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Abstract 

DNA me thyltransf erases (DNA MTases) ar e central epigene tic r e gula t ors in bact eria and ar chaea, with func tions extending 

far beyond classical restriction–modification defence. Div er se MTase classes exist, including canonical and phase-variable 

r estric tion–modific a tion syst ems, orphan MTases, and enzymes with currently undefined roles. MTase activity is associa t ed 

with r e gula t ory out comes thr ough both dir ec t and indir ec t mechanisms. Me thylation of pr omoters or r e gula t ory r e gions c an 

influence transcription, while broader methylome remodelling may affect genome-wide gene expression. These processes 

g enera t e distinct epigenetic sta t es associa t ed with phenotypic varia tion. MTase-media t ed r e gulation has been implic a t ed in 

virulenc e, c olonization, immune evasion, biofilm formation, motility, stress tolerance, metabolism, and antibio tic suscep ti- 

bility. In archaea, MTase systems contribute to genome integrity and ecological specialization, highlighting shared epigenetic 

principles across domains of life. A major challenge is to mo v e bey ond descriptiv e methylome surv eys and correlativ e analyses 

tow ar d experimentally validated links between methylation and phenotype. This review synthesizes current understanding of 

pr ok aryotic DNA me thyla tion, with primary emphasis on experimentally valida t ed phenotypic out c omes. We also inc orpora t e 

insight s fr om omics-based studies wher e these pr ovide cont ext or g enera t e t estable hypo theses, while no ting when evidence 

is based on inf er ence rather than dir ec t experimental validation, and include underr epr esented ar chaeal systems. 

Keywor ds epigene tics, r estric tion–modific ation systems, DNA me thyltransf erases, DNA methylation, prokaryotes, bacteria 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intr oduc tion 

Epig enetics encomp asses rev er sible changes in gene expres- 

sion that occur without alt era tion of the DNA sequence itself. 

DNA methylation has long been r ecogniz ed as a major epige- 

ne tic mechanism, but it s r oles and evolutionary signific ance dif- 

fer markedly between eukaryotes and prokaryotes (Willbanks et 

al. 2016 ). In euk aryotes, me thylation occurs pr edominantly at 

cytosine residues within CpG dinucleotides and functions as a 

genome-wide r e gulatory system that contributes to transcrip- 

tional silencing, imprinting, and chromatin organization (Bird 

2002 , Law and Jacobsen 2010 , Moore et al. 2013 ). These modifi- 

c ations ac t in c onc ert with hist one marks and chroma tin remod- 

eling complexes to modulate stable yet rev er sible gene expres- 

sion sta t es essential for development and differ entiation. Euk ary- 

otic methyla tion p a tt erns are often inherit ed through cell divi- 

sion and are tightly regula t ed by DNA methyltr ansfer ases such as 

DNMT1, DNMT3A, and DNMT3B in mammals which highlight s it s 

central role in maintaining cellular integrity and function (Meng et 

al. 2024 ). 

B y contrast, DNA methyla tion in pr ok aryotes w as historic ally 

viewed mainly through the framework of r estric tion–modific ation 

(R–M) systems, wher e me thylation ac t s as a self-r ecognition signal 

that blocks r estric tion enzyme cleavage of the host genome. This

def ense-oriented perspec tive long obscur ed the br oader r e gula-

t ory pot ential of b act erial DNA methyltr ansfer ases (MTases) (Rodic

et al. 2017 , Shaw et al. 2023 ). The identification of orphan MTases,

enzymes lacking an associa t ed r estric tion endonuclease marked

a major c onc eptual shift. Classic examples such as Dam and Dcm

in Escherichia coli and CcrM in Caulobacter cr escent us r evealed

tha t DNA methyla tion c an dir ec tly modula t e b act erial physiology

(Wenzel and Guschlbauer 1993 , Løbner-Olesen et al. 2005 , Horton

et al. 2019 ). 

Rec ent advanc es in single-molecule re al-time (SMR T) sequenc-

ing have demonstra t ed tha t MTases ar e widespr ead acr oss bac-

t erial and archae al line ag es (Touranche au et al. 2021 , Chen et al.

2022 ). Pr ok aryotic MTases typic ally g enera t e N6-methyladenine

(6mA), N4-methylcytosine (4mC), or 5-methylcytosine (5mC), 

thereby modifying specific motifs and impacting downstream 

phenotypic charac teristics thr ough chang es in g ene expression

p a tt erns (Sánchez-R omer o e t al. 2015 ). Beyond orphan sys-

tems, phase-variable MTases are enzymes whose activity or DNA-

r ecognition specificity c an change thr ough r ev er sible genetic al-

t era tions usually associa t ed with type I and type III R–M loci form

“phasevarions” tha t media t e coordina t ed and rev er sible r e gula-

tion of multiple genes. Ho w ev er, r e gulatory ac tivity is not lim-
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t ed t o phase-v ariable sys tems; several non-phase-v ariable Type I 

nd Type II MTases can modula t e g ene expression and contribut e 

 o varia tion in virulence and other phenotypic traits (Anton and 

 obert s 2021 ). Such systems contribute to the pathogenicity of 

 act erial species such as Neisseria , Haemophilus , and Helicobac- 
er (Donahue et al. 2002 , Atack et al. 2019 , Seib et al. 2020 ). 

Collec tively, these insight s position DNA me thylation as a mul- 

ilayer ed r e gula t ory mechanism tha t links environmental cues t o 

ynamic gene expr ession pr ograms and extends far beyond its 

riginally r ecogniz ed r ole in host def ense (Sánchez-R omer o e t al. 

015 , Seib et al. 2020 , Seong et al. 2021 ). It is incre asingly cle ar 

ha t DNA methyla tion can influence g ene expression by modula t- 

ng promoter ac c essibility, altering transcription factor binding, 

r affec ting DNA t opology, ultima t ely contributing t o phenotypic 

e ter ogeneity and environmental adaptability (Passeri et al. 2024 , 

hen et al. 2025 ). 

Although se veral re vie ws hav e described the div er sity of 

r ok aryotic DNA me thyltransf erases and their biochemical prop- 

rties (De Ste Croix et al. 2017 , Phillips et al. 2019 , Seong et al. 

021 , Anton and R obert s 2021 , Payelleville and Brillard 2021 , Gao 

t al. 2023 , Chen et al. 2025 ), and other s hav e examined bac- 

erial phenotypes primarily through transcriptomic profiling (Ma 

t al. 2025b ), a unifying per spectiv e on the functionally vali- 

a t ed c onsequenc es of DNA methylation across b act erial and ar- 

hae al syst ems r emains lacking. R ec ent advanc es in genome- 

ide me thylome pr ofiling, coupled with e xpanding e xperimen- 

 al evidenc e, now make it possible to dir ec tly link me thylation 

ta t es t o cellular physiology, g enome st ability, and ec ological 

daptation. Here, we synthesize these developments to provide a 

unc tion-oriented framework f or under standing ho w DNA methy- 

ation shapes pr ok aryotic biology. We place primary emphasis on 

tudies in which phenotypic outcomes have been experimentally 

alida t ed, while also incorpora ting select ed insights from metage- 

omic and other omics-based studies where these provide useful 

ont ext or g enera t e t es table hypotheses. Such s tudies are clearly 

istinguished from experimentally valida t ed evidence through- 

ut. 

