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ABSTRACT The human pathogen Streptococcus pneumoniae (pneumococcus) exhibits a high degree of genomic diversity and
plasticity. Isolates with high genomic similarity are grouped into lineages that undergo homologous recombination at variable
rates. PMEN1 is a pandemic, multidrug-resistant lineage. Heterologous gene exchange between PMEN1 and non-PMEN1 iso-
lates is directional, with extensive gene transfer from PMEN1 strains and only modest transfer into PMEN1 strains. Restriction-
modification (R-M) systems can restrict horizontal gene transfer, yet most pneumococcal strains code for either the DpnI or
DpnII R-M system and neither limits homologous recombination. Our comparative genomic analysis revealed that PMEN1 iso-
lates code for DpnIII, a third R-M system syntenic to the other Dpn systems. Characterization of DpnIII demonstrated that the
endonuclease cleaves unmethylated double-stranded DNA at the tetramer sequence 5=GATC 3=, and the cognate methylase is a
C5 cytosine-specific DNA methylase. We show that DpnIII decreases the frequency of recombination under in vitro conditions,
such that the number of transformants is lower for strains transformed with unmethylated DNA than in those transformed with
cognately methylated DNA. Furthermore, we have identified two PMEN1 isolates where the DpnIII endonuclease is disrupted,
and phylogenetic work by Croucher and colleagues suggests that these strains have accumulated genomic differences at a higher
rate than other PMEN1 strains. We propose that the R-M locus is a major determinant of genetic acquisition; the resident R-M
system governs the extent of genome plasticity.

IMPORTANCE Pneumococcus is one of the most important community-acquired bacterial pathogens. Pneumococcal strains can
develop resistance to antibiotics and to serotype vaccines by acquiring genes from other strains or species. Thus, genomic plas-
ticity is associated with strain adaptability and pneumococcal success. PMEN1 is a widespread and multidrug-resistant highly
pathogenic pneumococcal lineage, which has evolved over the past century and displays a relatively stable genome. In this study,
we characterize DpnIII, a restriction-modification (R-M) system that limits recombination. DpnIII is encountered in the PMEN1
lineage, where it replaces other R-M systems that do not decrease plasticity. Our hypothesis is that this genomic region, where
different pneumococcal lineages code for variable R-M systems, plays a role in the fine-tuning of the extent of genomic plasticity.
It is possible that well-adapted lineages such as PMEN1 have a mechanism to increase genomic stability, rather than foster
genomic plasticity.
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The Gram-positive bacterium Streptococcus pneumoniae (pneu-
mococcus) is an opportunistic pathogen with high rates of

asymptomatic colonization. In pediatric day care centers, the rates
of colonization have been estimated to be over 60% (1). In some
cases, colonization can develop into diseases that range from mu-
cosal and respiratory infections, including otitis media and pneu-
monia, to severe invasive diseases such as sepsis and meningitis.
Global estimates indicate that pneumococcus is responsible for
~850,000 deaths a year of children under the age of 5 years (2). The
severity of pneumococcal disease has been exacerbated by the
global spread of multidrug-resistant lineages (3). Furthermore,
while implementation of the polyvalent pneumococcal vaccines

over the past 15 years has led to extensive reductions in deaths in
both pediatric and geriatric populations (4–6), the rates of asymp-
tomatic colonization remain almost unchanged and multiple lin-
eages resistant to the vaccine have emerged in the postvaccine era
(7, 8).

There is extensive genomic diversity among pneumococcal
strains. Approximately half of the supragenome (pangenome) is
shared by all strains (core set), and the remainder is unevenly
distributed among the various isolates (9, 10). This variability in
gene possession leads to different disease phenotypes, as well as
variability in drug and vaccine resistance (11). This high level of
diversity arises as a direct result of the multiple horizontal gene
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transfer mechanisms encoded by pneumococcus; nearly all strains
are naturally competent, allowing isolates to take up DNA from
the environment and integrate it into their genome by homolo-
gous recombination (12–16). In addition, many strains possess
conjugative transposons that enable mating to occur (17). Extra-
cellular and intracellular reservoirs of DNA are available to pneu-
mococcus. This bacterium often forms chronic biofilms where
cells are embedded in an extracellular polymeric substance rich in
DNA (18), and cells can hold internal reservoirs of single-stranded
DNA (ssDNA) corresponding to half a genome equivalent (19).
This plasticity allows for strain evolution over short time periods
and has played a key role in the acquisition of drug resistance, as
well as evasion of subtype vaccines (20–24). Population and in
vitro studies, as well as mathematical models, suggest that different
pneumococcal isolates undergo homologous recombination at
different rates (25–30).

The PMEN1 (Pneumococcal Molecular Epidemiology Net-
work clone 1) lineage was first identified in Spain in the 1980s as
the Spain23F-1 isolate and soon spread worldwide. Now it is one
of the most common pneumococcal strains in both carriage and
disease (3, 31, 32). Many PMEN1 isolates code for multiple genes
associated with drug resistance, and within the lineage, there has
been a significant level of serotype switching, which can afford
resistance to the pneumococcal vaccine (33–35). Whole-genome
comparisons of pneumococcal strains suggest that strains in the
PMEN1 lineage are frequent DNA donors (32). Wyres and col-
leagues demonstrate that two unrelated drug-resistant lineages,
PMEN3 and CGSP14, have, respectively, acquired 5.3 and 9.5% of
their genomes from the PMEN1 lineage. Furthermore, the
PMEN1 alleles for the penicillin binding proteins encoded by
pbp2x, pbp1a, and pbp2b, which provide drug resistance, are
widely distributed among non-PMEN1 lineages. In contrast,
while pneumococcal strains can acquire heterologous sequences
via homologous recombination of flanking regions, there is little
evidence of such events in PMEN1 isolates. In fact, 95% of the
coding sequences from modern PMEN1 isolates are �98% similar
to a common ancestor isolated in 1967 (23F/4), and many PMEN1
strains show little or no evidence of recombination. It is notewor-
thy that whole-genome comparisons of 240 PMEN1 strains iden-
tified hundreds of recombination events within this lineage but
very few of these correspond to heterologous regions; when pres-
ent, these represent genes under strong selective pressure (33).
Thus, together, these studies suggest that the PMEN1 lineage is an
extensive gene donor but not a major recipient of novel genes.

