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DNA modifications, such as methylation guide numerous
critical biological processes, yet epigenetic information has not
routinely been collected as part of DNA sequence analyses.
Recently, the development of single molecule real time (SMRT)
DNA sequencing has enabled detection of modified
nucleotides (e.g. 6mA, 4mC, 5mC) in parallel with acquisition of
primary sequence data, based on analysis of the kinetics of
DNA synthesis reactions. In bacteria, genome-wide mapping of
methylated and unmethylated loci is now feasible. This
technological advance sets the stage for comprehensive,
mechanistic assessment of the effects of bacterial DNA
methyltransferases (MTases) — which are ubiquitous,
extremely diverse, and largely uncharacterized — on gene
expression, chromosome structure, chromosome replication,
and other fundamental biological processes. SMRT
sequencing also enables detection of damaged DNA and has
the potential to uncover novel DNA modifications.

Address

Division of Infectious Diseases, Brigham and Women’s Hospital and
Department of Microbiology and Immunobiology, Harvard Medical
School and HHMI, 181 Longwood Avenue, Boston, MA 02115, United
States

Corresponding author: Waldor, Matthew K
(mwaldor@rics.bwh.harvard.edu)

Current Opinion in Microbiology 2013, 16:192-198

This review comes from a themed issue on Cell regulation
Edited by Bonnie Bassler and Jorg Vogel

For a complete overview see the Issue and the Editorial
Available online 19th February 2013

1369-5274/$ — see front matter, © 2013 Elsevier Ltd. All rights
reserved.

http://dx.doi.org/10.1016/j.mib.2013.01.011

Introduction

The genetic blueprints for all organisms are contained in
their genomes. The order of the four primary nucleo-
tides — A, T, G, and C — specifies the sequences of the
RNAs and proteins that mediate cellular functions.
Additional ‘epigenetic’ information is conveyed through
chemical modification of the four bases, which has been
observed in all kingdoms of life and has profound bio-
logical consequences. For example, cytosine methylation
is essential for growth and development in higher eukar-
yotes, largely through its effect on regulation of gene
expression; aberrant cytosine methylation has been impli-
cated in a variety of human diseases, including cancer and

neuropsychiatric disorders [1]. Derivatives of methylated
cytosine, including hydroxymethylcytosine and the
recently discovered formylcytosine and 5-carboxyl cyto-
sine [2,3], may likewise regulate gene expression,
although potentially by a different mechanism(s) [4].
The importance of DNA methylation is also well-estab-
lished in several model proteobacteria, including Escher-
ichia coli and Caulobacter crescentus, in which methylation
of adenine residues (by Dam and CcrM, respectively) is
pivotal in the control of chromosome replication, DNA
repair, and gene expression (reviewed in [5,6]). However,
the enzymes that mediate DNA methylation in prokar-
yotes are far more diverse than in eukaryotes [7], and the
nature, extent and consequences of DNA modification
have not been extensively investigated for most of the
bacterial kingdom.

The advent of new sequencing platforms in the last
decade has allowed the pace of whole genome sequencing
to increase exponentially. Meanwhile, large scale analyses
of DNA modification have lagged far behind, resulting in
a widening gap between the extents of genomic and
epigenomic knowledge. The absence of high throughput
methods to detect DNA modifications with strand-speci-
ficity and nucleotide level resolution on a genome-wide
scale has markedly hindered our capacity to comprehen-
sively analyze the biologic significance of such modifi-
cation. However, the recent development of single
molecule real time (SMR'T) DNA sequencing enables
simultaneous claboration of both genomic and epige-
nomic information from native bacterial DNA [8°%,9°°].
Thus, we are now poised to begin an exciting era of
characterizing the roles of DNA modifications throughout
the bacterial kingdom. Currently, the capacity of SMR'T'
sequencing is not sufficient for genome-wide analysis in
higher eukaryotes, but such analyses are a downstream
goal. Before describing SMR'T and the possibilities this
technology offers, we will briefly review the types and
known consequences of DNA modifications found in
bacteria.