B y int egra ting evidence across div er se systems, w e high- 

ight how DNA methylation influenc es ec ological adapt ability, 

ost-micr obe interac tions, and phenotypic he ter ogeneity, often 

hrough underlying molecular regula t ory processes. In doing so, 

his re vie w mo v es bey ond enz yme classific ation and pr edomi- 

antly correla tive omics-b ased appro aches t o bett er deline a t e 

 ausal r elationships and pr o vide a cohesiv e view of how DNA 

ethyla tion contribut es t o adaptiv e ev olution in pr ok aryotes. 

iv er sity and classification of 

r ok aryotic MTases 

anonical and phase-variable 

 estric tion–modific a tion syst ems 

–M syst ems are ubiquit ous across b act erial and archae al lin- 

 ag es and r epr esent one of the earliest described mechanisms of 

r ok aryotic DNA me thylation. Traditionally r e gar ded as inna t e im- 

une systems, R–M loci pr otec t bac terial host s against invasion 

y f or eign gene tic ma t erial, such as b act eriophag es and plasmids, 

 y discriminating betw een self and non-self DNA (Vasu and Na- 

garajan 2013 ). These systems are composed of a r estric tion en-

donucle ase (R) tha t cle aves f or eign unme thyla t ed DNA and a cor-

r esponding me thyltransf erase (M) that methylates host DNA at

specific recognition motif s, prev enting aut odegrada tion. R–M sys-

tems have been also reported to be spr ead thr ough horiz ontal

gene transfer, possibly contributing to bacterial genome plasticity

and adaptation under environmental pr essur es (Tisza et al. 2023 ,

Gopalan-Nair et al. 2024 ). 

Four c anonic al types of R–M systems (Types I-IV) have been

charac teriz ed, each distinguished by their subunit composition,

sequenc e rec ognition motifs, cle avag e positions, and cofact or re-

quir ement s (Raleigh and Brooks 1998 ). Type I systems, encoded

by the hsdR , hsdM , and hsdS genes, form multi-subunit protein

c omplexes c omprising r estric tion (R), me thylation (M), and speci-

ficity (S) subunits. The specificity subunits denote the target motif

which is usually bip artit e in nature due to the specificity subunit

arrangement within the operon. They utilize ATP t o cle ave DNA a t

v ariable dis t anc es from their r ecognition sites, linking r estric tion

activity with energy-dependent DNA translocation (Loenen et al.

2014 ). Type II systems, in c ontrast, c onsist of independent restric-

tion and methylation enzymes that r ecogniz e short, palindr omic

sequences and cleave within or near these tar ge t s. Their high

specificity and pr edic table cle avag e p a tt erns have made them in-

valuable tools in molecular biology and biotechnology, EcoRI is a

well-substantia t ed example tha t Type II enz ymes serv e as founda-

tional tools for molecular cloning and DNA manipulation. (Chang

and Cohen 1977 , Pingoud et al. 2014 , Wang et al. 2021 ). Type

III systems are composed of two g enes, mod (modifica tion) and

r es (r estric tion), which encode subunit s tha t opera t e as a het ero-

oligomeric comple x . These enzymes r ecogniz e asymme tric se-

quences, r equir e ATP f or cle avag e, and transloca t e DNA in a unidi-

r ec tional manner prior to r estric tion (Rao et al. 2014 ). Type IV sys-

tems differ from the rest, as they c ont ain a restriction gene but lack

a me thyltransf erase, they tar ge t and cleave modified DNA, thereby

count ering host-like methyla tion in invading phag e g enomes (Loe-

nen et al. 2014 ). 

While c anonic al R–M systems wer e long consider ed pur ely de-

fensive, ac cumulating evidenc e suggests that some MTases within

these syst ems, p articularly phase-variable enzymes, can exert epi-

gene tic r e gulatory func tions. Phase-variable me thylation arises

either through ON/OFF expression of an MTase (common in Type

III mod genes though limited r epr esentation exist s in Type II sys-

tems) or through changes in tar ge t specificity ( hsdS recombina-

tion in Type I systems). These molecular re arrang ements alt er

the DNA motifs they r ecogniz e, pr oducing distinc t me thylation

signa tures tha t, in turn, g enera t e differ ent gene expr ession pr o-

files across host subpopulations in response to environmental

cues (Srikhanta et al. 2009 , Manso et al. 2014 , Anjum et al. 2016 ).

This is demonstra t ed in Type III Mod phasevarions of Neisseria ,

Haemophilus , and Moraxella species, where rev er sible ON/OFF ex-

pression of the mod gene r esult s in global shifts in me thylation

p a tt erns and downstream transcriptional regulation of multiple

g enes (F ox et al. 2007 , Kwia t ek e t al. 2015 , Blakew ay e t al. 2019 ).

Similarly, Type I phasevarions, such as those found in Streptococ-
cus pneumoniae and Neisseria gonorrhoeae , can modula t e g ene

expr ession ne tw orks b y s tochas tic changes in the specificity sub-

unit ( hsdS ) due to r ecombination be tween tar ge t r ecognition do-

mains (Manso et al. 2014 , Adamczyk-Poplawska et al. 2022 ). 

Ther ef or e, c anonic al MTases within R–M systems, especially

phase-variable ones, serve not only as components of genome de-
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FEMS Microbiology Re vie ws , 2026, Volume 50 3 
fense but also as modula t ors of transcription and phenotypic plas- 

ticity. With this dual r e gula t ory cap acity established for canonical 

R–M systems (De Vries et al. 2002 , Bo w er et al. 2018 , Shaw et al. 

2023 ), this f oundation se t s the stage f or under standing ho w or- 

phan and other non-c anonic al and undefined me thyltransf erases 

contribut e t o epig enesis and bro ader me thylome-driven r e gula- 

tion in pr ok aryotes. 

Orphan me thyltransf erases and 

r e gula t ory specializa tion 

Orphan DNA MTases constitute a distinct class of b act erial methyl- 

tr ansfer ases that function independently of restriction endonu- 

cleases, r epr esenting a shift from defensive methylation tow ar d 

primarily r e gula t ory epig ene tic r oles. Although some comp ara tive 

analyses sugg est tha t c ert ain orphan MTases may have origina t ed 

through loss or inactivation of cognate r estric tion endonucleases, 

the evolutionar y histor y of orphan MTases r emains unr esolved 

and likely varies across line ag es (Seshasayee et al. 2012 ). 

Well-charac teriz ed systems adopted across div er se prokary- 

otic taxa such as Dam in E. coli which tar ge t s GATC sites but 

c an interac t with non-c anonic al sites influencing key processes 

such as r eplic a tion initia tion, misma t ch rep air, nucleoid organiza- 

tion, and the transcription of virulence and str ess-r esponse genes 

(Wyr z yko wski et al. 2003 , Horton et al. 2015 ). Although less well 

charac teriz ed, Dcm in E. coli tar ge t s CCWGG sites and contributes 

t o muta tion avoidance and can modula t e g ene expression under 

specific stress conditions (Guss et al. 2012 , Militello et al. 2012 ). 

In C. cr escent us , the temporally contr olled CcrM MTase tar ge ting 

GANTC sites exemplifies a cell cycle-r e gula t ed epig enetic syst em 

tha t coordina t es replica tion with the activation of differentiation- 

associa t ed g enes (R eisenauer e t al. 1999 , Horton e t al. 2019 ). 

The essential nature of these enzymes is further highlighted by 

the association with cell viability in Yersinia pseudot uber culosis 
and Vibrio cholerae (Dam-like MTase), and in Agrobacterium tume- 
faciens and Caulobacter crescentus (CcrM-like MTase) (Julio et al. 

2001 , Kahng and Shapiro 2001 , Gonzalez et al. 2014 ). Loss or dys- 

r e gulation of these MTases r esult s in sever e r eplic ation def ec t s, 

aberrant cell-cycle pr ogr ession, compr omiz ed DNA r epair, and de- 

f ec t s in maintaining cellular homeostasis. 