The clinical importance of PMEN1 led us to search for genes
enriched in this lineage relative to other pneumococcal strains.
This comparison revealed the DpnIII restriction-modification
(R-M) system, which is present in all PMEN1 strains but rare
outside this lineage. R-M systems have been discussed as factors
that may regulate bacterial speciation (36). R-M systems consist of
a restriction enzyme (RE) and a cognate methyltransferase (MT).
The RE recognizes a specific DNA sequence and cleaves at or ad-
jacent to that site, and the MT modifies DNA at the recognition
sequence and, in so doing, prevents cleavage by the RE. In Helico-
bacter pylori, an RE (active in ~19% of strains) has been shown to
restrict the uptake of unmethylated plasmids and transformation
with unmethylated chromosomal DNA. The activity of the cog-
nate MT was highly conserved, suggesting that this function may
provide increased fitness under some conditions (37). In Neisse-
ria, many R-M systems are specific to phylogenetic clades, consis-

tent with the idea that these systems restrict natural transforma-
tion (38). Yet not all R-M systems restrict gene transfer, as
evidenced by DpnI and DpnII, the two well-characterized endo-
nucleases in pneumococcus. DpnII codes for two MTs, one of
which promotes recombination by methylating foreign ssDNA
and protecting the integrated region from postreplicative diges-
tion by DpnII (39). Without the DpnA methylase, the unmethyl-
ated imported DNA could undergo recombination, but once the
cells replicated, the newly integrated unmethylated double-
stranded region would be sensitive to DpnII cleavage. The discov-
ery of DpnIII, an R-M system present in the PMEN1 lineage, com-
bined with the largely unidirectional transfer of heterologous
DNA from PMEN1 to non-PMEN1 strains led us to hypothesize
that DpnIII decreases the flow of novel gene into this lineage and,
in doing so, may be playing a role in stabilizing a well-adapted
genome content.

RESULTS
Identification of a lineage-specific R-M system by comparative
genomics. To explore the possibility that the directional transfer
of PMEN1 genes was genetically determined, we performed a
comparative genomic analysis of PMEN1 and non-PMEN1
strains to identify genes unique to the PMEN1 lineage. To this end,
we used a set of 59 curated pneumococcal whole-genome se-
quences (WGS), including four from the PMEN1 lineage (see Ta-
ble S1 in the supplemental material). The selected non-PMEN1
strains reflect a large variety of multilocus sequence types
(MLSTs) and serotypes, as well as strains isolated from different
disease states and geographic locations.

These WGS were submitted to RAST for coding sequence
(CDS) identification and annotation (40). The 125,612 CDSs were
organized into 3,571 clusters of homologous sequences. An
uncharacterized R-M system was present in the four PMEN1
isolates but no other genomes. This system is referred to as
DpnIII, as it is the third R-M system characterized in S. pneu-
moniae (original name for this species, Diplococcus pneumoniae).
This R-M system is characterized by two genes, one for an RE,
r.dpnIII {Spn23FORF18650P [referred to as SPN23F18640 in the
original SPN23F annotation (41)]}, and one for a methylase, m.d-
pnIII (M.Spn23FORF18650P) (42). The two genes are on opposite
DNA strands and flanked by genes predicted to be involved in
xanthine metabolism and galactose/lactose uptake and utilization
(Fig. 1). In non-PMEN1 strains, this region codes for either the
DpnI R-M system (genes dpnC and dpnD) or the DpnII R-M
system (endonuclease gene dpnB and two MT genes [dpnM and
dpnA]) (39, 43–45). Thus, variable pneumococcal R-M systems
are syntenic among the pneumococcal genomes.

To determine the distribution of DpnIII within additional
pneumococcal strains, we used BLAST to search for r.dpnIII and
m.dpnIII sequences in the set of S. pneumoniae sequences in the
NCBI nonredundant database. This region was identified in
known PMEN1 genomes and eight additional strains with no
available additional information. To determine whether the un-
annotated strains coding for DpnIII are related to PMEN1, we
aligned the genomes with the reference PMEN1 strain (SPN23F)
and used Mauve to count the single-nucleotide polymorphisms
(SNPs) in the aligned genomes. Seven genomes displayed �1,500
SNPs relative to the reference PMEN1 strain, consistent with the
known degree of difference among members of this lineage (Strep-
tococcus pneumoniae GA44378, NP170, GA41565, GA11663,
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GA13430, 2070005, and 357). One strain displayed �25,000 SNPs
distributed in many chromosomal regions, suggesting that it rep-
resents an instance where this R-M has been acquired by a non-
PMEN1 strain (S. pneumoniae 2070768, serotype 23F, and MLST
507). Recent work on streptococcal evolution also identified Dp-
nIII and noted its presence in the reference PMEN1 genome, one
Streptococcus pseudopneumoniae strain, one Streptococcus mitis
strain, and one Streptococcus oralis strain (46, 47). Our phyloge-
netic analysis suggests that DpnIII is relatively rare across S. mitis
strains but more common in S. pseudopneumoniae (3/3 genomes),
where it is adjacent to DpnI-encoding genes that have accumu-
lated stop codons that likely make DpnI nonfunctional. The most
closely characterized endonuclease is the plasmid-encoded
LlaKR2I RE from Lactococcus lactis (76% identity, 90% similarity
over the entire protein). R.DpnIII, LlaKR2I, Sau3AI, and the mis-
match repair protein MutH have related sequences, and the last
three cleave the tetramer GATC.

