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Abstract

The amount of bacterial and archaeal genome sequence and methylome
data has greatly increased over the last decade, enabling new insights into the
functional roles of DNAmethylation in these organisms.Methyltransferases
(MTases), the enzymes responsible for DNA methylation, are exchanged
between prokaryotes through horizontal gene transfer and can function
either as part of restriction-modification systems or in apparent isolation
as single (orphan) genes. The patterns of DNA methylation they confer
on the host chromosome can have significant effects on gene expression,
DNA replication, and other cellular processes. Some processes require
very stable patterns of methylation, resulting in conservation of persistent
MTases in a particular lineage. Other processes require patterns that are
more dynamic yet more predictable than what is afforded by horizontal gene
transfer and gene loss, resulting in phase-variable or recombination-driven
MTase alleles. In this review, we discuss what is currently known about the
functions of DNA methylation in prokaryotes in light of these evolutionary
patterns.

129

mailto:anton@neb.com
mailto:roberts@neb.com
https://doi.org/10.1146/annurev-micro-040521-035040
https://www.annualreviews.org/doi/full/10.1146/annurev-micro-040521-035040


Contents

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
PATTERNS OF EVOLUTION IN PROKARYOTIC METHYLATION . . . . . . . . . . 132
PHASE VARIATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
TRD CASSETTE EXCHANGE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
CONSERVATION AND FUNCTION OF TARGET SITE–DIVERSE MTase

LOCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
ACQUISITION OF NOVEL TARGET SITES BY HORIZONTAL GENE

TRANSFER AND MUTATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
PERSISTENT MTases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Dam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
CcrM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
Dcm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
CamA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
BurkholderiaMTases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
CtsM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
Other Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

CONCLUSIONS AND FUTURE DIRECTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

INTRODUCTION

Bacteria have played key roles in our understanding of DNA methylation in all domains of life.
It was in the DNA of a bacterium,Mycobacterium tuberculosis, that the first methylated nucleobase
was discovered in 1925 (63). It was likewise in the extract of a bacterium, Escherichia coli W, that
enzymatic methylation of a DNA polymer from S-adenosylmethionine (SAM) was first demon-
strated in 1963 (45). As we now know,DNAmethylation is an epigenetic signal capable of altering
the interpretation of genetic information without change to the DNA sequence itself. In eukary-
otes,DNAmethylation is widespread.Notably, in mammals it is conferred by a broadly conserved
apparatus and has a role in cancer (12, 35, 42), all of which has led to much progress in elucidating
its functional roles. In bacteria and archaea, which are more genetically diverse, we observe nu-
merous DNAmethylation systems independently acquired and developed by different taxonomic
groups. Although many of these systems remain understudied from the perspective of biological
function, the rapid accumulation of prokaryotic genome and methylome data over the last decade
has significantly advanced our understanding.

Most enzymatic DNA methylation occurs after DNA replication and is catalyzed by DNA
methyltransferases (MTases) that transfer a methyl group from SAM to specific base positions
within the DNA polymer. All known DNA MTases adopt a common protein fold (76, 104), and
conservation of structural and catalytic elements in these enzymes has manifested as a series
of characteristic protein sequence motifs, making the de novo identification of DNA MTase–
encoding genes in genome sequences relatively straightforward (74, 96). DNA methylation has
been observed in at least 93% of prokaryotic genomes examined (17), making these enzymes
nearly ubiquitous. As for biological function, the consequences of DNA methylation to an
organism derive from three properties: the enzymatic product of the MTase, the spatial pattern
of methylation, and the temporal pattern of methylation.
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There are three known enzymatic DNA methylation products: 5-methylcytosine (m5C) (dis-
covered in 1925), N6-methyladenine (m6A) [identified in 1955 (31)], and N4-methylcytosine
(m4C) [identified in 1983 (59)]. All three of these products occur in prokaryotes, while at present
only the first two have been identified in eukaryotes (3, 62). These modifications do not affect
Watson-Crick base-pairing but rather protrude into the major groove, where they affect the inter-
action of proteins such as transcription factors and replication and repair enzymes with the DNA
double helix (65). The methyl group may affect protein interactions negatively, typically through
steric hindrance, or positively, by recruiting specialized proteins evolved to recognize and bind
methylated bases. Although most functional consequences of DNA methylation in prokaryotes
are believed to proceed from this property, the chemistry of the methylated base itself is also im-
portant. For example, spontaneous deamination of m5C results in the natural base thymine, which
is less likely to be repaired than unnatural bases, leading to excess C→T transitional mutations
(27). In eukaryotes, m5C can also act as a substrate for oxidation by TET enzymes, leading to
moieties that are more chemically active (52, 56, 69, 116). As TET-like genes have been identi-
fied in bacteriophages and bacteria (57, 58), it appears likely that such systems will eventually be
characterized in prokaryotes as well.

Most DNA MTases methylate a given base only when it occurs in a specific DNA sequence
context, known as the target site (TS), recognition site, or target motif. Critically, the TS spec-
ifies the spatial pattern of methylation throughout the DNA molecule. TSs are short (typically
two to ten specified bases), may be palindromic or nonpalindromic, and may contain unspeci-
fied or degenerate positions. The TS sequence is determined by one or more target recognition
domains (TRDs), which are usually part of the MTase itself but sometimes occur on a separate,
specificity-determining protein with which the MTase directly interacts. TRDs typically exhibit
far less sequence conservation than the catalytic and SAM-binding regions of the MTase.