Undefined and no v el me thyltransf erases 

rev ealed b y me thylome pr ofiling 

Single-molecule real-time (SMRT) and nanopore sequencing have 

r evolutioniz ed the exploration of pr ok aryotic me thylomes, uncov- 

ering v as t numbers of MTases with no cle ar homology t o charact er- 

ized families (Beaulaurier et al. 2015 , Chen et al. 2022 ). With contin- 

ued development of supporting bioinformatic tools that c apitaliz e 

on these SMR T t echnologies, g enome-wide mapping of methyla- 

tion motifs and their assignment to cognate MTases at higher res- 

olution and depth has been made possible (Flusberg et al. 2010 , 

Clark et al. 2012 , Blow et al. 2016 ). These findings indica t e tha t our 

curr ent classific ation schemes lar gely derived fr om bac terial R–M 

systems likely c aptur e only a subse t of existing me thylation diver- 

sity. Many of these “undefined” or “unassigned” MTases appear 

particularly abundant in ar chaeal genomes, wher e they may ex- 

hibit unique combinations of catalytic and ac c essory domains (Hi- 

raok a e t al. 2022 ). In particular, ar chaeal species such as Sulfolobus 

solfataricus and Methanoc oc cus jannaschii display unusual modifi-

ca tion Msigna tures, including noncanonical sequence motifs and

no v el catalytic domain architectures (Huang et al. 2002 , Menezes

et al. 2011 , Wang et al. 2014 ). The functional roles of these en-

zymes remain poorly understood, though their diversity suggests

adapta tion t o niche-specific pr essur es such as high-t empera ture

survival, viral predation, or horizontal gene exchange (Fullmer et

al. 2019 ). Comp ara tive me thylomics acr oss bac terial and ar chaeal

tax a suggest s that the r epertoir e of MTases in a given organism

might r eflec t ecologic al specialization, pointing tow ar d the ac-

quisition and utilization of these systems as r e gula t ory syst ems

and/or ev olutionary driv er s (Mak ar ova e t al. 2013 ). In line with

this vie w, se veral pr ok ary otic MTase genes hav e been found to

be co-loc aliz ed with transposases and int egrases tha t media t e g e-

nomic plasticity and possible adapta tion t o extreme or fluctuating

envir onment s (Mak ar ova e t al. 2013 ). Although experimental val-

idation remains limited, these observations expand the c onc ep-

tual boundaries of b act erial and archaeal epigenetics, position-

ing undefined MTases as a frontier for disco v ery in understand-

ing how methylation contributes to cellular r e gulation and evolu-

tion (Harris and Goldman 2020 , Hiraoka et al. 2022 ). The div er sity

of pr ok aryotic DNA me thyltransf erase systems and the breadth of

functional outcomes they influence are summarized in Fig. 1 . 

Mechanistic links between 

methylation and gene expression 

Dir ec t mechanisms of methylation-driven 

gene expression 

Dir ec t me thylation-dependent r e gulatory mechanisms frequently

but no t ex clusively opera t e a t specific g ene promot ers, where

me thylation c an influence transcriptional factor binding to

DNA. These locus-specific effec t s arise fr om dir ec t me thylation-

dependent modulation of DNA-pr otein interac tions at promoters,

as schematically illustrated in Fig. 2 A. 

Although DNA methylation systems in pr ok ary otes hav e been

ext ensively ca talogued, the mechanistic b asis by which methy-

la tion influences g ene r e gulation r emains unr esolved in many

tax a. In numer ous instances, it is difficult t o a ttribut e transcrip-

tional outcomes to a single, dir ec t me thylation-dependent mech-

anism, and the available evidence inst e ad points t oward hybrid

or pr edominantly indir ec t modes of r e gulation. A gr owing body

of work supports the view that DNA methyltr ansfer ases (MTases)

can modula t e tr anscriptional progr ams without ac ting as classic al

site-specific r e gulators. In many systems, ho w ev er, transcriptional

changes following MTase perturbation are difficult to attribute

to discr e te me thylation-sensitiv e binding ev ents. Instead, pheno-

types emer ging fr om MTase knockout or o v er expr ession often r e-

flec t br oader physiologic al r ewiring, alter ed r eplic ation timing,

s tress s ta t e, or nucleoid organiza tion tha t secondarily reshapes

gene expression (Løbner-Olesen et al. 2003 ). Ho w ev er, there are

examples of clear site-specific methylation-driven modulation. 

The agn43 and pap genes are among the best-charac teriz ed ex-

amples of dir ec t site-specific phase variation in E. coli . The pro-

cess of phase variation is integral to microbial adaptation; it in-

v olv es a heritable and rev er sible high frequency genetic event that

le ads t o sequence shuffling and le ads t o in-popula tion phenotypic
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Figur e 1 Func tional landsc ape of pr ok aryotic DNA me thyltransf erase systems. Schematic r epr esentation of major classes of DNA me thyltransf erases 

(MTases) in pr ok aryotes and the breadth of functional c onsequenc es associated with their activity. The central diagram illustra t es princip al MTase 

ca t eg ories, including canonical R–M systems (Type I/II and Type III), orphan MTases that lack cognate r estric tion endonucleases but possess established 

r e gula t ory roles, and undefined MTases identified through genome-wide methylome profiling. Undefined MTases are shown with lighter shading to 

r eflec t that their biological functions remain incompletely characterized despite detectable methylation activity. Abstract symbols denote 

me thyltransf erase (M), r estric tion (R), and specificity (S) subunits for Type I and II systems, and restriction ( res ) and modification ( mod ) in Type III 

systems. These are intended to convey functional composition rather than accura t e structural organization. Phase-variable behaviour is not depicted as 

a discr e te class but is implicit acr oss multiple MTase c a t eg ories, reflecting rev er sible changes in methyltr ansfer ase expression or specificity that generate 

alt erna tive methyla tion sta t es. The out er ring summariz es major func tional domains influenced by DNA me thylation, including virulence and host 

interac tion, me tabolic r e gulation, str ess adaptation, biofilm f orma tion, and g enome plasticity. The figur e emphasiz es that individual me thylation 

systems frequently contribute to multiple phenotypic outcomes and that similar biological functions can arise from distinct methylation architectures. 

Together, this framework highlights DNA methylation as a modular and integrative r e gulatory system extending beyond classical restriction-based 

genome defense to shape div er se aspec t s of pr ok aryo tic physiology and adap tation. 
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e ter ogeneity. The gene agn43 encodes a self-recognizing, a fim- 

rial adhesin tha t promot es cell aggregation, biofilm formation, 

nd oxidative stress resist anc e, c ontributing to survival within 

ost neutrophils (Haagmans and van der Woude 2000 ). Its ex- 

ression is go v erned b y a Dam-dependent phase-variable switch, 

 enera ting phase -ON and phase -OFF popula tions. Activa tion de- 

ends on DNA adenine methylation event by Dam, whereas re- 

r ession r equir es the transcriptional r e gula t or O xyR. O xyR bind- 

ng pr otec t s specific GATC sites fr om Dam me thylation, ther eby 

reventing transcription (Waldron et al. 2002 , Cabrer-Panes et al. 

020 ). The mutually exclusive binding of Dam and O xyR t o over- 

apping tar ge t sequenc es est ablishes a c ompe titive r e gula t ory cir- 

uit in which methyla tion sta tus det ermines promot er ac c essi- 

bility and transcriptional sta t e. In Salmonella enterica , a compa-

rable methyla tion-b ased swit ch r e gula t es the gtr (glycosyltrans-

f erase) oper on r esponsible f or O-antigen modific ation (Br oadbent

et al. 2010 ). Again, O xyR media t es the transition between ON and

OFF sta t es by binding to sites whose occupancy is dictated by

the methyla tion sta tus of adjacent G ATC motif s. This interplay

between OxyR binding and Dam-dependent methylation enables

rev er sible control of virulence-associa t ed surface modifications

(Br oadbent e t al. 2010 ). 

