene transfer, in this study we used a combination of se-
quencing-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 non-
self DNA and contributes to housekeeping functions, such as
chromosome replication, mismatch repair, and the regulation of
gene expression (63). Despite its biological relevance, methods to
assess DNA modification on a genome-wide scale have been lim-
ited, until recently. Bisulfite sequencing is commonly used for the
identification of m5C sites in eukaryotic genomes (reviewed in
reference 58). SMRT sequencing is a relatively recently developed
method of hypothesis-independent identification of genome
modification sites (55, 56). 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 (64). SMRT sequencing, on the other hand, combines de

FIG 5 Genome modification impacts plasmid transfer efficiency and electrotransformability. (A) OG1RF wild type, the �EfaRFI mutant, and the �EfaRFI::
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 �EfaRFI and n � 5 trials for �EfaRFI::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.

Genome Modification in Enterococcus faecalis OG1RF

June 2015 Volume 197 Number 11 jb.asm.org 1947Journal of Bacteriology

http://jb.asm.org


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 be-
cause only subtle changes in polymerase kinetics are generated by
m5C (53, 55). Tet1 oxidation has been utilized to convert m5C to
5-carboxylcytosine, which enhances detection of m5C sites in bac-
terial genomes (49, 52–54). This protocol amendment was not
utilized in our study.

Both SMRT and bisulfite sequencing detected modification oc-
curring at 5=-GCWGC-3=motifs in the E. faecalis OG1RF genome,
but the efficacy of the two techniques differed. While bisulfite
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 (53), here we found
secondary peaks 3 and 6 bases upstream of the modified position
in native OG1RF gDNA (see Fig. S2 in the supplemental material).
The presence of GCWGCWGC sequences (overlapping GCWGC
motifs) improved detection by SMRT sequencing (see Table S2B
in the supplemental material). Note that the default SMRT pipe-
line identified a modified G motif (Table 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 ex-
pression levels of the other two DNA MTase genes were lower
(�1% of clpX levels) (Fig. 1). It is unclear what expression level
would be sufficient to detect methylation activity. Functional link-
age between OG1RF_11622 (M.EfaRFI) and 5=-GCWGC-3=
modification of the OG1RF genome was confirmed by diges-
tion with the methylation-sensitive REases ApeKI and TseI
(Fig. 4 and Table 1).

By expressing predicted DNA MTases in E. coli BL21(DE3), we
determined that OG1RF_11823 encodes a DNA MTase that mod-
ifies 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 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). It
is possible that the depth of coverage attained by SMRT sequenc-
ing was not sufficient to detect m5C modification in the E. coli
heterologous host, although we noted that a similar level of cov-
erage detected 5=-G-m5C-WGC-3= modification in OG1RF
gDNA, albeit at a low frequency. While we confirmed overexpres-
sion of OG1RF_10790 in the E. coli host (see Fig. S1 in the supple-
mental material), it is possible that the protein is inactive in this
background because of misfolding or the absence of required co-
factors.

We found that the presence or absence of 5=-G-m5C-WGC-3=
modification in E. faecalis OG1RF significantly affected conjuga-
tive 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 conjuga-

tion efficiency by 	1 to 
4 logs, the magnitude of which can
depend on the type of R-M system involved, the number of rec-
ognition 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 (19, 65–70). During conjugation, a
single plasmid strand is typically transferred, and a complemen-
tary 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 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 bio-
chemical 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 (71–74).
Whether the pCF10 ArdA has any impact on EfaRFI, a type II
system, remains to be determined. As for whether the EfaRFI sys-
tem would influence antibiotic resistance transfer outside labora-
tory 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 mul-
tidrug-resistant strains. OG1RF also possesses a type II CRISPR-
Cas locus (10), and CRISPR-Cas and an R-M defense may act
synergistically to protect OG1RF from MGE acquisition. Further-
more, genome modification influences gene expression patterns
and mutation frequencies in bacteria (63), and this can now be
assessed for E. faecalis OG1RF.
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