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Formation of C®-methyl-cytosine, N*-methyl-cytosine, and
N®-methyl-adenine in bacterial genomes is postreplicative, and
occurs at specific targets. Base methylation can modulate the
interaction of DNA-binding proteins with their cognate sites,
and controls chromosome replication, correction of DNA
mismatches, cell cycle-coupled transcription, and formation of
epigenetic lineages by phase variation. During four decades,
the roles of DNA methylation in bacterial physiology have been
investigated by analyzing the contribution of individual methyl
groups or small methyl group clusters to the control of
DNA-protein interactions. Nowadays, single-molecule
real-time sequencing can analyze the DNA methylation of the
entire genome (the ‘methylome’). Bacterial methylomes
provide a wealth of information on the methylation marks
present in bacterial genomes, and may open a new era in
bacterial epigenomics.
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Introduction

Base methylation is a DNA modification present in all
kingdoms of life including bacteria [1]. C°-Methyl-cyto-
sine (m5C), the archetypal methylated base in eukaryotic
DNA, is also found in bacteria [1,2]. In addition, bacterial
genomes contain N6-methyl—adenine (m6A), which is
found in lower eukaryotes but not in vertebrates, and
N*-methyl-cytosine (m4C), which is exclusively bacterial
[1-3]. The methyl group of m6A, m4C and m5C pro-
trudes from the major groove of the double helix, which is
a typical place for the recognition of DNA motifs by
DNA-binding proteins [3]. As a consequence, the meth-
ylation state of critical A or C moieties can regulate the
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interaction between DNA-binding proteins and their
cognate DNA sequences [3,4].

Formation of m6A, m4C and m5C is catalyzed by DNA
methyltransferases that recognize specific DNA motifs
[3,5]. Base methylation involves transfer of a methyl
group from S-adenosyl-methionine to DNA [2,3,5]. Dur-
ing DNA replication, nonmethylated nucleotides are
incorporated into the newly synthesized strand. Hence,
the daughter molecules are ‘hemimethylated’ (methylat-
ed in the template strand only) [2—4]. Hemimethylation
can be used as a physiological signal by the bacterial cell,
and the duration of the hemimethylated state varies
among bacterial taxa (see below).

Restriction-modification systems

The overwhelming majority of DNA methyltransferases
described in the literature are part of restriction-modifi-
cation systems [6-8]. Each restriction-modification sys-
tem is made of a restriction endonuclease and a DNA
(adenine or cytosine) methyltransferase [6]. In most re-
striction-modification systems, base methylation prevents
DNA cleavage by the cognate endonuclease, thus pro-
tecting host DNA. However, restriction enzymes that are
active on modified DNA have been also described [9].
The traditional view of restriction-modification systems
as primitive immune systems that protect bacteria against
phages and other invading DNAs has been progressively
broadened to accommodate observations that suggest
additional roles [10]. An especially relevant observation
is that knockout of certain restriction-modification sys-
tems alters the gene expression pattern of the cell, which
suggests an unsuspected role in epigenetic control of gene
expression [10-12]. Despite their contribution to bacterial
welfare, restriction-modification systems can also be
viewed as addiction modules that promote their own
survival [13]. Selfishness may contribute to explain why
certain bacterial species contain surprisingly high num-
bers of restriction-modification systems: between 15 and
20 in Neisseria gonorrhoeae, and over 25 in Helicobacter
pylori [10].

Solitary DNA methyltransferases

‘Solitary” DNA methyltransferases are found in many
genomes [2,4,14], and probably derive from ancestral
restriction-modification systems that lost their restriction
enzyme. Restriction-modification systems in which the
modification enzyme is functional but the restriction
enzyme is inactive are functional equivalents of solitary
DNA methyltransferases [15].
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A paradigm of solitary DNA methyltransferase is the Dam
enzyme of Gamma-proteobacteria, which methylates the
adenosine moiety of 5GATC3 sites [2,3]. The natural
substrate for Dam methylase is the hemimethylated
DNA formed during DNA replication [2,16], but the rate
of methylation is virtually the same for nonmethylated
and hemimethylated DNA [2]. A remarkable property of
Dam methylase is its high processivity, which permits
methylation of >50 GATC sites without dissociation from
DNA. This high processivity contrasts with the distribu-
tive methylation reaction performed by DNA methylases
of restriction-modification systems [5].