A similar Dam-media t ed ON/ OFF r e gula t ory mechanism g ov-

erns the p y elonephritis-associa t ed pili ( pap ) operon, which con-

trols fimbrial expression and adhesion potential in E. coli. Here,

transcription is controlled by the promoter binding of global r e g-
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Figur e 2 Dir ec t and indir ec t mechanisms by which DNA me thyla tion modula t es g ene r e gulation in pr ok aryot es. Schema tic o v erview of tw o principal 

mechanistic modes through which DNA methylation influences gene expression in prokaryotes. Panel A (Direct): Methylation at defined loci dir ec tly 

modula t es DNA–prot ein int eractions a t individual promot ers. Methyla tion of promot er-associa t ed mo tifs can inhibit or permit transcrip tion factor (TF) 

binding, thereby altering transcriptional output at specific genes in a rev er sible and heritable manner. Panel B (Indirect): Changes in methyltr ansfer ase 

ac tivity, expr ession, or tar ge t specificity g enera t e distinct g enome-wide methyla tion landscapes. Specificity swit ching or ON/ OFF expr ession of 

me thyltransf erases r econfigur es me thylation acr oss multiple loci, pr oducing coor dina t ed chang es in expr ession among se t s of genes without dir ec t 

pr omoter-specific tar ge ting. These mechanisms are not mutually exclusive and can coexist within a single organism, collectively contributing to 

differ ential phenotypes and complex r e gula t ory out comes. 
ula t or Leucine-r esponsive r e gula t ory prot ein Lrp and loc al r e g- 

ula t ory prot ein PapI and is g o v erned b y the methyla tion sta t e 

of two GATC sites namely GATC1028 and GATC1130 which r epr e- 

sents a proximal and distal site within the pap r e gula t ory r e gion 

(Kalt enb ach et al. 1995 , Hale et al. 1998 , Braa t en et al. 1994 )). 

When the proximal site is fully methyla t ed, the Lrp/PapI complex 

binds cooperatively and the pap genes are transcribed “phase- 

ON”, when the distal site is fully methylated by Dam, only Lrp is 

bound at a differ ent site pr eventing transcription and resulting in 

a “phase-OFF” sta t e. Tog ether, these int eractions maintain a sta- 

ble methylation pattern and a heritable transcriptional sta t e. 

Other DNA me thyltransf erases that are not orthologs of Dam 

can also be inv olv ed in gene expression regulation like DnmA 

in Bacillus subtilis (Nye et al. 2020 ) and CcrM in members of Al-

phaprot eob act eria class. DnmA ca talyzes N 

6 -adenine methylation

(6mA) within a subset of promoter sequences containing a con-

served consensus motif. DnmA-driven methylation influences the 

expression of genes inv olv ed in chromosomal structure and main-

t enance, sugg esting a role in coordinating replication and tran-

scription that is still not fully elucida t ed (Nye et al. 2020 ). CcrM

modula t es the activity of promoters involved in the cell-cycle,

in various alphaprot eob act erial species including C. crescentus ,
Agr obacterium t umef aciens , and Sinorhiz obium meliloti (f ormerly
Rhizobium meliloti) (Wright et al. 1997 ). CcrM opera t es through a

contr olled temporal mechanism, expr essed only once per cell cy-

cle, bef or e cell division and is rapidly de graded ther e after. This
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 e gulation establishes cyclic me thylation patterns; wher ein newly 

 eplic a t ed DNA is hemimethyla t ed and becomes fully methyla t ed 

nly upon the re appe arance of CcrM in the subsequent cycle 

Stephens et al. 1996 ). Within this framework, the global tran- 

criptional r e gula t or Gcr A activa t es cell-cycle-r e gula t ed promot- 

rs, while CcrM-dependent methylation stabilizes their expression 

ta t e across the replication cycle (Kahng and Shapiro 2001 , Hor- 

on et al. 2019 ). Unlike Dam-based switches that rely primarily 

n transcription factor competition, CcrM-media t ed regula tion in- 

 egra t es promot er methyla tion with replica tion timing, directly 

nfluencing transcription initiation. As a result, CcrM is essential 

or viability in these b act eria and controls genes inv olv ed in DNA 

 eplic ation ( gyrA ), chr omosome dec a t ena tion ( nstA ), and cell di- 

ision ( ftsZ ) through methylation of G ANTC motif s in their pro- 

oter r e gions (Wright e t al. 1997 , Kahng and Shapir o 2001 , R e- 

ch et al. 2018 ). CcrM was initially report ed t o be essential for vi- 

bility in Brucella abortus and A. tumefaciens (Robertson et al. 

000 , Kahng and Shapiro 2001 ). More recent work in C. cres- 
entus has shown that loss of ccrM can be bypassed through 

ompensa t ory muta tions in the phosphoenolpyruva t e carbohy- 

ra t e phosphotransferase system (PTS), which provide an alter- 

a tive rout e for coordina ting ftsZ and mipZ expression. Ho w ev er, 

hese �ccrM strains are viable only in rich medium and exhibit 

arkedly reduced fitness relative to the wild type (Gonzalez and 

ollier 2015 ). 

A dir ec t me thyla tion mechanism tha t does not targ et promot er 

 e gions inv olv es the Dam-media t ed SeqA-oriC r eplic ation contr ol 

ystem in E. coli . DNA r eplic ation initiates when the initiator pro- 

ein DnaA binds to specific bo x es within the origin of r eplic ation 

 oriC ), triggering local DNA unwinding and assembly. Immediately 

fter r eplic ation, the newly synthesiz ed DNA strand is hemime thy- 

a t ed a t G ATC motif s, as only the par ental strand c arries Dam- 

ependent 6 mA modifications (Nou et al. 1993 , Hernday et al. 

002 ). The SeqA protein specifically recognizes these hemimethy- 

a t ed GATC sit es and binds t o them, f orming nucleopr otein com- 

lexes (Han et al. 2004 ). This SeqA-DNA complex ac t s to sequester 

he newly r eplic a t ed origins, thereby preventing premature reini- 

iation of r eplic ation until Dam methylase restores full methyla- 

ion of oriC (Kang e t al. 2005 , Nievera e t al. 2006 ). Through this 

e thylation-dependent binding cycle, SeqA ensur es that r eplic a- 

ion occurs only once per cell cycle and maintains proper repli- 

ation timing. Disruption of this process either by loss of SeqA 

r aberrant methylation patterns leads to asynchronous initiation 

vent s, disor der ed nucleoid organization, and abnormal DNA su- 

er coiling, wher eas SeqA o v erpr oduc tion c an impair cell division 

Chung YS et al. 2009 ). 

ndir ec t mechanisms of 

ethyla tion-driven g ene expression 

ndir ec t mechanisms opera t e primarily through genome-wide re- 

odelling of methylation patterns rather than through locus- 

 estric ted pr omoter contr ol (Fig. 2 B). By r edistributing me thy- 

ation across motifs that occur throughout the chromosome, 

hese systems alter the r e gulatory landsc ape and g enera t e coordi- 

a t ed shifts in transcription. Classical examples include the phase- 

 ariable R–M sys tems of Type I and Type III classes, which dynam- 

c ally r epr ogram genome-wide me thyla tion sta t es in response t o 

 tochas tic or environmental signals. 

In Type I syst ems, recombina tion be tween variable r e gions of

the hsdS gene alters the sequence specificity of the methyltrans-

fer ase, gener ating new combinations of DNA-binding motifs. Since

Type I me thyltransf erases do not tar ge t pr omoters dir ec tly but

inst e ad r ecogniz e specific sequence motifs that c an occur any-

where in the genome, including promoters, coding regions, inter-

genic r e gions, and distal r e gula t ory sit es, a chang e in specificity

r eshapes the entir e p a tt ern of g enomic methyla tion. As a result,

the subset of loci that become me thylated shifts globally, pr oduc-

ing broad changes in transcrip tional po tential without the need for

pr omoter-specific tar ge ting (Bo w er et al. 2018 ). In contrast, Type

III mod systems generate ON/ OFF expr ession states of the methyl-

tr ansfer ase through slipped-str and mispairing or changes in the

number of repe a t ed sequences within the mod gene. These re-

v er sible shifts determine whether the methyltr ansfer ase is pro-

duced or not, leading to variation in me thylation event s at its spe-

cific recognition sites. The presence or absence of methylation at

defined recognition motifs produces alt erna tive methyla tion pro-

files, e ach cap able of influencing the DNA-prot ein int eraction and,

consequently, the transcriptional profile of the cell (Murray et al.

2021 ). 

Beyond phase-v ariable sys tems, indir ec t me thylation effec t s

also emer ge thr ough modula tion of nucleoid-associa t ed prot ein

(NAP) binding. Widespr ead me thylation c an alter loc al DNA cur-

vature or rigidity, influencing the affinity of structural proteins

such as Fis and IHF, which or ganiz e chr omosomal ar chitec tur e and

r e gula t e processes such as transcription, recombination, and nu-

cleoid compaction (Charlier et al. 1994 , Shao et al. 2008 ). In this

w ay, me thylation indir ec tly go v erns higher-or der chr omosomal

organization and, by extension, the transcriptional output of large

g ene clust ers. 