Next, we sought to determine the distribution of DpnIII within
known PMEN1 strains. We used a set of 216 PMEN1 genome
sequences published by Croucher and colleagues (33). From the in
silico search, we identified DpnIII in 176 genomes but not in 40
genomes. The R-M region in these 40 genomes was often in a
sequencing gap or a region of low coverage. Thus, these 40 ge-
nomes were analyzed by PCR with primers within the flanking
regions and the amplimer was sequenced by Sanger sequencing.
This work established that the DpnIII R-M region is present in
216/216 PMEN1 genomes (data not shown). For two strains (8140
and 8143), corresponding to Spanish isolates from 2001 (referred
to as “clade S” in reference 33), the amplimer was larger than the
remaining sequences. Sanger sequencing revealed a 1,709-kb
transposon at the 3= end of the r.dpnIII sequence (Fig. 1iv). The
same transposon is also present in another chromosomal location
in PMEN1 strains (gene SPN23F21520 in model strain SPN23F),
consistent with duplication within this genome or transfer from a
related strain.

DpnIII cleaves DNA at the sequence 5= GATC 3= on double-
stranded DNA (dsDNA). The r.dpnIII gene displays high se-
quence similarity to that for the well-characterized Sau3AI endo-
nuclease (34% identity over 86% of its length), suggesting that
DpnIII might be a Sau3AI isoschizomer. To test the site specificity
of R.DpnIII, we generated a C-terminally histidine-tagged form of
the protein expressed from the endogenous promoter (strain
SV35-RE6his) and enriched for the recombinant protein with a
nickel column. All fractions from the purification process were
individually incubated with plasmid pUC19 to identify an elution
fraction enriched in endonuclease activity (see Fig. S1 in the sup-
plemental material). The purified fraction was mixed with PCR
amplimers of pUC19 or of the spectinomycin resistance gene, and
the DNA was submitted to pyrosequencing, as well as visualized
on an agarose gel. Sequencing of pUC19 digested with the DpnIII
fraction generated 1,352 reads that mapped to regions where a
GATC site was present (out of 1,641 reads); of these, 1,026 (76%)
ended at 5= GATC 3= (see Fig. S2A in the supplemental material).
Similarly, sequencing of the spectinomycin gene amplimer di-
gested with DpnIII generated 1,403 reads that mapped to regions
where a GATC site was present (out of 1,703 reads); of these, 1,062
(76%) ended at 5= GATC 3= (see Fig. S2B). No pattern was ob-
served regarding nucleotides surrounding the various GATC
cleavage sites, and no other cleavage site was evident. Consistently,
the size of the digestion products of 2,686-bp linearized pUC19
(expected, 9 bands of �100 bp, 3 between 100 and 200 bp, as well
as 258, 341, 585, and 839 bp), and the 840-bp spectinomycin re-
sistance gene amplimer (expected, 3 bands of �100, 154, and
602 bp) correspond to the sizes predicted for enzyme cleavage of
GATC (Fig. 2A).

M.DpnIII is a C5 cytosine-specific DNA methylase that rec-
ognizes the 5= GATC 3= tetramer. Prokaryotic methylases that
generate a C5-methylcytosine (5mC) are characterized by multi-
ple conserved sequence motifs (48), and these motifs are present
in M.DpnIII. To investigate whether M.DpnIII is a 5mC-specific

FIG 1 Loci of R-M systems in S. pneumoniae. Syntenic pneumococcal R-M systems. (i) DpnI-encoding locus with endonuclease encoded by dpnC and protein
of unknown function encoded by dpnD. (ii) DpnII-encoding locus with methylases encoded by dpnM and dpnA and endonuclease encoded by dpnB. (iii)
Canonical DpnIII-encoding locus of PMEN1 strains with methylase encoded by m.dpnIII and endonuclease encoded by r.dpnIII. (iv) DpnIII-encoding locus in
PMEN1 strains 8140 and 8143 where a transposase is inserted at the 3= end of r.dpnIII. All Dpn-encoding loci are flanked by genes predicted to be involved in
lactose and galactose uptake and utilization at the 5= end and by genes predicted to be involved in xanthine metabolism at the 3= end. This illustration is based on
RAST annotation.
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DNA methylase that modifies within the sequence GATC, we
made use of a wild-type (WT) PMEN1 strain (SV35-T23), a cog-
nate R-M deletion mutant (SV35-RMKO), and a set of endonu-
cleases with well-characterized activities. The endonucleases were
selected such that their cleavage site includes the tetramer 5=GAT

C 3= and they are inhibited by either N6-methyladenine or 5mC. If
M.DpnIII is a 5mC MT, the WT strain should be protected from
cleavage by enzymes that recognize GATC and are inhibited by
5mC, but the R-M mutant should be sensitive.

DNA extracted from both the WT and RMKO strains was

FIG 2 Characterization of (R-M system) DpnIII demonstrating that R.DpnIII cleaves DNA at 5= GATC 3= and M.DpnIII methylates DNA at the cytosine. (A)
Digestion of pUC19 and spectinomycin R with a histidine-tagged DpnIII-enriched fraction and Sau3AI, showing bands consistent with digestion at GATC. (B)
Genomic DNA isolated from the WT and RMKO strains combined with endonucleases that cleave at GATC but are inhibited by methylation at different
positions (cleavage by BamHI, BglII, and Sau3AI is inhibited by methylation of the cytosine, and cleavage by BclI and MboI is inhibited by methylation of the
adenine). (C) WT and RMKO DNA mixed with Sau3AI and histidine-tagged DpnIII, where only the RMKO is susceptible to digestion. Further, WT DNA of
strain 8140 is protected by digestion with Sau3AI and DpnIII. Enz., enzyme; MM, mass markers. The values to the left of panel A are molecular masses in base
pairs.
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tested for sensitivity to the endonucleases selected. A difference in
cleavage between the WT and RMKO strains was observed for all
of the enzymes that recognize 5= GATC 3= and are inhibited by
methylation at the cytosine (enzymes and recognition sites:
Sau3AI, GATC; BglII, AGATCT; BamHI, GGATCC). In contrast,
DNAs from both the WT and RMKO strains were cleaved by
enzymes that cleave DNA at 5= GATC 3= and are inhibited by
methylation of the adenine (enzymes and recognition sites: MboI,
GATC; BclI, TGATCA) (Fig. 2B). This differential sensitivity of
the WT and RMKO strains to Sau3AI but not MboI was also
observed in a different PMEN1 isolate (strain SPN23F; data not
shown). Next, we digested the WT and RMKO genomic DNAs
with purified DpnIII. To obtain a higher concentration of the
purified protein, we expressed histidine-tagged DpnIII from a
maltose-inducible promoter on plasmid pLS1-ROM (see Fig. S3
in the supplemental material). When mixed with the RMKO
genomic DNA, recombinant DpnIII exhibited the same digestion
pattern as Sau3AI. In contrast, when it was mixed with WT
genomic DNA, no cleavage was observed (Fig. 2C). These data
demonstrate that M.DpnIII is a 5mC MT for the sequence 5= GA
TC 3= that protects DNA from its cognate endonuclease. To de-
termine whether M.DpnIII is active in the strains where a trans-
poson is inserted downstream of the endonuclease, DNA from
strain 8140 was digested with Sau3AI. This DNA is resistant to
cleavage, demonstrating that M.DpnIII is also active in this strain
(Fig. 2C).