In Escherichia coli and its relatives, lack of Dam methyl-
ation causes pleiotropic defects, indicative of the exis-
tence of multiple DNA-protein interactions under
GATC methylation control [2,4,17°,18]. In fact, some
of the roles of Dam methylation in the physiology of
Gamma-proteobacteria can be inferred from the pheno-
types of dam mutants. For instance, asynchronic cell
division indicates a role in DNA replication and/or chro-
mosome segregation, while increased mutation rate indi-
cates a role in DNA repair [2,4]. In turn, attenuation of
Salmonella enterica dam mutants upon mice infection
reveals the involvement of Dam methylation in the
control of virulence functions [4,17°]. Unlike in other
enteric bacteria, Dam methylase is essential in Vibrio
cholerae, and the cause is the need of Dam methylation
to initiate replication of chromosome 2 [19].

Another solitary DNA methylase, the cell-cycle regulated
(CcrM) methyltransferase of Alpha-proteobacteria, was
originally identified in Caulobacter crescentus [20]. CerM
may be an essential cell function in certain Alpha-pro-
teobacteria [14]. In Caulobacter, it is only essential in rich
medium [21]. CerM methylates adenine in 5’GANTC3’
sites, where N is any nucleotide [4,14]. Despite the
similarity of their DNA targets, Dam and CcrM have

Table 1

independent evolutionary origin [4]. Additional, relevant
differences are that CerM has a preference for hemi-
methylated DNA as a substrate while Dam does not
[17°], and that CcrM is not processive [22]. Furthermore,
Dam is always present in the cell, while synthesis of CcrM
is restricted to a specific period of the cell cycle, when
chromosome replication approaches completion [14,23°].
CcrM homologues have been found in soil-dwelling
Alpha-proteobacteria such as Agrobacterium tumefaciens
and Sinorhizobium meliloti, and in the animal pathogen
Brucella abortus [4,14,17°].

Transcriptional regulation by DNA adenine
methylation

Ifa DNA methylase target is embedded in a promoter or a
regulatory region, its methylation state can modulate
binding of RNA polymerase or transcription factors, thus
making transcription responsive to DNA methylation
[4,18,24]. Classical examples of transcriptional regulation
by DNA methylation involve the adenine methyltrans-
ferases Dam and CcerM [14,18]. However, any DNA
methyltransferase can potentially control transcription
if it happens to methylate a DNA target at a promoter
or at a nearby region involved in transcriptional control
[10,11°°,25%,26] (T'able 1).

Studies with Dam and CcerM suggest that DNA methyl-
ation-dependent transcriptional controls can be classified
into two main types:

(1) Clock-like controls that use the methylation state of
DNA (methylation or hemimethylation) as a signal to
couple gene expression to a specific stage of the cell
cycle [24]. Examples of activation by hemimethyla-
tion include the conjugal transfer gene 774/ and the
IS10 transposase gene in Gamma-proteobacteria
[27,28], and the cell cycle regulatory gene ¢4 in
Alpha-proteobacteria [23°,29]. Examples of repression

Examples of loci under Dam methylation control in Gamma-proteobacteria

Type of control Locus Methylation-sensitive protein Number of regulatory Location of Position of GATC sites?®
or protein complex GATC sites GATC site(s)

Clock-like tnp(IS10)° RNA polymerase 1 Promoter —-14
traJ°® Lrp 1 UAS¢ —52

Switch-like papBA® Lrp 2 UAS —155, —53
agn43®° OxyR 3 Promoter +1, + 20, +33
std® HdfR 3 UAS —242, —229, —220
sciH® Fur 3 UAS Not determined®
gtr OxyR 4 UAS —110, —97, —46, —33
opvAB® OxyR 4 UAS —174, —124, —101, —51

2 Each number indicates the position of the G moiety of a GATC on the coding DNA strand.

b E. coli.
¢ Salmonella enterica.
d Upstream activating sequence.

¢ GATC sites are in the UAS but their precise location cannot be established because the transcription start point has not been determined.

f'S. enterica bacteriophage P22.
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by hemimethylation include the chromosome repli-
cation gene #na/A in Gamma-proteobacteria [30] and
the cell division genes fzsZ and mipZ in Caulobacter
[23°,29].