DNA methylation marks are chemically stable. In eukaryotes, DNA methylation can be re-
moved through TET oxidation and repair pathways (52), but such active demethylation has not
been observed in prokaryotes. Instead, demethylation occurs passively, through DNA replication.
Newly synthesized strands are unmethylated, so the temporal pattern of methylation is largely
governed by the time gap between DNA synthesis and remethylation. This in turn is determined
by the expression level of the MTase in the cell and its access to the DNA.

In prokaryotes, DNAMTases often form part of restriction-modification (RM) systems, which
are commonly thought of as primitive immune systems. They comprise a restriction endonu-
clease (REase) activity, which degrades foreign DNA by introducing double-strand breaks, and
an MTase activity, which protects the host’s own chromosome from degradation through steric
hindrance of the REase at its binding sites. RM-associated DNA methylation patterns therefore
distinguish self from nonself DNA. RM systems, and DNA MTases in general, are widespread
throughout the bacterial and archaeal domains due to not the vertical inheritance of a common
ancestral MTase but rather horizontal gene transfer (HGT).

RM systems are classified into four major types based on protein stoichiometry and overall
mode of action (100). Type I systems require three proteins: an REase and motor protein (R; en-
coded by hsdR), anMTase (M; encoded by hsdM), and a specificity subunit (S; encoded by hsdS) that
contains the TRDs and therefore determines the TS.Methylation, performed by an M2S protein
complex, occurs on both strands of a bipartite TS. Cleavage, performed by an R2M2S complex,
occurs at random distances from the TS, as the ATP-dependent motor function of R loops DNA
through the complex, with cleavage occurring when translocation is interrupted. Type III sys-
tems require two proteins: an REase (Res) and an MTase (Mod), with specificity governed solely
by the Mod protein. Type III protein products also act as complexes, Mod2 for methylation and
Res1Mod2 for cleavage (21, 49). Methylation occurs on one strand of a nonpalindromic site, and
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Table 1 Number of prokaryotic methyltransferase genes in REBASEa

RM system type Part of complete RM system Orphan methyltransferase

I 22,762 648

IIG 12,160 Not applicable

II (all other subtypes) 14,050 29,138

III 8,801 578

Abbreviation: RM, restriction modification.
aBased on data from 23,535 complete genomes and includes some unpublished data. Accessed October 11, 2020, at http://
rebase.neb.com/rebase/statmlist.html.

cleavage occurs at a fixed distance 20–30 bp away. Type IV systems recognize and cleave methyl-
ated TSs and comprise an REase and occasionally an MTase that is necessarily nonfunctional.

Type II systems are a disparate group that includes any RM system in which cleavage occurs
at a fixed position within or close to its TS (100). Type IIG, Type IIB, and Type IIC systems,
some of which have likely evolved from Type I systems (18, 80), encode a single polypeptide that
performs both REase and MTase functions. Most Type II systems, however, comprise REase and
MTase functions that are performed by independent proteins that do not physically interact. By
necessity, the two proteins must recognize the same TS, or at least the MTase must methylate all
instances of the REase TS to prevent frequent damage to the host chromosome.This convergence
may occur through a combination of coevolution, reduction from more complex systems, and
gene reassortment to bring compatible REase and MTase genes together to form a functional
RM system (18, 53).

This process of gene reassortment relies on a metagenomic pool of Type II RM systems and
component genes with different specificities from which to build new systems. While unpaired
Type II REases are detrimental to the cell, unpaired MTases are less so. Consequently, in se-
quenced genomes there appears to be a large number of so-called orphan MTases, which have no
apparent cognate REase gene (Table 1). It must be noted, however, that genes encoding Type II
REases are often difficult to identify by sequence similarity (93, 125), and so it is possible that some
apparently orphan MTases may have unrecognized REase partners. Over the last several decades,
it has become apparent that at least some truly orphan MTases have been co-opted to perform
novel functions.

Bacteria and archaea have evolved many ways to take advantage of DNA methylation, and
whether it occurs with or without a cognate REase may be an artificial distinction. Many
methylation-related functions involve the alteration of gene expression by affecting the binding of
transcription factors at upstream gene-regulatory regions, but methylation has other uses as well,
such as the marking of parental DNA strands and environmental DNA uptake. In the remainder
of this review, we provide a brief overview of present knowledge of prokaryotic DNAmethylation,
and we direct readers to other excellent reviews for further detail.

PATTERNS OF EVOLUTION IN PROKARYOTIC METHYLATION

We can infer a great deal about the function of a particular pattern of DNA methylation by ob-
serving, through either cell-to-cell variation or comparative genomics, the timescale on which it
changes. This change must take one of two forms: gain or loss of methylation at a particular TS
(governed by what we refer to as anA/OFF switch to indicate the gain or loss of methylation at TS
A) or alteration of the TS (determined by what we refer to as an A/B switch to indicate a change
from methylation at TS A to methylation at TS B). Different types and timescales of change are
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Figure 1

Schematic overview of the evolution of prokaryotic DNA methylation patterns, with four evolutionary mechanisms. Wide arrows
represent genes, with orthologous genes at the same locus shown in the same color. Colored boxes within genes represent TRDs, with
different colors representing different TSs or TS half-sites and colored numerals representing the TS associated with the MTase. Only
one MTase or RM system is shown per cell for simplicity. Each row in each panel represents an isolate within a species, although other
taxonomic scales are possible. (a) A lineage-specific, or persistent, orphan MTase, with an identical motif in each isolate. (b) The
diversity of MTases and RM systems created by HGT between isolates and the exogenous metagenomic pool. The word OFF indicates
that no active DNA MTase is present. The blue dashed oval with arrowheads conceptually represents the HGT process. Black arrows
show that acquisition by HGT is often the starting point for the development of the evolutionary paradigms in the other panels. (c) A
cassette-variable Type III RM system, where the locus remains fixed but the TRD is exchanged by HGT and recombination. (d) Two
examples of phase-variable MTases, where the strain itself exhibits diversity: (top) a Type III RM system with a phase-variable simple
sequence repeat (red) acting as an A/OFF switch and (bottom) a Type I RM system with an invertible exchange of the second TRD of
the specificity subunit gene acting as an A/B switch (in this case toggling between TSs 5 and 9). (Because two TRDs contribute to the
TSs of these Type I RM systems, the colors of numerals 5 and 9 are blends of the colors of active TRDs.) Abbreviations: HGT,
horizontal gene transfer; MTase, methyltransferase; RM, restriction modification; TRD, target recognition domain; TS, target site.