To estimate the percentage of the GATC tetramer that is meth-
ylated in the genome during log-phase growth, we used Pacific
Biosciences single-molecule real-time (SMRT) sequencing. When
used to analyze genome sequence data, the SMRT software can
detect differences in the rate of nucleotide incorporation that re-
flect base modifications such as methylation (49). The signature
for 5mC is relatively weak and often hard to detect; thus, to en-

hance the kinetic signal, we treated the genome with the enzyme
Tet1, which converts 5mC to 5-carboxylcytosine (5-caC) (50). In
5-caC modifications, the signature consists of three peaks (posi-
tions 6 and 2 before the modified C and the C itself) (see Fig. S4Ai
in the supplemental material). The methylomes of both the native
and Tet1-treated genomic DNAs were the same, and both display
5mC on the GATC tetramer. The signatures associated with 5mC
were not present in the RMKO strain, suggesting that DpnIII is
responsible for the 5mC modification. Variations in kinetic signa-
tures that could reflect an additional modification were observed
on the GATC tetramer in the WT strain but not in the RMKO
strain (see Fig. S4Aii).

Association between R.DpnIII and genomic plasticity.
Croucher and colleagues have provided a detailed recombination
analysis of PMEN1 strains isolated after 1984 (33). They demon-
strated that strain SPN23F (also referred to as ATCC 700669),
isolated in the early 1980s during the first documented PMEN1
pandemic, resembles a recent common ancestor (33). The
maximum-likelihood phylogeny constructed from SNPs suggests
that two isolates (8140 and 8143) have accumulated mutations at
a higher rate than other PMEN1 strains. These are the same two
strains in which we identified a transposase inserted at the 3= end
of the endonuclease.

We investigated whether the presence of the R-M.DpnIII sys-
tem could decrease the rate of transformation of an erythromycin
(Ery) resistance gene (ermB) into the genomes of PMEN1 isolates.
To this end, we made use of Ery resistance differences in two
naturally occurring PMEN1 isolates that are identical at the
DpnIII locus. A WT Ery-sensitive isolate (SPN23F) was mixed
with Ery-resistant DNA isolated from either SV35-T23 (present
m.dpnIII methylated) or SV35-RMKO (absent m.dpnIII unmeth-
ylated). There were significantly fewer transformant colonies
when the donor DNA was unmethylated (Fig. 3). Relative DNA

FIG 3 DpnIII protects cells from transformation with unmethylated DNA. WT strain SPN23F was transformed with either unmethylated or methylated
PMEN1 DNA. For WT recipients, the number of transformants is lower when the donor DNA is unmethylated than when it is methylated. This was observed for
selection with both Ery and spectinomycin. For the RMKO recipient, the number of transformants was independent of the methylation state of the donor. R6
(where DpnIII is absent) and R6-dpnIII was transformed with either unmethylated DNA (from Spain 6B) or methylated DNA (from SPN23F). In R6-dpnIII, but
not R6, the number of transformants is lower when the donor DNA is unmethylated than when it is methylated. Transformations with unmethylated and
methylated DNA were performed in parallel with the same recipient cells, and the numbers of transformants were compared. Error bars represent six experiments
for the SPN23F WT recipients and three experiments for the remaining strains.
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transformation efficiencies were determined by calculating the ra-
tio of the number of colonies from transformations with unmeth-
ylated DNA to the number of colonies from transformations with
methylated DNA for the same recipient strain (the average num-
ber of colonies observed for transformations with methylated Ery-
resistant DNA into the WT strain was 86, while the average for
unmethylated DNA was 8.6).

To establish whether the difference in transformation effi-
ciency was linked to the presence of DpnIII in the recipient, we
transformed the same sets of DNA into a DpnIII deletion mutant
of the Ery-sensitive strain (Spn23F-RMKO). In this control, the
methylation state of the donor DNA was not significant, as the ratio
of the numbers of colonies was essentially 1 (Fig. 3). The ratios are
significantly different for the WT and RMKO strains (t-test
P value � 0.002). To ensure that the effect was not specific to the
Ery region, we generated a pair of strains with a spectinomycin
resistance selection cassette in the SPN23F background. In one
strain, the spectinomycin resistance cassette replaced the R-M sys-
tem (SPN23F-RMKO), such that DNA from this strain is not
methylated. In the other strain, the spectinomycin resistance cas-
sette replaced the endonuclease only (SPN23F-REKO), such that
DNA from this strain is methylated. DNA from each of these
strains was mixed with a WT PMEN1 strain (SPN23F). Once
again, the number of colonies was lower when the donor DNA was
unmethylated (Fig. 3) (12-fold; the average number of colonies
observed for transformations with methylated spectinomycin-
resistant DNA into the WT strain was 12, while the average with
unmethylated DNA was 1).

Finally, to establish whether the presence of DpnIII is suffi-
cient to account for the difference in transformation, we added
the R-M system to the highly transformable pneumococcal R6
laboratory strain, generating R6-dpnIII. Next, we transformed
both spectinomycin-sensitive strains R6 and R6-dpnIII with
DNA from spectinomycin-resistant strains that was either
methylated (SPN23F-spec) or unmethylated (Spain 6B-spec).