(i1) Switch-like controls that turn off and on gene
expression, sometimes in a reversible manner, upon
formation of DNA methylation patterns. The latter are
combinations of methylated and nonmethylated sites
reminiscent of the DNA methylation patterns found in
eukaryotic chromosomes [24]. Because active demeth-
ylation is not known to occur in bacteria, competition
between specific DNA-binding proteins and Dam
methylase is the only known mechanism that generates
nonmethylation [18]. Hindrance of Dam methylation
by competing proteins requires that the processivity of
Dam methylase is reduced [24]. This reduction
typically occurs at GA'T'C sites that are part of GATC
clusters (two or more GA'TC sites separated by short
distances) and contain A'T-rich sequences at their
boundaries [31,32].

Switch-like controls of gene expression are typically
found at phase variation systems [33,34°], and a classical
example is the pap operon of uropathogenic E. co/i, which
encodes fimbrial adhesins [35]. Because of phase varia-
tion, populations of uropathogenic E. co/i contain a mix-
ture of pap-ON and pap-OFF cells [35]. The pap-ON and
pap-OFF subpopulations harbor distinct DNA methyla-
tion patterns in the pap regulatory region, which contains
two GA'TC sites of the reduced processivity type [35]. In
the OFF state, GATC,,ox is nonmethylated and GATC-
dise 1s methylated. In the ON state, GATC,0x is methyl-
ated and GATCyj, 1s nonmethylated (Figure 1). The
methylation-blocking protein that creates Dam methyl-
ation patterns at the pap operon is the global regulator Lrp
[36]. The pap regulatory region contains six sites for Lrp

Figure 1

binding. In the absence of the ancillary factor Papl,
Lrp binds the downstream sites, and transcription is
repressed (OFF state). Switching to ON occurs in the
presence of Papl, which stimulates translocation of Lrp
from the proximal binding sites to the distal sites
(Figure 1).

Certain phase variation loci controlled by Dam methyl-
ation use DNA-binding regulators other than Lrp. For
instance, the adhesin gene agn43 of E. coli [37], the
glycotransferase locus gz of bacteriophage P22 [38], cer-
tain gz loci of the Sa/monella chromosome [39], and the
Salmonella opvAB operon involved in O-antigen phase
variation [40] are all controlled by OxyR.

DNA adenine methylation by certain phase-variable type
III restriction-modification systems has been found to
regulate expression of specific genes, giving rise to a
phase-variable regulon or ‘phasevarion’ [10,25°]. Certain
phasevarions conserve their restriction-modification ac-
tivity; in others, however, the modification gene (mod)
remains active but the type III restriction enzyme is
inactivated by mutation. Phase-variable synthesis of
Mod methylase generates two subpopulations of bacterial
cells, one of which contains N°-methyl-adenine in the
genome while the other subpopulation does not. As a
consequence, each lineage shows a distinct pattern of
gene expression which affects DNA methylation-sensi-
tive loci [10,25°].

Roles of DNA adenine methylation in bacterial
pathogenesis

The involvement of DNA adenine methylation in bacte-
rial virulence was initially shown in the mouse model of
typhoid: the lethal dose 50 (LLDsy) of a dam mutant of
Salmonella enterica serovar Typhimurium was 10,000-fold
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(Top) Dam methylation patterns associated with the OFF and ON states of the pap operon of uropathogenic E. coli. Nonmethylation (of GATCy;gt in
the OFF state, and of GATC,ox in the ON state) is a consequence of Lrp binding. (Bottom) Feedback loops that propagate the OFF and ON states
of the pap operon. Binding to the downstream sites reduces Lrp affinity for the upstream sites, propagating the OFF state. Synthesis of PapB

boosts Papl synthesis, and propagates the ON state.
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Table 2

Bacterial pathogens in which DNA methylation plays roles (confirmed or predicted) in virulence

Taxonomic group DNA methyltransferase

Methylated base Bacterial species

Alpha-proteobacteria CcrM
Gamma-proteobacteria Dam
Mod
Epsilon-proteobacteria Cj1461
HpyAVIBM
Several DNA methyltransferases
Firmicutes Dam
Actinobacteria MamA
Beta-proteobacteria Mod

m6A Brucella abortus

mo6A Salmonella enterica
Escherichia coli O157:H7

mo6A Pasteurella multocida

Aggregatibacter actinomycetemcomitans
Klebsiella pneumoniae

Yersinia enterocolitica

Aeromonas hydrophila

Edwardsiella tarda

Haemophilus influenzae

m6A Campylobacter jejuni

m5C Helicobacter pylori

m6A H. pylori

m6A Streptococcus mutans

m6A Mycobacterium tuberculosis
m6A Neisseria gonorrhoeae

Neisseria meningitidis

higher than that of the wild type upon oral inoculation
[41,42]. This extreme attenuation reflects the pleiotropic
defects of Salmonella dam mutants, which include re-
duced colonization capacity, envelope instability, ectopic
expression of fimbriae, sensitivity to bile salts, and
altered O-antigen chain length in the lipopolysaccharide
[17°,43,44].