DNA modification in the bacterial kingdom

The most widespread DNA modification identified in
prokaryotes to date is DNA methylation. Methylation is
catalyzed by three families of DNA methyltransferases
(MTases), which covalently attach methyl groups to
either adenine or cytosine residues, usually in a
sequence-specific manner. Two classes of enzymes act
upon exocyclic amino groups; they yield methyladenine
(6mA) and 4 methylcytosine (4mC) (Figure 1) [10], which
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Chemical structures of common modified bases generated by DNA
methyltransferases.

are either absent or extremely rare in mammalian DNA
[11]. In addition, bacteria encode a class of M Tases that
are homologous to eukaryotic MTases and catalyze the
formation of 5 methylcytosine (5SmC) (Figure 1) [12].
There is extensive variability among bacterial species
in their number of MTases and the sequence motifs that
arc modified, even among closely related organisms and
enzymes. Nonetheless, genomic analyses suggest that
some form of DNA methylation is present in nearly all
bacteria, as putative DNA MTases were found in at least
94% of 3300+ sequenced bacterial genomes (http://tools.-
neb.com/~vincze/genomes/). However, the precise
sequence targets and biological roles of the vast majority
of these MTases remain virtually unknown. The bio-
logical roles of other forms of bacterial DNA modification,
such as phosphorothioation, have also not been well
characterized [13,14].

Genomic analyses have revealed that many bacterial
DNA MTases are encoded in the vicinity of restriction
endonucleases (REs), suggesting that they are com-
ponents of restriction—modification (RM) systems. Such
pairs of MTases and REs recognize the same target
sequences; methylation typically protects the target site
from digestion by the RE. RM systems are generally
believed to aid in protecting cells from invading foreign
DNA (e.g. phage, conjugative elements, exogenous
plasmids, etc.), which is likely to lack protective meth-
ylation and hence is subject to RE cleavage [15]. How-
ever, recent work has found that RM systems may also
play important roles in regulating expression of native
DNA sequences: in several species, phase variation of
RM-associated MTases seems to modulate gene
expression, although the precise mechanisms under-
lying this effect have not been described [16,17]. It
has been postulated that such phase variation enables a
single strain to adopt multiple distinct phenotypes,
which may be beneficial in adapting to diverse environ-
mental niches. Variable expression of RM genes may
also allow modulation of bacterial receptiveness to
genetic exchange [18].

Regulatory roles have also been described for so-called
‘orphan’ MTases, which occur in the genome without an
associated RE. Comprehensive genomic methylation by
orphan MTases is not necessary, since the presence of
unmethylated sites is not necessarily deleterious. The
archetypal orphan MTase, Dam, which is a 6mA MTase
found in a variety of enteric bacteria, has been shown to
regulate initiation of chromosome replication, DNA
repair, and gene expression, and to modulate the viru-
lence of several pathogens (reviewed in [5,19]). Most
Dam-dependent regulation results from the effects of
DNA methylation status upon binding of proteins to their
target sites. In similar fashion, CcrM, another 6mA orphan
MTase, is essential for the replication and viability of C.
crescentus, where it controls both the timing of the cell
cycle and cellular differentiation [20,21]. However, even
for these standout examples, comprehensive, genome-
wide analyses of methylation and its consequences have
not been performed, while the biological significance of
the vast majority of orphan MTases, including most
cukaryote-like 5SmC MTases, remains entirely unex-
plored. Thus, the study of both orphan and RM-associ-
ated MTases is an open frontier for characterizing how
these enzymes can coordinate basic bacterial processes.

Methods for detection of modified bases

To date, detection of modified bases has not routinely
been a component of sequence analyses, and it has posed
significant technical challenges, particularly in the detec-
tion of 6mA, which appears to be the most common
modification within bacterial genomes. DNA amplifica-
tion removes epigenctic marks; therefore, detection of
modified nucleotides can only be performed using native
DNA as template. Furthermore, while it is possible to
detect some modified bases with Sanger DNA sequen-
cing [22], the technique has not been widely adopted for
this purpose. ‘Next generation’ high throughput DNA
sequencing technologies that require amplification of
DNA template during the sequencing process (such as
offered by the Illumina HiSeq machine) cannot be used
for direct detection of modified bases in native DNA;
however, treatment of DNA samples with bisulfite, which
converts unmodified cytosines to uracil, does enable
discrimination between modified and unmodified cyto-
sines using various sequencing platforms. Still, sample
preparation for bisulfite sequencing is cumbersome, and
this technique has not allowed discrimination between
SmC and S5hmC [23], although methods have recently
been developed to circumvent the latter issue [24,25].
Affinity purification techniques, coupled with microarrays
or with DNA sequencing, have proven useful for detec-
tion of modified bases, but these modification-specific
protocols do not allow open-ended assessment of base
modifications or precise mapping of their positions and
may require extensive iz vitro modification of genomic
DNA [26]. Finally, modified nucleotides can also be
detected by nonsequencing based approaches such as
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chromatographic techniques and mass spectrometry, but
these methods do not routinely yield genome-wide infor-
mation with nucleotide level resolution [23].