Dam methylation has been implica t ed in modula ting the

PmrA/PmrB and R csC/R csD/R csB two-component systems in S.
enterica le ading t o LP S struc tur e modific ations (Sarnacki e t al.

2013 ). These r e gula t ory effec t s likely r eflec t indir ec t c onsequenc es

of altered methylation triggered by environmental cues on global

transcriptional networks. Further investigation is r equir ed to de-

termine whether this reflects secondary physiological adaptation

or a more defined methyla tion-media t ed mechanism. 

In Synechocystis sp. 6803, a subtype I-D CRISPR-Cas system ex-

hibit s 5mC hyperme thylation within CRISPR1 r epe a t-sp acer re-

gions and hypomethyla tion a t cas g enes, primarily a t the 5mC-

GATCG motif tar ge ted by M.Ssp6803I. Although CRISPR interfer-

ence activity and cas gene expr ession r emain unaffec ted, loss of

5mC me thylation r educ es c onjugation efficiency by ∼50%. This

sugg ests tha t methyla tion within CRISPR-cas syst em contribut es

to structural or DNA-processing dynamics associa t ed with con-

jugative DNA transfer rather than dir ec tly r e gulating cas transcrip-

tion (Scholz et al. 2019 ). The precise mechanism remains unre-

solved, but these findings point to an indir ec t, non-transcriptional

r ole f or DNA me thylation within CRISPR-c as systems. 

DNA methyla tion p a tt erns through direct or indirect modula-

tion underpin the functional and phenotypic outcomes discussed

in Section 4. 

Functional and phenotypic 

c onsequenc es of DNA methylation 

DNA methylation shapes prokaryotic phenotypes by coupling

gene r e gulation, genome maintenance, and physiological adap-
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tation. These effec t s c an arise thr ough dir ec t, site-specific mod- 

ulation of transcription or r eplic ation, or indir ec tly thr ough 

g enome-wide methyla tion driving the r e gulation of multiple 

genes across the entire g enome. Tog ether, these mechanisms 

influence hos t interaction, s tress surviv al, genome evolution, 

cor e me tabolism, and community-lev el behaviour s. The follo wing 

subsections illustra t e how these methyla tion-dependent mech- 

anisms manifest across distinct but o v erlapping functional do- 

mains. Where individual studies report effects spanning multi- 

ple domains, we discuss them under the primary phenotype em- 

phasized by the authors and cr oss-r ef er enc e sec ondary outc omes 

elsewhere. 

Virulence and host-pa thog en int eractions 

DNA me thylation has emer ged as a central r e gulatory layer shap- 

ing b act erial virulence by reshaping g ene expression inv olv ed 

in hos t colonization, persis tence, and immune ev asion. Across 

p a thog ens from human, animal and plant-associa t ed species, 

MTases remodel the production of adhesins, secreted effec- 

tors, and c ell-surfac e struc tur es that collec tively de termine host- 

p a thog en dynamics. These effec t s fr equently arise thr ough epi- 

genetic phase variation or broader methylome reconfiguration, 

enabling rapid and rev er sible phenotypic div er sification during 

inf ec tion. R epr esentative ex amples of me thylation-dependent 

virulence phenotypes across prokaryotes are summarized in 

Table 1 . 

A r ecurring theme acr oss p a thog ens is methyla tion-dependent 

control of adhesion, motility, and tissue tropism, which repre- 

sent the earliest de terminant s of suc c essful inf ec tion. In Str epto- 
c oc cus pneumoniae , phase-variable Type I R–M systems (Spn556II 

and SpnD39III) g enera t e alt erna tive hsdS allelic sta t es tha t con- 

trol colony opacity, epithelial adhesion, and nasopharyngeal per- 

sis tence. Locked allele v ariant s display r epr oducible differ ences 

in adherence to lung and nasopharyng e al epithelial cells, pro- 

gression to bac ter emia, and within-host persist ence, demonstra t- 

ing how epigenetic switching promotes niche adaptation (Manso 

et al. 2014 , Oliver et al. 2017 , Phillips et al. 2022 , Agnew et 

al. 2023 ). Comparable r e gulation is observed in Neisseria gonor- 
rhoeae , where the ModA13 phasevarion go v erns pilus-associated 

g enes and out er membrane prot eins. ModA13-OFF variants show 

r educed adher ence but markedly enhanced invasion of cervical 

epithelial cells, illustrating how ON/OFF MTase sta t es encode op- 

posing trait s r elevant to muc osal c olonization v er sus intracellular 

entry (Srikhanta et al. 2009 , Kwia t ek et al. 2015 ). Camp ylobact er je- 
juni Type II-G R–M system “cj0031 ” exhibited ∼two-fold reduction 

in adherence and invasion of epithelial cells by cj0031-OFF variant 

and deletion mutant compared to the wildtype cj0031-ON (Anjum 

et al. 2016 ). 

Methyla tion-dependent modula tion of surface-associa t ed 

tr aits ex t ends t o motility and flag ellar assembly. In Aeromonas 
ver onii , a c anonic al Type I R–M system indir ec tly contr ols flagellar 

biosynthesis, such that knockout mutants lose motility and ex- 

hibit sharply diminished kidney colonization in murine inf ec tion 

models (Ma et al. 2025a ). Notably, the inability t o rest ore flag ella 

through c omplement a tion sugg ests tha t methyla tion establishes 

stable epigenetic sta t es influencing surface-assembly p a thways 

(Ma et al. 2025a ). A similar association between methylation 

and host colonization is evident in Helicobact er p ylori , where 

the phase-variable Type III MTase modH5 exhibited differ en- 

tial colonization of murine models and was found to regula t e

both outer -membr ane adhesins and flag ellar g enes which are

inv olv ed in adhesion and motility, r espec tively (Srikhanta et al.

2011 , Gauntle tt e t all 2014 ). The modH5 -OFF strains upr e gula t e

the adhesin HopG, whereas the modH5 -ON variants upregula t e

the expression of motility-associa t ed g enes (Srikhanta et al.

2011 ). Additionally, scr eening of clinic al isola t es indica t ed the

predominance of mod3 and mod5 systems (Srikhanta et al. 2011 ).

Phase-variable methylation systems also influence outer mem- 

brane protein expression in Haemophilus influenzae biogroup 

aegyptius . Two Type III systems, ModA13 and ModA16, produce

signific ant differ ential expr ession of outer membrane pr oteins

between ON and OFF sta t es; ho w ev er, serum-killing assays in-

dica t e tha t only ModA16 contribut es t o this phenotype, with no

signific ant differ ence observed be tween it s ON and OFF variant s

(Tram et al. 2024 ). 

Beyond early host c ont ac t, DNA me thylation modulates the

deployment of virulence factors, including toxins, secr e tion sys-

tems, and effec tor r epertoir es. In Actinobacillus actinomycetem-
comitans , loss of Dam methylation leads to a f ourf old incr ease

in leuko to xin secr e tion, while it r educes epithelial invasion (Wu

et al. 2006 ). In Aer omonas hydr ophila , Dam o v erpr oduc tion sup-

pr esses Type III secr e tion syst em-media t ed cyt ot oxicity while in-

ducing hemolysin and prot e ase activity. This le ads t o an imb al-

anc ed virulenc e st a t e tha t a tt enua t es syst emic inf ec tion in mice

while preserving int estinal coloniza tion (Erova et al. 2006 ). Simi-

lar me thylation-dependent r eweighting of virulence pr ograms is

observed in plant p a thog ens. Deletion of the Type I HsdMSR sys-

tem in Pseudomonas syringae dysr e gulates Type III secr e tion com-

ponents and enhances p a thog enicity in be an le af inf ec tion mod-

els (Huang et al. 2025 ). While the putative MTases XvDMT2 o v erex-

pression in Xanthomonas euvesicatoria reduced virulence during 

t oma t o plant inf ec tion (Park et al. 2021 ). 