achieved by different evolutionary mechanisms (Figure 1), which can be summarized as follows,
roughly in order from most rapidly changing to most stable: (a) phase-variable expression, (b) re-
combination of TRDs, (c) gain and loss of MTase genes through HGT, (d) mutation of TRDs, and
(e) vertical inheritance of MTases with unchanged specificity.

When methylation of a specific TS becomes advantageous, the MTase (including its TRD)
will be retained through purifying selection, resulting in persistence. This type of methylation
typically affects the internal workings of the cell, such as mismatch repair, DNA replication, and
the predictable regulation of specific genes. When methylation of a diverse suite of alternative
TSs becomes advantageous, any number of more rapid mechanisms of change can be employed,
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including cassette exchange and phase variation. This type of methylation is most commonly in-
volved with environmental interaction and adaptation.

The classic cellular defense function of RM systems may occupy the intermediate temporal
space, ensuring the continued HGT of DNA MTases, whether as orphans or as part of RM
systems, and the mutation of TRDs to change from one TS to another. Protection from bacte-
riophage infection is a benefit conferred by RM systems, but a transient one. At each intrusion
event, DNA methylation and restriction compete to act first on the foreign DNA. In most cases,
restriction acts first, the target is destroyed, and infection is prevented. However, in the rare cases
where DNA methylation acts first, not only does the RM system fail to protect the cell from
infection but the subsequently created phage particles are methylated and therefore immune
to restriction by other cells in the population carrying the same RM system(s). There is thus
a constant interplay of evolutionary forces acting on prokaryotic DNA MTases through HGT,
purifying, and diversifying selection.

PHASE VARIATION

Phase variation is a strategy to generate genotypic and phenotypic diversity in a bacterial popula-
tion in the absence of selection. This is achieved through any of several stochastic and reversible
genetic mechanisms, such as slipped-strand mispairing at simple sequence repeats (SSRs) and
high-frequency domain shuffling via repeat sequences. Phase-variable switches, whether A/OFF
or A/B, are hypermutable, with SSR changes occurring at a rate several orders of magnitude faster
than that of base mutation (83). The result is a cell population with multiple states at the affected
loci, enabling it to quickly respond and adapt to changing environmental conditions. Pathogenic
bacteria, for example, often exploit phase variability to evade host immune responses (10).

While many of the genes under phase-variable control—encoding adhesins, pili, iron recep-
tors, and lipopolysaccharides (64, 118, 123, 133)—relate directly to environmental interaction, a
significant number of genes for DNA MTases are also phase variable, as described in several re-
cent reviews (10, 29, 106). The genome-wide change in methylation pattern that results from the
phase-variable expression of a singleMTase can alter the expression of many genes simultaneously,
and the suite of genes under this kind of control has been termed a phasevarion (phase-variable
regulon) (115). Most phase-variable MTases form part of a Type I, Type III, or Type IIC RM sys-
tem, in which the REase cannot function in the absence of the MTase and the specificity of both is
governed by a shared TRD.Three types of phase-variable mechanisms that control DNAmethy-
lation have been observed: SSR expansion and contraction as either an A/OFF or A/B switch, and
recombination at repeat sequences as an A/B switch.

SSR expansion and contraction is a strategy employed by all types of RM systems. In Type
III mod genes, SSR tracts are most commonly found near the 5′ end and function exclusively as
A/OFF switches. Gain or loss of repeat units alters the reading frame of that portion of the gene
downstream of the SSR, resulting in either a functional MTase (methylating TS A) or a truncated,
nonfunctional polypeptide (the OFF state). At least 17.4% of Type III mod genes have SSRs char-
acteristic of phase-variable expression, and differences in both the sequence and location of the
repeat tracts suggest that this phenomenon has arisen in this group at least 25 times indepen-
dently (11). Potentially phase-variable SSRs are also present in at least 2% of Type I hsdM genes,
where they occur exclusively at the 5′ ends and are believed to function as A/OFF switches in an
analogous fashion (8).

SSRs have also been observed in at least 7.9% of Type I hsdS genes, where the examples stud-
ied function exclusively as A/B switches (8). Type I RM systems methylate bipartite TSs compris-
ing two half-sites (each typically two to five base pairs) separated by a nonspecific spacer region
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(typically four to eight base pairs). A typical S protein contains two globular TRDs (TRD1 and
TRD2), each responsible for recognizing one half-site, joined by two long, antiparallel alpha he-
lices whose structure is related to the length of the spacer region (22). All known SSRs within hsdS
genes are located in the conserved central region of the gene, which encodes the alpha-helical
spacer (8). A full-length S protein recognizes a nonpalindromic TS with the half-sites determined
by TRD1 and TRD2, while a truncated S protein resulting from an SSR-mediated frameshift rec-
ognizes a palindromicTSwith both half-sites determined byTRD1 (8).A related arrangement has
been observed in atypical hsdS genes that encode three TRDs (TRD1, TRD2a, and TRD2b) in-
stead of the usual two,with the SSR occurring between TRD2a and TRD2b.WhenTRD2b is out
of frame with the others, an S protein containing TRD1 and TRD2a is expressed.When TRD2b
is in frame with the others, a nonstandard S protein containing all three TRDs is expressed, but
only the N-terminal and C-terminal TRDs (TRD1 and TRD2b) determine the TS (8). Exactly
how this three-TRD protein folds to exclude TRD2a from participating in the TS is unknown.