Detection of modified bases with SMRT DNA
sequencing

SMRT sequencing, as the acronym suggests, involves
single molecule biochemistry where the synthesis of
DNA is monitored in real time. In SMRT sequencing,
zero-mode waveguides (nanostructures which enable indi-
vidual molecules to be isolated for optical analysis) are used
to isolate single molecules of a phi29-derived DNA poly-
merase bound to a single, circular molecule of template
DNA [27,28], and synthesis of DNA from these templates
is performed using nucleotides with a distinct fluorophore
linked to each of the four bases. Nucleotide incorporation,
which yields a fluorescent ‘pulse’, is monitored for thou-
sands of these reactions in parallel in order to generate the
primary sequence data. In addition, the width and time
between pulses (pulse width (PW) and interpulse duration
(IPD), respectively), yield information regarding the
kinetics of DNA synthesis (Figure 2). The high coverage
thatisreadily obtained in SMRT sequencing, as well as the
circular templates from which both strands of the primary
sequence can be read, facilitate robust statistical analyses
of the sequence and associated kinetic data.

Flusberg er a/. used synthetic DNA templates to demon-
strate that there are characteristic variations (aka ‘kinetic
signatures’ or KV) in the IPD and PW associated with
distinct modifications of deoxyribonucletides [29°°]. That
is, as the DNA polymerase encounters a modified base in
the template DNA (e.g. 6mA, 5SmC, 5ShmC, and 4mC),
synthesis slows down in a manner that is primarily deter-
mined by the identity of the modified base, although the
local sequence context also has an effect [29°°,30°°]. In
particular, 6mA and 4mC are associated with reliable,
robust kinetic signatures; the effect of 5mC on synthesis
kinetics is less marked, probably because the methyl
group in 5mC is not directly involved in base pairing
[30°°]. Damaged bases, including 8-oxoguanine, O6-
methylguanine, 5-hydroxymethyluracil and thymine
dimers, have also been shown to give rise to distinct
kinetic signatures during SMRT sequencing of synthetic
templates [31]. Typically, the effects of modification on
synthesis kinetics have been quantified by comparing the
average IPDs for native (modified) and amplified (unmo-
dified) templates at each site, and identifying sites where
the ratio of the IPDs from the two samples differs from
the baseline (Figure 2). As an alternative to the IPD ratio,
the distributions of IPDs at each site can be statistically
analyzed in native and amplified samples [9°°]. Variance
in polymerase kinetics is usually most pronounced
directly opposite the modified base in the template
strand, but it can occur throughout the entire ~11 base
region contacted by the polymerase [23], possibly due to
long-range distortion of the DNA structure by the

presence of a modified base [32]. Recently, Schadt
et al. developed a sophisticated statistical framework
for analyses of kinetic variation (KV) in SMRT sequence
data that allows for incorporation of kinetic data from
neighboring sites as well as the primary site of interest, in
order to more confidently detect modified loci [33]. This
strategy may facilitate comprehensive detection of more
subtle KVs such as those induced by 5SmC; however, the
model is yet to be applied to genome-wide datasets.

Recent applications of SMRT-based detection
of methylation in bacteria

SMRT-based sequencing has already proven highly use-
ful for the rapid and simple determination of the speci-
ficity of previously uncharacterized MTases. Clark e7 a/.
introduced plasmids enabling expression of 16 distinct
MTases of both known and unknown specificities into a
strain of K. co/i that was engineered to lack any MTases
[30°°]. Subsequently, the plasmids were sequenced, and
the kinetics of DNA synthesis using modified versus
unmodified plasmid templates were compared. From
these analyses, Clark ¢z @/. could identify the nucleotide
targets and sequence specificitics of MTases that gen-
erate either 6mA or 4mC, even for M T'ases that are part of
Type III RM systems, which have been hard to study
with other methods. MTases that create SmC yielded
more subtle kinetic signatures, though in most cases it
was possible to distinguish modified from unmodified
cytosines. Interestingly, ‘off-target’ signals were observed
for a few of the MTases tested, raising the possibility that
MTase fidelity may not be as strict as that of restriction
enzymes; however, subsequent studies ([8°,9°°]; dis-
cussed below) suggest that at least some of the off-target
sites detected using this plasmid-based system may have
resulted from overexpression of the M Tases.