In addition to shaping adhesion and virulence factor de-

ployment, DNA me thylation str ongly influences how p a thog ens

confront host immune defenses and persist within intracellular

niches. A central recurring mechanism is the epigene tic contr ol of

oxida tive and nitrosa tive str ess r esponses, which c onstitute c ore

components of inna t e immune killing. In Pseudomonas aerugi-
nosa , the orphan MTase M.PaeTBCFII contribut es t o resist anc e to

r eac tive nitr ogen species that ar e pr oduced by macr ophages, with

dele tion mutant s exhibiting r educ ed intrac ellular survival (Han et

al. 2022 ). Similarly, in Haemophilus influenzae , immune pressure

imposed by neutrophil oxidative bursts rapidly enriches modA2 -
OFF subpopula tions, demonstra ting how phase-variable methy-

la tion g enera t es immune-adapt ed phenotypes without g enetic

change (Brockman et al. 2017 ). In Salmonella typhimurium , Dam

deficiency disrupts oxyR and rpoS -dependent stress regulons, re-

sulting in impaired survival under oxidative challenge and re-

duc ed persistenc e in murine lymphoid tissues in vivo (Balbontín et

al. 2006 , Zhang et al. 2023 ). Phase-variable ModD systems in Neis-
seria meningitidis further link methyla tion t o immune resist anc e,

with ModD-ON variants exhibiting increased catalase activity and

enhanced survival following oxidative bursts (Seib et al. 2011 ).

Type I R–M system SpyMEW123I Streptoc oc cus pyogenes modu-

la t es inf ec tion and host inflamma t ory response, �SpyMEW123I

mutant exhibit ed larg er lesions and eleva t ed levels of int erleukins

from skin biopsies in murine infection models (Nye TM et al. 2019 ).

Me thylation c an also affec t intr acellular tr afficking and phago-

some ma tura tion, ther eby pr omoting long-t erm persist ence. An
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Table 1 Virulence and host int eraction-associa t ed out comes of DNA me thyltransf erase (Sec tion 4.1). 

MTase ca t eg ory Species 

MTase 

sta t e/manipula tion 

Virulence-associa t ed 

functional outcome R ef er ence 

Phase-variable Type 

I R–M 

Streptoc oc cus pneumoniae Locked hsdS alleles Altered adhesion, 

persistence, and invasive 

disease 

Manso et al. 2014 , Oliver et 

al. 2017 

Phase-variable Type 

III (ModA13) 

Neisseria gonorrhoeae ON/OFF mod variants Adhesion/invasion 

trade-off during mucosal 

inf ec tion 

Srikhanta et al. 2009 , 

Kwia t ek et al. 2015 

Type I R–M system Aer omonas ver onii Deletion mutant Loss of motility and 

reduced host colonization 

Ma J et al. 2025 

Phase-variable Type 

III (ModH5) 

Helicobact er p ylori ON/OFF mod variants and 

dele tion mutant s 

Differ ential adhesion and 

motility and colonization 

Srikhanta et al. 2011 , 

Gauntle tt e t al. 2014 

Orphan MTase (Dam) Actinobacillus 
actinomyc etemc omitans 

Deletion mutant Enhanced toxin secr e tion 

and reduced epithelial 

invasion 

Wu et al. 2006 

Orphan MTase (Dam) Aer omonas hydr ophila Over expr ession mutant A tt enua tion of systemic 

virulence 

Er ova e t al. 2006 

Type I R–M system Pseudomonas syringae Deletion mutant Enhanced p a thog enicity in 

plant inf ec tion models 

Huang et al. 2025 

Orphan MTase Pseudomonas aeruginosa Deletion mutant Reduc ed intrac ellular 

survival under immune 

pr essur e 

Han et al. 2022 

Phase-variable Type 

I R–M 

List eria monocyt ogenes Locked hsdS alleles Distinct niche-specific 

virulence programs 

Zbinden et al. 2020 

Phase-variable Type 

I R–M 

Streptoc oc cus suis Locked hsdS alleles Altered virulence and host 

mortality 

R oodsant e t al. 2024 
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x ample is pr o vided b y the MTase Rv1509 in p a thog enic my- 

ob act eria. Expression of Rv1509 alters global transcription, in- 

luding ESX-1 secr e tion system genes, inhibits phagolysosomal 

usion, maintains b act eria within R ab5-positiv e early endoso- 

al compartments, and suppresses nitric oxide production by 

acrophag es (Manjuna th et al. 2024 ). 

Immune evasion is further media t ed through methylation- 

ependent remodeling of cell surface struc tur es, altering host 

ecognition, and inflamma t ory out comes. In Yersinia enterocolit- 
ca , Dam o v erpr oduc tion modifies lipid A cor e struc tur es, incr eas- 

ng exposure of the Inv adhesin and enhancing epithelial inva- 

ion under low-t empera ture c onditions while simult aneously hin- 

ering inna t e immune r ecognition (Fälker e t al. 2005 , Fälker e t 

l. 2007 ). In N. gonorrhoeae , ModA13 switching also alters biofilm 

r chitec tur e, with ModA13-OFF variant s f orming denser biofilms 

hat provide enhanced shielding from immune effectors and sup- 

ort tissue persistence (Srikhanta et al. 2009 ). 

In many organisms, virulence modulation arises indir ec tly 

hr ough global me tabolic changes. In Vibrio choler ae , VchM con- 

ribut es t o int estinal coloniza tion and drug susceptibility through 

r oader physiologic al me thylation-driven shifts (see Sec tion 4.4) 

Chao et al. 2015 , Carvalho et al. 2021 ). Similarly, in the en- 

 omop a thog en Photorhabdus luminescens , Dam o v er expr ession 

lows host killing kinetics during 2 insec t inf estation models, 

hich has been associa t ed with alt ered p a thog enicity of nema t o- 

 act erial complex (Payelleville et al. 2019 ). These examples 

emonstra t e tha t methyla tion can modula t e not only virulence 

everity but also the ra t e of p a thog enesis. 

Phase-v ariable Type I R–M sys t ems further exp and virulence po-

tential by generating allele-specific pathogenic programs within

clonal populations. In List eria monocyt ogenes , locked hsdS alle-

les pr oduce distinc t me thylation landsc apes and markedly dif-

f er ent dise ase out comes in neona tal ra t CNS inf ec tion models,

with individual alleles c onferring advant ages in specific ana t om-

ical niches. To expand on this, allele C is associated with the

most sever e neur op a thology, including pr onounced hippoc am-

p al apopt osis, where as allele D yields high cer ebellar bur dens

and substantial weight loss; allele A exhibits the least virulence

(Zbinden et al. 2020 ). Mixed-infection experiments reveal com-

pe titive advantages f or p articular epig enetic sta t es in vivo , un-

derscoring the role of methylation div er sity in within-host adap-

tation (Zbinden et al. 2020 ). Similarly, in Streptoc oc cus suis , the

SsuCC20p phase-variable system switches among hsdS alleles

tha t modula t e nutrient uptake and biosynthetic p a thways, yield-

ing epigene tic ally enc oded virulenc e st a t es with distinc t r eplic a-

tion fitness and mortality outcomes in zebrafish larvae (Roodsant

et al. 2024 ). 

These systems demonstra t e tha t DNA methyla tion does not

usually opera t e as a singular virulence det erminant, but ra ther

as a r e gula t ory framework tha t coordina t es surface archit ecture,

secr e tion systems, me t abolic st a t e, stress t olerance, and immune

engag ement. B y enabling rev er sible transitions between coloniz-

ing, invasiv e, and per sist ent sta t es without g enetic chang e, methy-

lation provides pathogens with a po w erful mechanism for adap-

tive plasticity during inf ec tion. 
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Str ess r esponse and envir onmental 

resilience 

Wher eas Sec tion 4.1 emphasiz ed str ess r esponses in the con- 

text of host immunity, here we focus on methyla tion-media t ed 

stress adaptation as a general ecological and environmental sur- 

viv al s tra t egy. These sta t es influence oxida tive, osmotic, envelope, 

desicc ation, and chemic al str esses encounter ed in envir onmental 

niches. Thr ough r emodelling of str ess r esponse ne tworks, me thy- 

la tion can media t e survival of b act erial cells under fluctua ting or 

hostile envir onment s. R epr esentative ex amples of me thylation- 

dependent str ess r esponse and r esilience acr oss pr ok aryotes ar e 

summarized in Table 2 . 