The number of colonies of R6-dpnIII was lower when the do-
nor DNA was unmethylated; while this difference was not ob-
served in WT R6 (Fig. 3) (2-fold; the average number of colonies
observed for transformations with methylated spectinomycin-
resistant DNA into the R6-dpnIII strain was 38,666, while the
average for unmethylated DNA was 18,666). Plasmid uptake was a

low-frequency event in both the WT and RMKO Spn23F strains,
such that the effect of DpnIII could not be assessed (data not
shown).

Finally, to determine whether strain 8140, with a transposase
inserted at the 3= end of the endonuclease, was sensitive to the state
of methylation of the donor DNA. We performed two transfor-
mations for each DNA (methylated SPN23F-REKO and unmeth-
ylated SPN23F-RMKO) on the 8140 recipient. The numbers of
colonies were similar for both methylated and unmethylated
DNAs (average ratio, 1.02). These data fit the prediction that the
endonuclease is inactivated by the transposase insertion.

DpnIII cleaves unmethylated and hemimethylated dsDNA.
The pneumococcal DNA import machinery degrades one strand
of dsDNA during import, such that only ssDNA enters the cytosol.
Imported ssDNA can undergo homologous recombination into
the chromosome in a RecA-dependent process (51). When the
imported material is unmethylated, the newly formed heterodu-
plex will be hemimethylated and the newly synthesized replication
material will be fully unmethylated until it encounters the meth-
ylase (52). To determine possible stages at which DpnIII may exert
its inhibitory effect on recombination, we tested the specificity of
recombinant R.DpnIII to ssDNA and methylated, unmethylated,
and hemimethylated dsDNA. dsDNA was generated by mixing
complementary 54-bp oligonucleotides that were unmethylated
or 5mC methylated on the sense strand or the antisense strand.
Purified DpnIII did not cleave ssDNA, efficiently cleaved unmeth-
ylated dsDNA, had no effect on fully methylated dsDNA, and
partially cleaved hemimethylated dsDNA (Fig. 4). This suggests
that DpnIII affects the frequency of recombination primarily by
acting after heteroduplex formation, probably postduplication
(Fig. 5).

Previous work demonstrated that the dpnA methylase in the
DpnII R-M systems acts on ssDNA and is upregulated during
competence (53). We investigated whether the components of the
DpnIII systems are upregulated during competence by quantita-
tive reverse transcription (qRT)-PCR of cells before and after in-
duction of competence. Competence was induced by the addition
of competence-inducing peptide CSP2, and gene expression was
measured 8 and 13 min postaddition. The genes comC, comX,
coiA, and comF are known to be upregulated in a temporal fashion
during competence and were used as controls. Unlike the expres-

FIG 4 Test of purified DpnIII for cleavage of ssDNA and dsDNA in various methylation states. (A) dsDNA was generated from methylated and/or unmethylated
oligonucleotides, DpnIII cleaved unmethylated and, with lower efficiency, hemimethylated DNA but not methylated dsDNA, (B) ssDNA was not cleaved by
DpnIII, unlike the pUC19 control. MM, mass markers. The values to the right of panel A are molecular masses in base pairs.
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sion of the controls, that of the r.dpnIII and m.dpnIII genes was
not upregulated, consistent with a role for these genes after DNA
uptake (see Fig. S5 in the supplemental material).

DISCUSSION

Following induction of competence in the pneumococcus, foreign
dsDNA enters the cell via a type IV pilus and is processed by the
EndA endonuclease into ssDNA (45, 54). Once in the cell, the
ssDNA is protected by SsbB (ssDNA binding protein) until RecA-
mediated homologous recombination occurs (19). If the im-
ported DNA is unmethylated, after strand displacement, it will
form hemimethylated regions in areas of homology with the host
DNA and will remain as unmethylated ssDNA in the nonhomol-
ogous regions (39). As illustrated in Fig. 5, replication is semicon-
servative, such that the strand where the imported DNA has been
incorporated will serve as a template in a new cell. In this cell and
before methylation by host enzymes, the region of the foreign
DNA will first form unmethylated dsDNA that is highly suscepti-
ble to cleavage by an endonuclease such as DpnIII. In this manner,
DpnIII limits the incorporation of unmethylated sequences into
the genome. There is evidence of DpnIII-mediated effects in
the PMEN1 population, given that the two PMEN1 strains
where we observed a transposase inserted at the C-terminal tail
of the DpnIII endonuclease are the same ones where Croucher
and colleagues have observed increased accumulation of
genomic changes (33).

Our in vitro experiments in PMEN1 show that the rate of trans-
formation of unmethylated DNA is decreased ~90% in the pres-
ence of DpnIII. When DpnIII was expressed in the standard lab
strain R6, the difference in transformation dropped to only 50%.
Compared to clinical strains, the lab strain R6 has a much higher
rate of transformability (often 100 to 1,000 times higher). The
reason(s) for this disparity could reflect differences in multiple
steps from DNA uptake to growth and survival of strains coding
for recombinant DNA. The difference in the extent of restriction
likely reflects a combination of the many factors that differ in the
recombination steps between these two strains. Alternatively,
there may be additional components in PMEN1 that are required
for the 90% drop in transformability.

In contrast to DpnIII, the other well-characterized pneumo-
coccal endonucleases do not limit recombination (39). For DpnI,
this is because it is an unusual system in that it does not encode an
MT and targets only methylated dsDNA. Given that homologous
recombination is initiated with ssDNA, a fully methylated se-
quence sensitive to DpnI will not form on the chromosome and
DpnI has no effect on homologous recombination (39). For
DpnII, this is because this system codes for the dpnA methylase
that targets ssDNA. DpnA methylates imported ssDNA and, in
doing so, avoids the formation and cleavage of unmethylated ds-
DNA after replication (39). These enzymes provide protection
against methylated and unmethylated phage invasions, respec-
tively (52).