T'wo recent studies convincingly demonstrate the poten-
tial of SMRT sequencing to comprehensively catalog
genome-wide DNA methylation in bacteria [8°%,9°°].
The study by Murray ez a/. [8°] evaluated the extent of
6mA and 4mC methylation in the genomes of six differ-
ent bacteria, each of which was predicted to encode only a
few MTases. Fang ez al. [9°°] evaluated 6mA methylation
in a Shiga toxin-producing E. co/i O104:H4 strain isolated
during the 2011 HUS outbreak in Germany [34], a strain
that was predicted to encode 10 MTases that generate
6mA. Both studies used informatics to deduce motifs that
were highly enriched for KV; individual motifs were then
shown to be modified by specific MTases using the
plasmid-based system mentioned above. New MTase
specificities were also discovered, including an enzyme
that modifies bases on only one strand of DNA [9°°],
whose biological significance warrants further investi-
gation. In addition, genes encoding new promiscuous
(lacking sequence specificity) MTases were identified
in both studies; these genes, like the recently described
hinl523, nmal821, and hia5 [35], which encode unrelated
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Figure 2
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Pipeline for SMRT-based analyses of DNA methylation and MTases. (a) For genome-wide analyses, native, methylated (star) genomic and whole
genome amplified (unmodified) DNA are used as templates for SMRT sequencing. To analyze the target specificities of individual MTases, amplified
and native plasmid DNA from a strain expressing a single MTase can be sequenced. (b) At a methylated residue, the DNA polymerase (DNAP) pauses
before inserting a fluorescently labeled dNTP into the newly synthesized DNA. (c) The delay in dNTP incorporation opposite a modified base is seen on
a chromatogram as an extended interpulse duration (IPD). (d) Calculation of the IPD ratio for native and unmodified DNA at each position reveals
kinetic variation (KV) that exceeds baseline levels at the site of modification. Statistical analyses can be used to identify sites that can confidently be
called as modified. Neighboring sites may also display altered kinetics (not shown) that can enhance these analyses. (e) The sequence contexts of
sites showing KV can be analyzed (e.g. using MEME [39)]) in order to identify consensus sequence motifs that are targeted by MTases. (f) After
generation of a genome-wide profile of DNA methylation, specific MTases can be functionally characterized, for example, by comparing the
transcriptomes of MTase-deficient mutants and wildtype cells. (g) Additional analyses that may illuminate the biological roles of MTases and DNA
modification.

nonspecific MTases, were phage encoded. It is reason-  specific stimuli, since the nonspecific MTases were not
able to speculate that nonspecific methylation of phage  found to be active in their native hosts under the con-
DNA may constitute a defense mechanism that facilitates  ditions tested [9°°,35]. Interestingly, relatively little off-
infection of new hosts, which may produce a wide variety  target site methylation was detected for M'Tases that are
of REs. Activation of such methylation may be linked to ~ part of RM systems, despite the fact that there is no
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obvious biologic imperative for maintaining exquisite
specificity of these enzymes as long as methylation occurs
for all cognate RE target sites [8°,9°°]. For almost all of the
adenine MTases other than the nonspecific MTases,
more than 90% of the deduced target sites were found
to be methylated in the native hosts, and only a very small
fraction of sites were confidently claimed to be unmethy-
lated. In contrast, less than half of the motifs modified by
the two 4mC enzymes studied, M1.BceSIII and M2.Bce-
SIII, appeared to be methylated [8°]; however, this may
reflect the lower intensity of the 4mC versus the 6mA
signal in SMRT data, particularly since these two
enzymes are constituents of an RM system, which typi-
cally mandates comprehensive methylation. Collectively,
these two studies suggest that SMR'T will be an extre-
mely valuable tool for discovery of novel MTase activi-
ties, some of which will likely prove to be useful reagents
for molecular biology.

In addition to enabling comprehensive genomic map-
ping of methylated sites, SMRT sequencing allows
quantitation of the frequency with which a particular
genomic locus is modified. The study by Fang ez a/. [9°°]
identified a significant number of Dam sites that were
methylated in only a fraction of the DNA analyzed. Such
heterogeneous methylation might reflect the presence of
cells at different stages of the cell cycle; alternatively, it
might reflect stable maintenance of distinct methylation
states at these loci, or simply stochastic variability.
SMRT sequencing can also identify MTase target sites
that are uniformly unmethylated in a population,
although such analysis requires greater sequence depth
than does identification of modified loci. Unmethylated
targets, which were found both within the context of
hemimethylated sequences (i.e. one of two strands
methylated) and in fully unmethylated sequences, likely
reflect binding of these sites by proteins that block
MTase activity. Consequently, comparative analyses
of methylation may yield insight into different DNA-
binding activities associated with particular growth con-
ditions or mutations.