A small number of examples of SSR switches have been described in Type IIC RM systems, in
which the MTase and REase functions are determined by the same polypeptide. In Campylobac-
ter jejuni 11168, a polyguanidine tract within the MTase domain serves as an A/OFF switch in
cj0031, which encodes the protein CjeNV (4). Two orthologs from Helicobacter pylori have been
described—encodingHpy99XIV in strain J99 andHpyAXVI in strain 26695—both of which con-
tain two polycytidine tracts (68). In both orthologs, the upstream tract functions as an A/OFF
switch in similar fashion to cj0031, while the downstream tract functions as an A/B switch (68).
Together, the two tracts function as three-way A/B/OFF switches. The BcgI-like Type IIC system
Hpy99XXII (TCAN6TRG) comprises an RM protein and a separate S protein. A polyguanidine
tract within the S gene appears to function as an A/OFF switch in this system (68), in contrast to
Type I hsdS examples.

Phase variation of standard Type II RM systems, in which the MTase and REase proteins act
separately, has to our knowledge been shown in only a single case, that of M.HpyAIV, which
methylates GANTC. This MTase was found in 60% of a group of Swedish clinical H. pylori iso-
lates. In that study, activity of theMTase was strongly correlated with the length of a polyadenosine
tract in the gene, but the activity of the cognate REase was not investigated (110). It remains an
open question as to how the REase activity is regulated to accommodate the OFF switching of
the MTase, but there is some evidence of coregulation at the transcriptional level (110). Although
the length of the SSR tract varies from isolate to isolate, the timescale of change may be slower
than observed for Type I and Type III RM systems, since no variation was observed within a
single-colony isolate (110). As only a small number of examples have been described, Type IIC
and Type II RM systems would likely benefit from the type of large-scale search for potentially
phase-variable SSRs that was undertaken for Type I and Type III systems (7, 11).

In addition to SSRs, Type I RM systems also use another type of A/B switch that involves
rapid recombination at repeat sequences to exchange TRDs between full and partial hsdS genes.
When TRDs are shuffled into and out of the actively transcribed hsdS, the TS is altered at one or
both half-sites. A single described case, the tvr (SpnIV) locus of Streptococcus pneumoniae, uses an
excision-integration system based on direct repeats that involves a circular intermediate stabilized
by a toxin-antitoxin system (70). All other such systems presently known use inverted repeats (IRs)
to exchange TRDs by rapid inversion, a somewhat simpler approach.One well-characterized such
system, the ivr locus (SpnIII) from S. pneumoniae, uses three sets of IRs and five different TRDs
to generate six possible hsdS alleles, designated A–F, each with a different TS (75). Systems of
this type have also been described in Mycoplasma pulmonis (8, 11), Bacteroides fragilis (7, 14, 54),
Mannheimia haemolytica (7),Streptococcus suis (124),Lactobacillus salivarius (28),Listeria monocytogenes
(7, 29, 33), and others, and overall, about 3.9% of all Type I RM systems have sequence features
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characteristic of IR-mediated recombination (7). The recombinase required for inversion is often
located within the hsd locus and within the inverted segment itself, as in the cases of S. pneumoniae
andM. haemolytica. In other cases, such as the HsvR recombinase ofM. pulmonis, the recombinase
gene is distal to the hsd locus where it acts (109). These systems have been classified into five
groups based on the type of recombinase that is used (54).

Nearly all of the phase-variable MTases described to date, whether Type I, II, or III, have
a cognate REase, and so an intriguing question is, What is the role of the REase? One might
expect that orphan Type II MTases, which are prevalent in prokaryotic genomes, might just as
easily evolve phase-variable SSR mechanisms, but no such cases have been observed, suggesting a
specific biological role either for the REase or for the overall RM system architecture.While phase
variability has independently evolved in a minority, albeit a significant minority, of RM systems,
once it does evolve, it appears to stabilize the retention of the system. Without a phase-variable
switch, the logical OFF switch for a DNA MTase is loss of the gene.

TRD CASSETTE EXCHANGE

Besides those described above that are deemed phase variable, other types of recombination events
have been described, particularly in Type III mod, Type I hsdS, and Type IIB S-encoding genes, all
of which have conserved elements involvedwith catalysis, structure, or protein-protein interaction.
When conserved at theDNA level, these regions promote recombination atTRD regions between
them, essentially leaving the gene framework intact but exchanging the TRD(s) in a cassette-
like fashion. In Type I hsdS genes, TRDs in the same relative position can be easily exchanged,
presumably by homologous recombination (40). However, TRDs in different positions can also
be exchanged via short direct-repeat flanking sequences, a process referred to as DoMo (domain
movement) that may work by either homologous or site-specific recombination (40). Type IIImod
genes contain a single TRD that in some cases can be switched between different alleles, many
of which are also phase variable through SSR A/OFF mechanisms (106). For example, the modH
locus of H. pylori has 17 known alleles (114), and similar examples can be found in Haemophilus,
Neisseria, and Moraxella species (16, 43, 102, 105, 113, 117) (Table 2). Each allele recognizes a
different TS and controls a distinct phasevarion (43). The evolution of these cassette systems is
complex, involving at times recombination between species, between isolates, between alleles, or
within alleles (16, 41, 43).