A r ecurring f e a tur e acr oss tax a is me thylation-dependent mod- 

ula tion of oxida tive str ess r esponses, which might be critic al f or 

the growth under various environmental conditions. As men- 

tioned previously S. typhimurium , Dam methylation through 

OxyR/RpoS supports survival during peroxide exposure, with dam 

mutants exhibiting pronounced survival defects across multi- 

ple H 2 O 2 c onc entrations. Not ably, methylation levels at GATC 

sit es fluctua t e within minut es of oxida tive challeng e, sugg esting 

that Dam participates in rapid epigene tic ally mediated adapta- 

tion (Zhang et al. 2023 ). Comparable r e gulation is observed in 

N. meningitidis , wher e ModD-ON variant s exhibit enhanced r esis- 

t anc e to H 2 O 2 , traits that likely support survival during environ- 

mental transmission and colonization under unfavourable condi- 

tions (Seib et al. 2011 ). 

Beyond r edox str ess, DNA me thylation c an contribute to 

stress tolerance of other sources. In plant p a thog ens such 

as Xanthomonas euv esicatoria , o v er expr ession of the MTases 

XvDMT1 or XvDMT2 g enera t es diverg ent stress-t olerance pro- 

files. XvDMT1 enhances survival under ethanol and high-sorbitol 

osmotic str ess, wher eas XvDMT2 substantially r educes e thanol 

and sorbitol tolerance but enhances polymyxin B tolerance 

(Park et al. 2021 ). Overexpression of eadM in Xanthomonas ax- 
onopodis reduces stress resilience to ciprofloxacin and D-sorbitol 

but incr eases sider ophor e pr oduc tion under ir on limitation 

(Park et al. 2019 ). 

Me thylation-dependent str ess adapta tion also ext ends t o an- 

tibiotic t olerance, p articularly thr ough indir ec t effec t s on pr o- 

t ein folding, envelope maint enanc e, and c ellular homeost asis. 

In S. suis , ModS2-OFF variants display enhanc ed toleranc e to β- 

lact am antibiotics, c onsist ent with methyla tion-dependent tuning 

of cell wall biosynthesis enzymes and stress regula t ors (Tram et 

al. 2021 ). Similarly, in N. gonorrhoeae , ModA13 phase varia tion af - 

f ec t s r esist anc e t o det erg ents such as Triton X-100 via regulation 

of LP S modific a tion p a thw ays (Srikhanta e t al. 2009 ). In the swine 

p a thog en Actinobacillus pleuropneumoniae, the ModP2-ON pha- 

sevarion also exhibits increased resist anc e to several antibiotics 

commonly used to treat por cine inf ec tions, including ampicillin, 

penicillin, florf enicol, tulathr omycin, tilmicosin, and tiamulin (Na- 

har et al. 2023 ). 

DNA methyla tion also contribut es t o resilience under des- 

icca tion, t empera ture extremes, and other harsh environmen- 

t al c onditions, particularly in soil, aquatic, and plant-associa t ed 

microbes. In X. axonopodis , EadM o v erexpression enhances re- 

sist anc e to desic cation despite c ompr omising other str ess r e- 

sponses, illustrating the specificity with which methylation can 

alloca t e resources t oward p articular surviv al s tra t e gies (Park e t 

al. 2019 ). Similarly, in Lept ospira int errogans , loss of the cytosine 

MTase LomA delays lag-phase exit, reduces motility through semi-

solid media, and increases susceptibility to polymyxin B (Gaultney

et al. 2020 ). B y contrast, in She wanella oneidensis MR-1, comp ar-

ative methylome analyses under aerobic and anaerobic growth

conditions reveal subtle variation in DNA methylation, consistent

with a limited role as a primary transcriptional r e gula t or in this

species. Inst e ad, enrichment of methyla t ed motifs ne ar the origin

of r eplic ation point s to a possible r ole in r eplic a tion-associa t ed

g enome organiza tion ra ther than str ess-r esponsive gene contr ol

(Bendall et al. 2013 ). 

In extremophilic archae a, methyla tion-media t ed stress adap-

t ation t akes on additional dimensions. In the hyperthermophile

Sulfolobus islandicus , the SuaI R–M syst em methyla t es cyt o-

sine residues and appears to contribute to genome stability at

high t empera tur es, wher e spontaneous cyt osine de amina tion

is fr equent. Notably, N4-cytosine me thylation is thought to be

favoured in many thermophilic archaea because cytosine methy-

la tion a t the C5 position promot es spontaneous de amina tion t o

thymine, wher eas me thylation at the N4 position reduces the rate

of cyt osine de amina tion, thereby enhancing g enome stability a t

eleva t ed t empera tur es (Ehrlich e t al. 1986 ). Loss of methylation

incre ases muta tion ra t es and r educes viability, r epr esenting a

rar e c ase in which DNA me thylation dir ec tly support s genome

stability at high temperatures (Grogan 2003 , Suzuki and Kurosawa

2016 ). In halophilic archaea, virus-encoded Dam-like MTases

such as M. φCh1-I modify adenine residues and can complement

E. coli Dam function under low-salt conditions, revealing how

horizont ally ac quired MTases may enhance osmotic resilience

(Baranyi et al. 2000 ). 

Finally, epigene tic he ter ogeneity generated by phase-variable

MTases provides a powerful mechanism for stress adaptation.

Mod systems in Neisseria spp., ModS in S. suis , and ModA2 in H.
influenzae g enera t e ON/OFF subpopula tions with dis tinct s tress

tolerance profiles, enabling rapid shifts in population struc tur e

(Srikhanta et al. 2009 , Jen et al. 2014 , Brockman et al. 2017 , Tram

et al. 2021 ). Under oxidative str ess, f or ex ample, modA2 -OFF H. in-
fluenzae cells rapidly domina t e mixed cultures, illustrating how

methylation-driv en phenotypic div er sification maximizes survival

without requiring genetic mutation (Brockman et al. 2017 ). 

Within environment al c ont exts, methyla tion coordina t es multi-

ple str ess-r esponse p a thw ays thr ough both stable orphan MTases

and dynamic phase-variable systems, enabling survival under 

fluctuating and extreme conditions. 

Horizontal gene transfer and evolutionary 

adaptation 

DNA methylation is a major ar chitec t of genome plasticity in bac-

teria and archaea. By shaping recombination rates, modulating

DNA upt ake, c ontr olling the inte gration of mobile genetic ele-

ments, and influencing mutation tr ajectories, methyltr ansfer ases

(MTases) may act as ga t ekeeper s of ev olutionary potential. R epr e-

sentative examples of methyla tion-dependent alt era tion of hori-

zontal gene transfer (DNA uptake) and evolution across prokary-

otes are summarized in Table 3 . 

One of the most dir ec t w ays in which methylation influences

genome evolution is through the interaction of R–M systems with

f or eign DNA. Type I and Type III R–M systems function not only

as barriers to phage and plasmid entry but also as selective fil-
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Table 2 Stress response and environmental resilience linked to DNA methyltr ansfer ases (Section 4.2). 