Using epigenomic information to address
biologic questions

Epigenomic profiling is likely to be particularly powerful
when coupled with additional investigative approaches
such as transcriptome analyses. For example, Fang ¢z a/.
[9°°] compared methylation and gene expression profiles
of wildtype Shiga toxin-producing E. co/i O104:H4 and a
mutant strain lacking a phage-borne functional RM sys-
tem. They identified the target sites for the MTase, as
described above, as well as extensive changes in the
bacterial transcriptome in the absence of the MTase:
expression of nearly 40% of this pathogen’s genes was
altered [9°°]. It is not clear why the effects of this
horizontally transmitted RM-encoded MTase on gene
expression appear to be far more dramatic than those

linked to phase-variable RM systems; it could reflect
either differences in the underlying biology or the use
of different approaches for assaying gene expression. The
frequency of methylation sites near or within genes
regulated by this MTase was only enriched for a subset
of the gene families whose expression was altered in the
MTase mutant, suggesting that in many cases methyl-
ation affects gene expression indirectly (e.g. by modulat-
ing expression of regulatory factors or of chromosome
structure). Unexpectedly, the SMR'T sequencing analysis
also revealed that fragments of three phages were ampli-
fied in the MTase mutant, suggesting that this phage-
encoded MTase (M.EcoGIII) also regulates the replica-
tion of unlinked phages in the E. co/i O104:H4 genome.
Finally, the study identified reproducibly unmethylated
and hemimethylated sites, which enables prediction and
monitoring of loci likely to be protected by regulatory
DNA-binding proteins. Collectively, the wealth of obser-
vations that resulted from this initial study of a bacteria’s
methylome strongly suggests that there is much to be
learned regarding the roles of DNA methylation (and
presumably other DNA modifications as well) in the
bacterial kingdom.

Many intriguing questions regarding the role of genome
modification in bacteria will be easier to address using
SMRT-based sequencing, since genome-wide data
regarding the sites and extents of methylation and
how they are affected by genetic and environmental
changes can be correlated with many other cellular
attributes. In particular, further investigation is war-
ranted of the relationship between methylation and
gene expression, and the means by which one can affect
the other (e.g. effects on transcription elongation and
chromosome structure, as well as on transcription
initiation and gene silencing). The extent of variability
in methylation, particularly that produced by orphan
MTases or as off-target modifications by RM-encoded
MTases, both of which are not linked to selective
pressure against the absence of methylation, is also
almost entirely unknown. SMR'T sequencing may also
yield greater understanding of the process of RM-
mediated phase variation and of the processes by which
cells adapt to the presence of new (e.g. horizontally
transmitted) RM systems. SMRT sequencing can also
provide an indication of whether RM systems encode
functional and expressed RE in the absence of direct
biochemical characterization: significantly less than
comprehensive methylation across the genome by an
RM-associated MTase suggests that the cognate RE is
unlikely to be active. In such cases, MTases that were
acquired as part of RM systems may have been co-opted
by the host for regulatory purposes. Finally, analyses of
genome-wide DNA modification are likely to facilitate a
greater understanding of the extent and nature of DNA
damage, both in response to damaging agents and under
normal growth conditions.
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Conclusion: future applications and
challenges

With improvements in SMRT sequencing (e.g. more
sensitive detection of 5SmC) and the continued develop-
ment of emerging technologies with similar capacities to
produce epigenomic data (e.g. nanopore-based sequen-
cing [36]), it should be possible to comprehensively
catalog all base modifications in bacterial genomes.
Furthermore, as the throughput of SMRT sequencing
increases, similar studies in higher eukaryotes will
become possible. At present, SMR'T could be used to
gather epigenomic information in mitochondria and sim-
pler eukaryotes (with small genomes), some of which are
already known to have unusual and biologically signifi-
cant chemical modifications of their DNA (e.g. base ] in
kinetoplastid genomes [37,38]). Furthermore, it seems
likely that emerging epigenomic technologies will lead to
discovery of additional biologically significant base modi-
fications; new modifications (e.g. 5-formylcytosine and 5-
carboxycytosine) have been discovered as recently as
2011 [3,2]. Moreover, these technologies should enable
fundamental new insights into how epigenetic modifi-
cations modulate the expression of genomic information.
Their effects on DNA binding by regulatory proteins,
transcription initiation, elongation, and processivity, and
on chromosome structure are all worthy of significant
investigation. In addition, epigenomic information may
facilitate assembly of individual genomes from metage-
nomic data, as proposed by Clark [30]. Finally, epige-
nomic data may have applications beyond biology. For
example, if the patterns of DNA modifications vary with
environmental conditions, epigenomic data may prove
invaluable for forensic analyses.
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