CONSERVATION AND FUNCTION OF TARGET SITE–DIVERSE
MTase LOCI

TRD cassette recombination and phase-variable MTases generate diverse methylation patterns
among isolates of the same species and individual cells of the same isolate or strain, respectively.
Counterintuitively, this variability is itself conserved. While many MTase and other component
genes of RM systems are not conserved between isolates of the same species, those MTase genes
that have evolved phase variability or cassette exchange often persist within species or sublineages
thereof (Table 2). This implies selection for a particular function or functions in which diverse
and readily alterable methylation patterns are advantageous, such as cellular defense (i.e., pro-
tection from diverse bacteriophages) and environmental response (i.e., generation of phenotypic
diversity). The former of these functions requires the presence of a cognate REase, while the latter
does not, or at least not obviously. The cellular defense function is beyond the scope of this review,
so we focus on the environmental and epigenetic roles here.

Any given DNA MTase is likely to modify hundreds or thousands of sites throughout the
genome, most of which will have little or no effect on gene regulation. A small number, however,
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Table 2 Examples of cassette-variable Type III methyltransferase alleles

System Alleles (n) Species Example
Frequency

(percentage of genomes)a Reference(s)

modH 17 Helicobacter pylori M.Hpy99XXI 100 114

modA 21 Haemophilus
influenzae

M.HindVI 100 9, 43, 117

Neisseria meningitidis M.Nme214I 100

Neisseria gonorrhoeae M.NgoWNIV 100

modB 6 Neisseria meningitidis M.Nme18I 84 117

Neisseria gonorrhoeae M.Ngo3502I 100

modD 7 Neisseria meningitidis M.Nme15123I 80 117

Neisseria gonorrhoeae M.NgoWFI 95

modM 6 Moraxella catarrhalis M.Mca195I 69 16

modN 2 Moraxella catarrhalis M.Mca23246IIP 0b 16

modO 6 Moraxella catarrhalis M.McaC031ORF1728P 0b 16

aPercentage of completely sequenced genomes of this species encoding the gene in question, regardless of which target recognition domain is present.
Number of genomes:H. pylori, 249;H. influenzae, 72;N.meningitidis, 115;N. gonorrhoeae, 63;M. catarrhalis, 16.Data fromREBASE (http://rebase.neb.com).
bThese genes occur only inM. catarrhalis RB2/3 strains (16), for which there are no complete genomes available in REBASE.

will affect the expression of a subset of genes (the regulon or phasevarion, depending on the
timescale). The example of modA11 in Neisseria meningitidis shows these effects can be either
direct or indirect: Of 285 genes differentially regulated between the modA11ON and OFF states
(113), only 26 were directly regulated through methylation of the upstream intergenic region,
while the remainder were likely indirectly regulated through perturbation of regulatory factor
expression or key biological processes (61).

Furthermore, it may be that epigenetic regulation of only a subset of the regulon or phase-
varion confers any selective or phenotypic advantage, and determining which regulated genes are
functionally important and which are coincidental is challenging. Comparative genomic analysis
of methylation sites across sets of isolates with a commonMTase allelemay shed light on this prob-
lem, but to our knowledge such studies have not yet been carried out. In the meantime, studies
have focused on the sets of functions attributed to phasevarions and regulons, noting particularly
those pertaining to environmental interaction, immunological response, or virulence (9, 115).

ACQUISITION OF NOVEL TARGET SITES BY HORIZONTAL GENE
TRANSFER AND MUTATION

The establishment and expansion of these kinds of multi-allele systems require not only the
shuffling of TRDs already in the system but also the creation or recruitment of new TRDs
to introduce novel alleles. TRDs recognizing a given TS can be acquired by HGT or evolve
from TRDs recognizing other TSs. HGT in particular has long been acknowledged as critical
to the dispersion of RM systems and their component genes based on such evidence as codon
usage discrepancy and incongruence between gene and species trees (51, 60). RM systems and
orphan MTases are both associated with mobile genetic elements such as plasmids, prophages,
integrons, and transposable elements, or with fragments thereof (5, 15, 39, 55, 66, 101, 119).
However, there are vehicular preferences, with virulent bacteriophages and plasmids more likely
to include orphans than full RM systems (91). One plasmid-borne orphan MTase, M.EcoGIX,
may even be mechanistically involved with HGT and/or plasmid replication itself, as it is highly
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strand-specific (34, 128). In addition, DNA MTases, or at least those belonging to RM systems,
are overrepresented in naturally competent organisms (91).

They appear to be lost as frequently as they are gained, creating an ever-changing repertoire
of DNA MTases in prokaryotic genomes. Genome comparison studies within such taxonomic
groups asH. pylori,N.meningitidis, andMicrocystis show significant isolate-to-isolate differences in
RM system content (20, 120) andDNAmethylation patterns (68, 130).Despite the relatively rapid
gene loss,DNAMTase gene sequences appear to be under purifying selection, suggesting alternat-
ing periods of positive and relaxed selection (91). Various functions have been proposed for these
exchanged RM systems and orphan MTases, which have been co-opted neither for allelic/phase-
variable systems nor for the more stable, moonlighting functions described in the next section.
Most of these functions (reviewed in 122) involve the discrimination of self from nonself DNA.

The most traditional of such discrimination functions is cellular defense. Defense mechanisms
based on DNA methylation include not only RM systems but also the more recently discovered
BREX systems (46),which prevent bacteriophage infection but do not employ a companionREase.
Their mode of action is not well understood, but it is believed that the MTase (PglX) and a com-
panion alkaline phosphatase (PglZ) act as a toxin-antitoxin pair, and it has been demonstrated that
DNA methylation by PglX confers immunity (48). It is possible that other orphan MTases have
similar roles in marking self DNA but partner with other unknown system components to defend
against attacking bacteriophages (see, for example, 30).