Virulence-related defects associated with loss of DNA
methylation have been reported in other pathogens
(Table 2). Relevant examples are Mycobacterium tubercu-
losis [45°], enterohemorrhagic E. co/i O157:H7 [17°], and
the oral cavity pathogens Streprococcus mutans [46] and
Aggregatibacter actinomycetemcomitans [17°]. In bacterial
pathogens where DNA methylation is essential, overpro-
duction of DNA methylase provides a method to test the
involvement of Dam methylation in pathogenesis [17°].
Among Gamma-proteobacteria, Dam methylase overpro-
ducers are attenuated in V. cholerae, Aeromonas hydrophyla,
Yersinia spp., and Pasteurella multocida [17°]. Among
Alpha-proteobacteria, overproduction of CcrM methylase
reduces B. abortus proliferation inside macrophages [17°].

Roles of DNA cytosine methylation in bacterial
physiology

Except for DNA cytosine methylases that are part of
restriction-modification systems, the existence of C°-
methyl-cytosine in bacterial genomes has raised enigmat-
ic questions during several decades [2,17°]. Spontaneous
deamination of C’-methyl-cytosine generates thymine
and gives rise to T:G mismatches. Even though enteric
bacteria possess a repair system that specifically repairs
such mismatches, it seemed obvious that formation of C’-
methyl-cytosine had a problematic side [47]. A specula-
tion was that formation of T:G mismatches might be a

payoff for unkown physiological benefits of m5C. How-
ever, loss of the solitary methyltransferase Dem did not
seem to have phenotypic consequences in E. co/i [17°], at
least under laboratory conditions.

Recent studies, however, suggest that DNA cytosine
methylation may have physiological roles including reg-
ulation of gene expression. In H. pylori, lack of an orphan
C’-methyl-cytosine methyltransferase known as HpyA-
VIBM alters the expression of genes involved in motility,
adhesion, and virulence [48]. The presence of DNA
repeats in the /ZpyAVIBM coding sequence raises the
possibility of phase-variable expression based on repeat
expansion and/or retraction, thus forming a C>-cytosine
phasevarion [48]. In E. co/i, lack of DNA cytosine meth-
ylation has been shown to increase expression of the stress
response sigma factor RpoS [49]. In another study, E. co/i
dem mutants were found to overexpress a membrane
transporter involved in ethidium bromide transport [50].

Bacterial methylomes

During decades, a hurdle in the study of bacterial DNA
methylation has been the difficulty to detect methylated
bases. Detection of C’-methyl-cytosine by bisulfite ge-
nomic sequencing, a gold standard in eukaryotes [51], had
limited impact as most investigations of the physiological
roles of bacterial DNA methylation dealt with N®-methyl-
adenine [4,17°,18,24]. The last few years, however, have
witnessed relevant advances in nucleic acid sequencing
technology. For instance, a revolutionary technique that
permits the determination of both the sequence of DNA
and the methylation state of nucleotides has been devel-
oped. This technique, known as single-molecule real-
time (SMRT) sequencing [52°°], monitors in real time the
activity of single DNA polymerase molecules that use

Current Opinion in Microbiology 2015, 25:9-16
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fluorescent nucleotides to synthesize DNA complemen-
tary to a template. Addition of a nucleotide is detected as
a pulse of fluorescence whose color identifies the nucleo-
tide. The interval between successive pulses (interpulse
duration, IPD) is statistically longer if the template con-
tains a methylated base (Figure 2), and the kinetic
signatures of C’-methyl-cytosine, N*-methyl-cytosine,
and N°-methyl-adenine templates can be distinguished
[52°°,53]. At a given position, an altered IPD ratio be-
tween native (methylated) DNA and PCR-amplified
(nonmethylated) DNA identifies a methylated nucleo-
tide in the template [52°°,53]. Analysis of PCR-amplified
DNA is not necessary if standard IPD values have been
previously stored 7z sitico. SMR'T sequencing solves the
problem of N°®-methyl-adenine detection, and also
detects N*-methyl-cytosine. Detection of C’-methyl-cy-
tosine is also feasible after conversion to C’-carboxy-
cytosine [53].