FIG 5 Influence of DpnIII on transformation. The images shown are based on illustrations by C. Johnston and colleagues to allow continuity in the
interpretation of the effect of R-M systems on transformation efficiency (39). (A) DpnIII has no effect on the rate of transformation of methylated DNA.
Methylated (blue circle) single-stranded transforming DNA (red line) enters the cell and pairs with methylated host DNA (black line with blue circles).
Neosynthesized DNA (light blue line) that is still unmethylated (red circles) is generated during replication, producing hemimethylated dsDNA that is not highly
sensitive to R.DpnIII (black cross), allowing DNA to replicate and transformants to survive. (B) DpnIII decreases rates of transformation of unmethylated DNA.
Unmethylated (red circle) single-stranded transforming DNA (red line) enters the cell and pairs with methylated host DNA (black line with blue circles).
Neosynthesized DNA (light blue line) is generated during replication, producing unmethylated dsDNA that is sensitive to R.DpnIII (black arrow pointing to red
bracket) such that dsDNA is cleaved (red brackets) and transformants do not survive. Blue circles, DNA methylated at GATC with 5mC; red circles, unmethylated
DNA; red line, transforming ssDNA; black line, host chromosome; light blue line, complementary neosynthesized DNA; red brackets, cleavage of dsDNA by
R.DpnIII.
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The majority of the pneumococcal genome sequencing proj-
ects have not identified plasmids, a fact that is consistent with
plasmids being relatively rare in this species. The DpnI/II systems
have been shown to limit phage attack but only mildly restrict
plasmid entry (55). In contrast, SsbB has been implicated in the
limitation of plasmid uptake (15). In our experiments, plasmid
uptake was rare in both the WT and R-M deletion mutant strains
and more efficient in another non-PMEN1 strain, Sp23BS72. It is
likely that pneumococci display multiple mechanisms of plasmid
control and that these are in play in PMEN1 strains.

The presence of different R-M systems and/or mobile elements
at the same chromosomal location is consistent with a history of
gene exchange and deletion. The DpnI, DpnII, and DpnIII sys-
tems are syntenic in pneumococci. Furthermore, these R-M sys-
tems are present at the same locus in related streptococcal species
such as S. pseudopneumoniae and S. mitis (47). In multiple pneu-
mococcal strains, including 8140 and 8143 described in this work,
the R-M locus is disrupted by mobile elements (47). Mobile ele-
ments may entirely or partially replace genes in this locus. There
may be evolutionary advantages to maintaining a functional
methylase while inactivating the endonuclease. In the case of
PMEN1 strains, inactivation of r.dpnIII would permit gene import
and still allow genes from this strain to be taken up without re-
striction by PMEN1 strains with an active system. Inactivation of
the methylase alone would lead to cell death. In addition to a role
in plasticity, DpnII and DpnIII could also have a role in the regu-
lation of pneumococcal gene expression. Recombination between
the S subunit of the pneumococcal type I SpnD39III R-M system
leads to variations in target specificities influencing both gene ex-
pression and virulence (56).

The DpnI, DpnII, and DpnIII endonucleases all target the te-
tramer GATC, yet they vary in specificity. DpnI targets regions
methylated on the adenine, DpnII targets regions unmethylated
on the adenine, and DpnIII targets regions unmethylated on the
cytosine. In some S. mitis strains, yet another endonuclease (dis-
tinct from DpnI, DpnII, and DpnIII) is present at this locus with
sequence similarity to the Methanocaldococcus jannaschii MjaIII
enzyme that also cleaves at GATC. It seems likely that these strep-
tococcal R-M systems affect the frequency of this tetramer in the
pneumococcal genomes.

Pneumococci have evolved multiple mechanisms to increase
genomic plasticity; thus, it seems counterintuitive that one of the
most widespread lineages would have acquired a mechanism to
limit transformation. The PMEN2 lineage also displays decreased
plasticity because of inactivation of the competence system. How-
ever, unlike PMEN1, this lineage is no longer prevalent (26). This
demonstrates a precedent for mutational events modulating plas-
ticity but not necessarily an evolutionary advantage. Other lin-
eages, such as highly stable serotype 3 clonal complex 180, may
also have additional mechanisms decreasing genomic plasticity.

The adaptive forces and associated costs and benefits of
genomic plasticity are complex, involving intra- and interspecies
competition and cooperation, as well as interactions with the host.
It is possible that there exist circumstances where there may be
advantages to decreased import of novel sequences, while the
competence-induced transcriptional changes remain functional
as a stress response. PMEN1 is a well-adapted genome, with drug
resistance, in some cases vaccine resistance, and very high rates of
carriage in the human population. Our findings indicate that the

PMEN1 R-M system contributes to its distinctive genome stability
relative to strains outside this lineage.

MATERIALS AND METHODS
R-M nomenclature. The newly characterized type II R-M system was
named DpnIII. This follows the standard R-M system nomenclature de-
scribed by Roberts and colleagues (57). There are two previously charac-
terized S. pneumoniae REs, DpnI and DpnII. Dpn refers to the pre-1974
name Diplococcus pneumoniae.

Bacterial strains. Two WT PMEN1 strains were used for experimental
work, Ery-sensitive SPN23F (FM211187) and Ery-resistant SV35-T23
(ADNN); both of these strains have been previously sequenced (15, 41).
SV35-T23 is resistant to Ery because of the insertion of a mobile element
containing ermB (58). Strain SPN23F (also referred to as ATCC 700669)
was obtained from Timothy Mitchell. It was isolated from the nasophar-
ynx of a patient in 1984 in Spain and is a representative of the original
penicillin-resistant clone linked to the Spanish PMEN1 epidemic of the
1980s. Strain SV35-T23 was recovered from the nasopharynx of a patient
attending the AIDS clinic of St. Vincent’s Medical Center in Richmond,
NY, in 1996 (59). Both isolates code for identical DpnIII regions. In ad-
dition, we also used laboratory strain R6 (GenBank accession no.
AE007317) and clinical isolate Spain6B (GenBank accession no.
AUYK00000000).