Methylation-based defense mechanisms limit not only bacteriophage infection but also the
HGT of other mobile elements, functioning more generally as immigration control agents (85,
108). Methylation patterns limit the exchange of genetic information between cells with incom-
patible patterns, creating the genetic isolation needed for the establishment of new biotypes and
species (85, 122). Conversely, Oliveira and coworkers (92) have shown that organisms with com-
patible suites of Type II RM systems undergo more frequent genetic coexchange via HGT and
homologous recombination regardless of the evolutionary distance between them. The frequent
turnover of DNAMTases through HGT causes the definitions of self and nonself to continuously
change, leading to very complex, time-dependent networks of genetic flux. The rate, nature, and
ramifications of this change likely differ widely between species.

Another explanation for the frequent HGT of RM systems is that they act as selfish elements
or addictive modules, promoting their own survival and propagation (67, 86).This concept applies
primarily to Type II systems, where the REase andMTase functions act independently.Whenever
the genetic system (or the MTase gene alone) is lost, either by loss of an encoding plasmid or by
genetic inactivation, transcription ceases and the remaining REase and MTase molecules in the
cell become progressively diluted.Eventually, there is not enoughMTase to prevent double-strand
breaks in the chromosome by the remaining REase and the cell dies. Consequences of this include
plasmid retention and potentially genomic island stabilization (122). Despite this selfish behavior,
loss of Type II RM systems clearly does occur, and one way it can occur is loss or inactivation of
the REase gene alone (71, 107), which may create a pool of orphan Type II MTase genes.

The methylome of a cell can change not only through the gain and loss of MTases acting at
specific TSs but also through the evolution of MTase sequences. While the TSs of many MTases
are determined by true, discrete TRDs (enabling the cassette-like recombination of Type I and
Type III RM systems described above), those of some others are determined by discontinuous
sequence elements such as positively charged protein loops (74, 97, 98). In the case of Type II
MTases, protein sequences with greater than about 50% sequence identity tend to recognize the
same TS (92). However, in the case of Type I, Type III, and certain Type IIG enzymes, alteration
of one or a very small number of amino acids within the TRD is sufficient to change the TS (1, 92,
111). In the case of the Type IIG RM protein MmeI, this has even led to the rational engineering
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of specificity (23, 81). Thus, the degree of genetic alteration required to change the methylated
TS, and therefore the frequency of such TS changes, is likely to vary widely from case to case.

PERSISTENT MTases

Comparative genomic studies show that in both bacteria and archaea,most RM system–associated
MTases exhibit a patchy phylogenetic distribution indicative of HGT, while orphan MTases on
the whole exhibit greater conservation (17, 38, 89, 91, 107). Some orphans appear to have orig-
inated from degraded RM systems, and these show the same patchy distribution as intact RM
systems (107). Findings from studies using different metrics disagree on the percentage of such
RM-derived orphans, with one report putting it as high as 24% (107) and reports of two other
related studies estimating that it is much lower (89, 91). Regardless of the percentage, it is clear
that a majority of orphans are not recently derived from RM systems and are instead acquired
by HGT in their orphaned state (89, 91). It is these true orphans that are the primary contribu-
tors to the pattern of greater conservation within taxonomic groups, which is indicative of vertical
inheritance and positive selection. Such conserved MTases are referred to as persistent (89), and
generally speaking, members of a persistent MTase family recognize the same TS and methylate
the same base. Not all orphan MTases are persistent, and not all persistent MTases are orphans,
but the two categories largely overlap, particularly for Type II MTases (89).

The availability of large numbers of sequenced bacterial genomes and methylomes has greatly
improved our understanding of the origins of orphan MTases and identification of persistent ex-
amples. In 2012, Seshasayee and coworkers (107) surveyed 1,227 prokaryotic genomes.Using very
stringent search criteria, they identified 914 DNAMTases, of which 60% were deemed non-RM-
derived orphans. Using separate methodology in 2016, Blow and coworkers (17) examined 230
prokaryotic genomes, and of the Type II MTases they identified, 52% appeared to be orphans.
They defined a persistent MTase as occurring in ≥50% of genomes in a taxonomic group and
found that 42% of orphans belonged to one of 19 lineage-specific persistent families, with the
remainder being singletons (17). The largest survey to date, by Oliveira and Fang (89), identified
26,582MTases in 5,568 complete bacterial genomes, a far higher average number than in the pre-
vious studies. They restricted their study to species with at least 10 complete genomes available
and defined a persistent MTase as occurring in ≥80% of genomes of a given species. Despite this
more stringent definition, they found that 52% of species represented in the study harbored at
least one persistent MTase.

For many years the study of persistent MTases was limited to three well-known cases: Dam,
Dcm, and CcrM. However, the studies above and others have revealed that persistent MTases are
morewidespread than previously appreciated (17, 38, 89, 107).To a large extent, our understanding
of specific functional roles has not kept pace with the discovery of these enzymes. A recent opinion
piece has called for a community-wide effort to study these enzymes both as biological phenom-
ena and as potential biomedical targets (89), a declaration with which we strongly concur. In the
meantime, several trends have emerged that hint of biological function, at least in general terms.