13

Analysis of DNA methylation at a single nucleotide
resolution deciphers the complete methylation pattern
(the ‘methylome’) of a genome, and can provide a wealth
of information. For instance, DNA motifs that contain
methylated bases identify the targets of the DNA methyl-
transferases that are active in the bacterial isolate under
study [54]. Putative loci encoding C’-methyl-cytosine
methyltransferase genes, either solitary or components
of restriction-modification sytems, can be then identified
by bioinformatic analysis. Prediction of m6A and m4C
DNA methyltransferases is more difficult, but can be
expected to improve as the databases grow [55]. T'o match
DNA methyltransferases with their targets, mutant anal-
ysis followed by SMRT sequencing can be performed. An
alternative possibility is to clone the putative methyl-
transferase gene on a plasmid, and to introduce the
construct into a heterologous host (e.g., an K. ¢o/i strain
lacking DNA methyltransferases). Subsequent SMR'T
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Methylome analysis by single molecule real time sequencing. (a) Native (methylated) genomic DNA and whole genome-amplified (nonmethylated)
DNA are used as templates. The presence of a methylated base (e.g., N®-methyl-adenine) in the DNA template delays the incorporation of the
complementary nucleotide. (b) The delay in dNTP incorporation opposite a modified base is detected on a chromatogram as an extended
interpulse duration (IPD). The IPD ratio is defined as the ratio between the mean IPD in the native sample and the mean IPD in the control sample.
(c) At the site of modification, the IPD ratio reveals kinetic variation that exceeds baseline levels. PW (pulse width) is the duration of a fluorescence

pulse. IPD (interpulse duration) is the time between successive pulses.

www.sciencedirect.com

Current Opinion in Microbiology 2015, 25:9-16



14 Environmental microbiology

sequencing can identify the DNA methyltransferase tar-
get [54]. In certain cases, DNA methyltransferase targets
can be inferred from comparison of methylation motifs in
closely related genomes [12]. The contribution of SMRT
sequencing to the characterization of DNA methyltrans-
ferases and their targets can be especially relevant, if not
crucial, in bacterial species that harbor multiple restric-
tion-modification systems [56,57].

Like other high throughput technologies, SMR'T sequenc-
ing provides a ‘big picture’ which can serve as startpoint for
further investigation [26,58]. However, on certain occasions
the big picture alone can provide relevant information. An
example of this kind was the finding that a phage-encoded
restriction-modification system controlled transcription of
hundreds of loci in the core genome of E. co/i O104:H4, a
pathogenic strain that caused an outbreak in Germany in
2011 [11°°]. The involvement of lysogeny in virulence had
no antecedents in K. co/i, and the profound impact on the
host transcriptome made by a phage-encoded DNA meth-
ylase was equally unsuspected [11°°].

If the DNA methyltransferases active in a bacterial spe-
cies (or in a given strain of a bacterial species) and their
DNA targets are known, SMRT sequencing can also
detect hemimethylated and nonmethylated DNA targets
[11°°,58]. As discussed above, nonmethylated DNA tar-
gets at or upstream of bacterial promoters are often hall-
marks of transcriptional regulation by DNA methylation
[18,24]. Combined with genome-wide analysis of tran-
scription in the wild type and in a DNA methyltransferase
mutant, identification of nonmethylated DNA targets can
spot transcriptional units under putative DNA methyla-
tion control (Figure 2).

The combination of methylome and transcriptome anal-
ysis may prompt a conceptual shift in the field of bacterial
DNA methylation if the involvement of restriction-mod-
ification DNA methylases in gene regulation turns out to
be widespread. Epigenetic control of gene expression has
been hitherto considered a task of orphan DNA methyl-
transferases only [4,24], and DNA methylation control has
been viewed as the consequence of long co-evolution of a
DNA methyltransferase and the host genome [18]. How-
ever, the possibility that acquisition of a DNA methyl-
transferase can cause a sudden change in the
transcriptome must be also considered. Because of their
diversity [10,55] and their frequent horizontal transfer
[59,60], restriction-modification systems may be viewed
as promiscuous modules able to generate epigenetic
polymorphism. Acquisition of one such module may thus
lead to unpredictable gene expression changes, a trial-
and-error game like many other evolutionary games.
Furthermore, changes in the specificity of DNA methyl-
transferases may occur frequently, thus creating novel
epigenetic patterns of gene expression to be subjected to
natural selection [12].
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