Construction of deletion mutants. Deletion mutant strains were cre-
ated by site-directed homologous recombination to replace a desired re-
gion with an antibiotic resistance cassette, as described previously (58,
60). The R-M system was deleted from strains SV35-T23 and SPN23F,
creating strains SV35-RMKO and SPN23F-RMKO, respectively. To engi-
neer these mutants, PCR was used to amplify approximately 2,000 bp
upstream and downstream of the R-M system, creating the flanking re-
gions. These flanking regions and a spectinomycin resistance cassette
(amplified from pR412) were digested with the respective REs and ligated
together, and the ligated product was amplified by PCR. This PCR prod-
uct was transformed into S. pneumoniae strain spn23f or SV35-T23, and
the clones were selected on Columbia agar plates containing spectinomy-
cin (100 �g/ml) and confirmed by PCR. The same approach was used to
create an SPN23F RE deletion mutant (SPN23F-REKO), but in this case,
the flanking regions were selected to delete the endonuclease but not affect
the methylase. All of the constructs and primers used are listed in Ta-
bles S2 and S3 in the supplemental material, respectively.

Construction of R6 containing dpnIII. The dpnIII R-M system was
incorporated into the genome of strain R6 within the bgaA gene (61). This
was accomplished by PCR amplifying the regions upstream and down-
stream of bgaA of strain SV35-T23, a kanamycin resistance cassette from
the Janus cassette (62), and the dpnIII R-M system from strain SV35-T23.
These primers were designed with NEBuilder software from New England
Biolabs to work with their NEBuilder HiFi DNA assembly cloning mix-
ture, which can assemble the four DNA pieces into a single piece in vitro by
virtue of flanking homologous regions. This assembled DNA was trans-
formed into R6 with CSP1 (sequence, EMRLSKFFRDFILQRKK; from
GenScript) at 0.125 �g/ml, and transformants were selected with kana-
mycin at 100 �g/ml. Clones were confirmed by PCR.

Construction of strains encoding a His-tagged endonuclease. The
strains used in this study are listed in Table S2 in the supplemental mate-
rial. Strain SV35-RE6H codes for a tagged endonuclease within the chro-
mosome at the endogenous locus. This strain was made by PCR amplify-
ing the RE-encoding gene and adding nucleotides that code for six
consecutive histidine residues before the stop codon to the reverse primer
(see Table S3 in the supplemental material). A spectinomycin resistance
cassette was incorporated after the RE-encoding gene for selection. Trans-
formation and selection of the PCR fragment were done as previously
described (58).

Strain SPN23FpRE6His codes for a tagged endonuclease that is ex-
pressed from an inducible promoter on plasmid pLS1-ROM (donated by
Gloria de Solar [63]). The plasmid was amplified into a linear fragment by
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PCR. The RE was amplified by PCR from strain SPN23F such that six
histidines were incorporated into the reverse primer. The PCR products
were digested with their respective REs and ligated together. This ligation
was then transformed into SPN23F-REKO with CSP2 (sequence, EMRIS-
RIILDFLFLRKK; purchased from GenScript) at 0.125 �g/ml and selected
on Columbia agar plates containing Ery (1 �g/ml).

Transformation experiments. Ery-sensitive strains SPN23F and
SPN23F-RMKO were transformed with DNA isolated from Ery-resistant
strain SV35-T23 or SV35-RMKO. Five micrograms of DNA was used in
each transformation with CSP2 at 0.125 �g/ml, and transformants were
incubated for 4 h before being plated on Columbia agar plus Ery (1 �g/
ml). For each experiment, transformations were performed in triplicate
with plating in duplicate (n � 6 evaluations). In a second set of experi-
ments, spectinomycin-sensitive strain SPN23F was transformed with
DNA from spectinomycin-resistant strain SPN23F-REKO or SPN23F-
RMKO as described above, but selection was done on Columbia agar
plates with spectinomycin (100 �g/ml).

Spectinomycin-sensitive strains R6 and R6-dpnIII were transformed
with DNA isolated from spectinomycin-resistant strains SPN23F-spec
and Spain6B-spec with CSP1 at 0.125 �g/ml. Two micrograms of DNA
was used in each transformation, and the transformants were incubated
for 2 h before being plated on Columbia agar plus spectinomycin (100 �g/
ml). For each experiment, transformations were performed in triplicate
with plating in duplicate.

Protein expression and purification. Protein was purified from
SPN23F-pRE6His as follows. A 20-ml culture of SPN23F-pRE6His was
grown in AGCH medium (64) supplemented with 0.3% sucrose and Ery
at 1 �g/ml to an optical density at 600 nm (OD600) of 0.25. To induce the
promoter, 5 ml of this culture was added to 475 ml of AGCH medium
supplemented with 0.3% maltose and Ery at 1 �g/ml and grown to an
OD600 of 0.25 (65). Cells were concentrated in native binding buffer (In-
vitrogen), lysed with lysozyme at 1 mg/ml for 30 min, and sonicated on ice
for 10 s, six times (with 10-s intervals between sonications). The lysate was
bound to and eluted from an Invitrogen ProBond nickel column in ac-
cordance with the manufacturer’s instructions. Protein fractions were
stored in 50% glycerol at �20°C, and protein content was visualized by
SDS-PAGE and colloidal Coomassie staining.

Methylation determination by restriction digestion. The DNA
methylation status of SV35-T23 and SV35-RMKO was determined by
digesting 800 ng of genomic DNA with BamHI, BclI, BglII, MboI, or
Sau3AI from New England Biolabs for 2 h according to the manufactur-
er’s instructions, and digested DNAs were visualized on a 1% agarose gel.