The seminal 2016 study that identified 19 persistent MTase families also identified the methyl-
ated TSs for which they are responsible (17), enabling examination of the methylation properties
of orphan and persistent MTases. In contrast to methylation by RM systems, methylation by
orphan MTases (whether persistent or not) often resulted in a small number of consistently
unmethylated sites throughout the genome (17). Such unmethylated sites were enriched in up-
stream gene-regulatory regions, often evolutionarily conserved, and sometimes found clustered
at chromosomal origins of replication. This signature is suggestive of regulatory roles in gene
expression and DNA replication, as these unmethylated sites are likely the result of competition
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between the MTase and other DNA-binding proteins for key regulatory sites. The fact that
different orphan MTases recognizing different TSs, methylating different bases, and occurring in
disparate phylogenetic groups have similar methylome properties suggests convergent evolution
toward the same general functions.

Concerning the functions of persistent MTases, a great deal is known about a small number
of cases, about which much has already been written, while little or nothing is known about the
remainder. We mention some examples here and direct the reader to more complete lists that
include uncharacterized examples elsewhere (17, 89).

Dam

Dam,whichmethylates GATC inmanyGammaproteobacteria, is the best-studied persistentMTase
and has one of the widest known taxonomic ranges. It functions as a maintenanceMTase, convert-
ing hemimethylated sites to fully methylated sites, but is also capable of efficient de novo methyl-
ation (126). Two of its important functions rely on the transient hemimethylated state that exists
immediately behind the replication fork during DNA replication (73, 126). First, within the mis-
match repair system to correct replication errors, it functions in conjunction with the repair com-
plex MutSLH, which assembles at mismatch sites, directing repair to the unmethylated daughter
strand. Second, following DnaA-mediated initiation of DNA replication, clusters of hemimethyl-
ated Dam sites located at the origin of replication oriC and in the dnaA promoter region are bound
(sequestered) by SeqA, preventing an inappropriate second round of replication until the next cell
cycle. It has recently been shown that Dam also prevents aberrant, oriC-independent replication
that can occur in certainmutant strains (99).Dammethylation also regulates gene expression, both
through the cell cycle–dependent methylation state and through competition with DNA-binding
proteins at key sites, as reviewed elsewhere (2, 24, 44, 73, 126). Recent studies have identified un-
methylated and undermethylated sites that may be of functional importance (17, 94, 103). The
gene encoding Dam is essential in Vibrio, where it is required for local chromosomal melting to
initiate replication, and it is critical for virulence in Salmonella, Haemophilus, Yersinia, and Vibrio,
where it regulates expression of genes for fimbrial adhesins, those involved in invasion, and others
(126).

Phylogenomic analysis shows that dam was acquired in the common ancestor of the Enterobac-
terales,Pasteurellales,Vibrionales,Aeromonadales, and Alteromonadales after their divergence from the
otherGammaproteobacteria orders. The retention of this orphan may have been stabilized by coac-
quisition of seqA,mutH, and several other functionally linked genes about the same time (73). This
provides one possible model for the selection and retention of orphanMTases and their expansion
into lineage-specific families.

CcrM

CcrM,whichmethylates GANTC, occurs widely in theAlphaproteobacteria and was likely acquired
by the common ancestor of the ordersRhodospirillales,Sphingomonadales,Rhizobiales,Rhodobacterales,
andCaulobacterales (47). It has beenmost heavily studied inCaulobacter crescentus, a model organism
for asymmetric cell division, in which it plays a key role in cell cycle regulation (reviewed in 82).
Its expression is very tightly controlled, being activated for a brief period at the end of S phase,
immediately following chromosomal replication but before cell division. Thus, the nascent copies
remain hemimethylated throughout replication and are converted to a fully methylated state at
the onset of cell division. Following cell division and prior to the next round of replication, CcrM
is destroyed by the Lon protease in swarmer cells and sequestered at the cell pole in replication-
competent stalked cells (132).
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Unlike Dam, CcrM is not required for replication initiation or mismatch repair but rather acts
primarily as a global transcriptional regulator through temporal cell cycle–dependent methylation
state changes (47). The CcrMmethylation state affects the binding properties of the transcription
factor GcrA (36), resulting in the methylation-dependent expression of yet other global regulators
including dnaA and ctrA, both of which regulate replication (47). GcrA activates ctrA expression
from the P1 promoter when it is hemimethylated but not when it is fully methylated. During
replication, the two daughter chromosomes are hemimethylated on opposite strands, and GcrA
activates creS only in the copy where the coding strand is methylated (79), imparting asymmetry.
In total, CcrM and its regulatory partners influence the transcription of at least 200 genes in
C. crescentus, at least 40 of which are directly affected by CcrM methylation (131).

Dcm

Dcm is an orphan m5C MTase modifying CCWGG that is conserved throughout the Escherichia
and Salmonella genera (although notably absent in the laboratory strain E. coli B). Recent evidence
shows that Dcm methylation has gene regulatory effects, reducing the expression of ribosomal
protein genes rplC and rpsJ and the drug resistance transporter sugE during stationary phase (77,
78).On the whole, loss of dcm results in no obvious phenotype, and so despite decades of study, the
reasons for its selective retention remain somewhat unclear. Furthermore, it is cotranscribed with
vsr, which encodes an endonuclease that specifically repairs the T:G mismatches that result from
deamination of m5C, an arrangement likely intended to reduce the mutagenic effects of Dcm
methylation (112). Despite this, CCWGG sites show an eightfold increase in mutation rate in
natural bacterial populations where dcm is present (27), so whatever function Dcm is performing,
its hosts appear willing to make this trade-off.

CamA

The orphan MTase designated CamA, which methylates the asymmetric sequence CAAAAA, is
ubiquitous in, yet primarily restricted to, the species Clostridioides difficile (90). CamA methylation
appears to be important for efficient sporulation, particularly for progressing beyond asymmetric
division. CamA methylation appears to affect σ F activation and subsequent expression of spoIIQ
and spoIVA within the sporulation transcriptional cascade. In addition, camA mutant cells show
overexpression of cell wall–remodeling enzymes and an increase in biofilm production (90).
CamA TSs are overrepresented in the regulatory regions upstream of genes involved in sporula-
tion, motility, and membrane transport and significantly overlap with the binding sites of known
transcription factors, suggesting that competition for these sites creates regulatory ON/OFF
switches (90).

BurkholderiaMTases

Two MTases belong to the core genomes of four Burkholderia species (B. cenocepacia, B. mallei, B.
pseudomallei, and B. thailandensis), indicating very strong conservation (89). They have yet to be
assigned mnemonics but are referred to here by their REBASE designations from B. cenocepacia
J2315 (http://rebase.neb.com). M.BceJIV is a Type II orphan recognizing GTWWAC, while
M.BceJI, recognizing CACAG, belongs to a complete Type III RM system. Deletion of bceJIVM
resulted in changes in biofilmmorphology and increased aggregation and pellicle formation,while
bceJIM mutants showed decreased motility (121). Genes differentially expressed between wild-
type and mutant strains have been identified, and several of these have relevant TSs in their pro-
moter regions, suggesting direct effects of methylation state on expression (121). However, the
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precise effects on the transcriptional program leading to the observed phenotypes remain to be
elucidated.

CtsM

An orphan MTase modifying RAATTY is highly conserved in Campylobacter, a genus of Epsilon-
proteobacteria that is naturally competent (13, 84, 89, 129). In the C. jejuni 81–176 genome, this TS
occurs fourfold more often than expected by chance, and the presence of ctsM coupled with this
excess guarantees that a large proportion of DNA fragments originating in Campylobacter cells will
bear at least one methylated RAATTY site (13). This methylation mark promotes DNA uptake
and is required for efficient natural transformation, thereby establishing preferential HGT cor-
ridors within the Campylobacter genus (13). This discrimination does not rely on an REase, and
further study is needed to determine its mechanism. Methylation at RAATTY sites is also highly
conserved in Acinetobacter (89) and Spirochaeta, and in the latter at least, the presence of unmethyl-
ated sites suggests a transcriptional regulatory role (17).Thus, this same epigenetic mark may have
been adapted to serve different functions in different lineages.

Other Examples

Other examples not described here include the orphan M.EcoKII (encoded by yhdJ) of E. coli and
Salmonella (6, 19, 95); the orphan m5C MTase VchM of Vibrio cholerae (25); the MTase of the
Type I RM system SpyMEW123I and its orthologs in Streptococcus pyogenes (87); the MTase of the
Type III RM system StyLTI and its orthologs in Salmonella (95); several MTases in cyanobacteria
(50); and the m5C MTase M.Hpy99III and its orthologs in H. pylori, which have a cognate REase
in 13% of observed cases (32). In addition to the examples above, many other recently identified
persistent MTases await study. While many persistent MTases likely act through advantageous
alterations to gene expression, the examples of Dam and CtsM demonstrate that other functional
paradigms are possible.

CONCLUSIONS AND FUTURE DIRECTIONS

At both ends of the change rate spectrum, phase variability and persistence, methylation acts as an
epigenetic mark to effect changes in the cell’s gene expression program. Any DNA MTase, when
introduced into a naive cell, will likely alter gene expression due to the fortuitous juxtaposition of
methylation TSs and regulatory-protein-binding sites. If the resulting competition proves advan-
tageous to the cell, both the TS and theMTase will persist.With theMTase established, additional
TSs of selective advantage may emerge. The collection of genomes and methylomes sequenced to
date is simply a snapshot of dynamic evolution, and we observe MTases in all phases of evolution.
Today’s orphan singleton may become tomorrow’s persistent MTase family, and today’s mobile
RM system may become tomorrow’s established phase-variable or cassette-variable system.

Recent work has shown a number of examples of MTases that may be emergent regulatory
agents. For example, DnmA, an orphan MTase modifying the asymmetric sequence GACGAG,
has recently been identified in certain B. subtilis isolates (88). Although not yet prevalent enough
to be deemed persistent (89), it nonetheless exhibits significant effects on gene regulation through
competition with the transcription factor ScoC (88). In addition,methylation fromHGT-acquired
RM systems has significant and immediate impacts on gene expression (72, 127). These examples,
coupled with the identification of cassette-variable methylation systems and the finding that or-
phan singletons exhibit consistently unmethylated sites, suggest that novel methylation patterns
can very quickly integrate into a cell’s transcriptional program. The fact that persistent MTase
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families often adhere to species and higher-order taxonomic boundaries suggests that these pro-
grammatic changes can have consequential effects on bacterial evolution.

We currently find ourselves in a very exciting time in the field of bacterial epigenetics. Thanks
to the development of SMRT (single-molecule, real-time) sequencing, which can detect methyl-
ated sites at single-base resolution (37), the characterization of bacterial methylomes has become
commonplace.Over the last decade,we have accumulated enoughmethylome data to now observe
bacterial epigenetic patterns and identify key MTase players on a large scale. It is no coincidence
that many of the studies related to novel persistent MTases and their functions cited here are from
the last two years. A positive development is that research is beginning to focus on previously
understudied groups, such as gram-positive bacteria and archaea, which are as epigenetically rich
as gram-negative bacteria. Also intriguing is the emergence of a possible link betweenmethylation
and another epigenetic mechanism, phosphorothioation (26).We expect these trends to continue
as yet more methylomes are sequenced and existing data in REBASE and other sources are mined.
We await the exciting discoveries to come.
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