RE activity. To establish the digestion site, purified protein from
SV35-RE6His was mixed with 500 ng of pUC19 PCR product (2,686 bp)
or 500 ng of spectinomycin PCR products amplified from pR412. Diges-
tion was performed in NEB buffer 1 for 4 h at 37°C and visualized by gel
electrophoresis or subjected to genome sequencing (described below).
The ability of the endonuclease to digest dsDNA, ssDNA, and hemim-
ethylated dsDNA was investigated by using oligonucleotides. For single-
strand cutting, 100-bp oligonucleotides were combined with 5 �l of a
purified protein fraction (total concentration, 0.06 mg/ml; purified from
SPN23F-pRE6His lysate) in NEB buffer 1 for 4 h at 37°C. For double-
strand cutting, 54-bp oligonucleotides were annealed together. Hemim-
ethylated DNA was generated by combining complementary 54-bp oligo-
nucleotides that either have or do not have 5-methylcytosine at a central
GATC site. Methylated dsDNA was generated by combining methylated
forms of the oligonucleotides, and unmethylated dsDNA was generated
by combining the unmethylated oligonucleotides. Oligonucleotides were
annealed together in a thermocycler by heating to 90°C and cooling to
25°C at 0.1°C/s. DNA was digested with 2 �l of protein (at 60 �g/ml) for
2 h under the conditions described above. All digests were visualized by gel
electrophoresis.

Quantitation of RNA levels pre- and postinduction of competence.
Cultures of SV35-T23 were grown in Columbia broth to an OD600 of 0.05.
Cultures were induced with CSP2 at a concentration of 0.125 �g/ml.

Samples (5 ml) were removed and placed into RNAprotect at three time
points, pre-CSP, 8 min post-CSP, and 13 min post-CSP. RNA was ex-
tracted from samples with Qiagen RNeasy, and cDNA was synthesized
with the Roche Transcriptor first-strand cDNA synthesis kit. Quantitative
PCR was done with the Roche SYBR green I kit on the Roche LightCycler
480 platform. The data were analyzed with linregPCR, which uses arbi-
trary fluorescence units to represent the amount of RNA in each sample
(65, 66). Data were normalized to the expression level of the 16S rRNA
gene and represented as the average expression of test genes in replicates,
where the error bars indicate the standard deviation of the expression
values within replicates (n � 3).

DNA sequencing and analysis of RE digests. The digested spectino-
mycin resistance cassette and linearized pUC19 amplicon were sequenced
by preparing 454 barcoded rapid libraries and following the FLX titanium
workflow. The processed reads were aligned with the reference, curated
with Sequencher (67), and organized into one image with PowerPoint.
The percentage of reads cut at GATC was calculated by comparing the
reads to their respective references with BLASTN (68)

Pacific Biosciences SMRT sequencing. Ten micrograms of genomic
DNA was extracted from strains SPN23F and SPN23F-RMKO. Briefly, the
DNA was cut into 1.5- and 6.0-kb fragments, end repaired, purified with
AMPure PB beads, and ligated to SMRTbell hairpin adapters. DNA frag-
ments without adapters were hydrolyzed with two exonucleases. The
SMRTbell libraries were further purified with two consecutive AMPure
bead purifications and quantified with a NanoDrop spectrophotometer
and an Agilent 2100 Bioanalyzer with the Agilent DNA 7500 kit (product
no. 5067-1506). Next, primer and polymerase binding steps were per-
formed in accordance with the manufacturer’s protocol. Finally,
polymerase-bound libraries were loaded onto a PacBio RS and sequenced
with four SMRT Cells.

For the analysis with 5mC converted to 5-caC, fragmented DNA was
treated with the 5mC Tet1 Oxidation kit (WiseGene) before generation of
the SMRTbell library.

Gene annotation and clustering. Genomes were submitted to RAST
for CDS prediction and annotation (40). The CDSs were organized into
gene clusters as previously described (69). Briefly, similar genes were iden-
tified by tfasty36 (FASTA v.3.6 package) for six-frame translation homol-
ogy searches of all predicted proteins against all possible translations (70).
The output was parsed such that genes with at least 70% identity over 70%
of their length were grouped into gene clusters

In silico search of PMEN1 strains. Genomes were assembled with an
in-house assembly pipeline and Spades, respectively. The in-house
pipeline consists of four main steps, (i) initial assembling with Velvet
v1.0.12 (71) and VelvetOptimiser with subsequent removal of contigs
of �300 bp, (ii) running 16 iterations to scaffold contigs with SSPACE
v2.0 (72), (iii) filling of gaps within the scaffolds with GapFiller v1.11
(73), and (iv) mapping of reads against scaffolds with smalt v0.7.5
(http://www.sanger.ac.uk/resources/software/smalt/). As the sequencing
coverage was generally low and nonuniform in the DpnIII region, Spades
v2.4.0 (74) was used as a second assembly approach by using the “careful”
and “rectangles” options. The presence of DpnIII in the assembled PMEN1
genomes was determined by utilizing an in silico PCR approach with forward
and reverse primers (RESeq_F and RESeq_R) to detect the whole region, as
well as screen for r.dpnIII and m.dpnIII. Manual inspection was carried out by
aligning and ordering scaffolds against Spn23F with MUMmer v3.23 (75) and
Abacas v1.3.2 (http://abacas.sourceforge.net/) and visualization in ACT
v11.0.0 (76).

PCR and Sanger sequencing. PCR of 58 PMEN1 strains (see Table S4
in the supplemental material) was done with forward and reverse primers
(RESeq_F and RESeq_R) located 100 to 200 bp outside the restriction
endonuclease, producing a 1,750-bp amplicon on the reference genome.
PCR was performed with NEB Q5 High-Fidelity polymerase. Products
were visualized on a 1% Tris-acetate-EDTA agarose gel and purified with
the Affymetrix ExoSAP-IT enzyme mixture for Sanger sequencing by Ge-
newiz on the ABI 3730xl sequencer. To ensure complete coverage of the
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amplimer, sequencing was performed with multiple primers (RESeq_F,
RESeq_R, RESeq_WalkR, 8140_Walk2F, and 8140_Walk3R) (see Ta-
ble S3).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.00173-15/-/DCSupplemental.

Figure S1, TIF file, 0.6 MB.
Figure S2, TIF file, 0.7 MB.
Figure S3, TIF file, 0.9 MB.
Figure S4, TIF file, 0.8 MB.
Figure S5, TIF file, 0.2 MB.
Table S1, PDF file, 0.1 MB.
Table S2, PDF file, 0.03 MB.
Table S3, PDF file, 0.04 MB.
Table S4, PDF file, 0.04 MB.
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