MTase ca t eg ory Species 

MTase 

sta t e/manipula tion 

Stress-associa t ed 

functional outcome R ef er ence 

Orphan MTase (Dam) Salmonella typhimurium Deletion mutant Imp aired oxida tive stress 

survival 

Zhang et al. 2023 

Phase-variable 

MTase (ModD) 

Neisseria meningitidis ON/ OFF variant s Sta t e-dependent 

resist anc e to oxidative 

stress 

Seib et al. 2011 

Orphan MTases 

(XvDMT1/2) 

Xanthomonas 
euvesicatoria 

Over expr ession mutant Alt ered t olerance t o 

ethanol/sorbitol and 

polymyxin B 

Park et al. 2021 

Orphan MTase 

(EadM) 

Xanthomonas axonopodis Over expr ession mutant Enhanc ed desic cation 

resist anc e and sorbitol 

and cipr oflox acin 

susceptibility 

Park et al. 2019 

Phase-variable 

MTase (ModS2) 

Streptoc oc cus suis ON/OFF switching Differ ential tolerance to 

β-lactam antibiotics 

Tram et al. 2021 

Phase-variable 

MTase (ModA13) 

Neisseria gonorrhoeae ON/ OFF variant s Differ ential r esist anc e to 

de ter gent str ess 

Srikhanta et al. 2009 

C yt osine MTase 

(LomA) 

Lept ospira int errogans Deletion mutant Impair ed gr owth-phase 

transition and envelope 

resilience 

Gaultney et al. 2020 

R estric tion–

modifica tion syst em 

(SuaI) 

Sulfolobus islandicus Deletion mutant Reduced genome stability 

under thermal stress, 

incr eased transf ormation 

efficiency 

Suzuki and 

Kur osaw a 2016 

Virus-encoded 

Dam-like MTase 

Halophilic archaea He ter ologous expr ession Modulation of osmotic 

stress tolerance 

Baranyi et al. 2000 
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 ers tha t det ermine which g ene tic element s c an be assimila t ed. 

n S. suis , the phase-variable Type I system SsuCC20p has played 

 central role in shaping the g enomic traject ory of the zoonotic 

C20 line ag e (A t ack et al. 2018 ). Ac quir ed thr ough horiz ontal 

ransfer, this sys tem es tablishes a line ag e-specific methyla tion 

andscape that filters incoming mobile elements, including cap- 

ule loci and r e gula t ory g enes, thereby st abilizing ac c essory re- 

ions that define clonal identity and interspecies transmission po- 

ential. Mor e br oadly, distinc t me thyltransf erase r epertoir es se g- 

 e ga t e with clonal complexes across the g enus, indica ting tha t 

ethyla tion syst ems might contribut e t o line ag e div er sification b y 

odulating DNA acquisition and expression of newly integrated 

enes (Willemse et al. 2016 , Atack et al. 2018 , Roodsant et al. 

024 ). Phages r epr esent one of the most pr ominent sour ces of 

 or eign DNA encounter ed b y R–M systems. U sing a multistage in- 

 ec tion model with Helicobact er p ylori and phage KHP30 (genus 

chmidvirus ), a study sho w ed tha t phag es produced high tit ers 

hen inf ec ting their most r ecent hos t s train but significantly lo w er 

iters against other strains. This strain-specific inf ec tivity sug- 

 ests tha t phag es can ev ade hos t R–M barrier s b y acquiring host- 

erived methylation patterns during r eplic ation (Tak ahashi e t al. 

025 ). 

DNA me thylation c an modula t e the efficiency and dir ec tion- 

lity of horizontal gene transfer through effects on transforma- 

ion and conjugation. In the c yanobacterium Synechoc ystis sp. 

CC 6803, disruption of cytosine methylation alters conjugation 

fficiency without impairing CRISPR-Cas immunity (Scholz et al. 

2019 ). Dense methylation of CRISPR repe a ts and rela tive hy-

pomethylation of cas loci appear to influence the structural orga-

nization or processing of these regions during DNA uptake, rep-

r esenting a rar e ex ample of me thylation affec ting gene trans-

f er thr ough non-transcriptional mechanisms (Scholz et al. 2019 ).

Such effec t s shape not only the fr equency of DNA acquisition but

also the timing of population-level genetic exchange. 

Beyond DNA upt ake, methylation influenc es genome st ability

and muta tion ra t es. Dysr e gulation of adenine me thylation c an

increase mutability, the o v erproduction of Dam in Y. enterocol-
itica eleva t es spont aneous mut a tion ra t es, highlighting the dual

natur e of me thylation as either genome-pr otec tive or mutagenic

depending on c onc entration and c ontext (Fälker et al. 2005 ). In

species with extensive phase-variation, such as Neisseria and

Haemophilus , ON/OFF switching of mod genes alters the exposure

of simple sequence repe a ts, indirectly promoting g enetic instabil-

ity and div er sification of surf ace s truc tur es critic al f or niche adap-

tation (Bayliss et al. 2006 , Tan et al. 2016 ). 

Methylation further shapes genome plasticity by influencing

recombination and mobile element activity, including phage in-

t egra tion, capsule swit ching, and plasmid maint enance. In N.
gonorrhoeae , ModA13-media t ed modula tion of LP S modific ation

g enes and out er membrane struc tur es g enera t es phenotypes tha t

differ entially permit phage adsorption and plasmid compatibil-

ity (Srikhanta et al. 2009 ). In Staphyloc oc cus aureus , the phage-

encoded MTase PamA modula t es expression of host surface pro-

teins such as FnBPA, suggesting a feedback loop in which phage-
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Table 3 Roles of DNA methyltr ansfer ases in horizontal gene transfer and evolutionary adaptation (Section 4.3). 

MTase ca t eg ory Species 

MTase sta t e or 

manipulation 

Evolutionary/HGT- 

associa t ed functional 

outcome R ef er ence 

Phase-variable Type I R–M 

(SsuCC20p) 

Streptoc oc cus suis ON/ OFF variant s Line ag e-specific filt ering 

of horizontally acquired 

DNA 

Willemse et al. 2016 , Atack 

et al. 2018 

C yt osine MTase Synechocystis sp. 

PCC 6803 

Deletion mutant Alt ered conjuga tion 

efficiency without loss of 

CRISPR immunity 

Scholz et al. 2019 

Orphan MTase (Dam) Yersinia 

enteroc olitic a 

Over expr ession 

mutant 

Increased spontaneous 

muta tion ra t e 

Fälker et al. 2005 

Phase-variable MTases Haemophilus 
influenzae 

ON/ OFF variant s Indir ec t pr omotion of 

surface antigen 

div er sification and 

popula tion het erog eneity 

in DNA acquisition 

Br ockman e t al. 2017 

Phase-variable MTase 

(ModA13) 

Neisseria 

gonorrhoeae 
ON/ OFF variant s Differ ential 

permissiveness to phage 

adsorption and plasmid 

comp a tibility 

Srikhanta et al. 2009 

Phage-encoded MTase 

(PamA) 

Staphyloc oc cus 
aureus 

Prophage-encoded 

expression 

Modulation of host surface 

traits influencing phage 

fitness 

Ulrich et al. 2024 

Orphan MTases (EadM, 

XvDMT1/2) 

Xanthomonas spp. Over expr ession 

mutant 

Altered plasmid stability 

and phage susceptibility 

Park et al. 2019 , 2021 

Orphan MTase (MamA) Mycobacterium 

t uber culosis 
Deletion mutant Reduc ed persistenc e 

under hypoxia-linked 

selec tive pr essur e 

Shell et al. 2013 

Orphan MTase (Rv1509) Pa thog enic 

mycob act eria 

Expressed in M. 
smegmatis 
(Tr ansf ormation) 

Transcriptional and 

morphological sta t es 

linked to long-term 

adaptation 

Manjunath et al. 2024 
derived MTases influences host phenotype (Ulrich et al. 2025 ). 

In plant p a thog en Xanthomonas spp., o v erexpression of MTases 

such as EadM or XvDMT1/2 strongly influences plasmid stability 

and phage susceptibility in natural envir onment s (Park et al. 2019 , 

2021 ). In Mycoplasma agalactiae , methylome remodeling driven 

by multiple DNA methylation systems reshapes the epigenomic 

landscape of mycoplasma and subsequently host adaptation, pro- 

viding an example of epigenetically driven physiological plasticity 

(Dor de t-Frisoni e t al. 2022 ). 

A further dimension of methylation-driven evolution arises 

fr om me thylome he ter ogeneity, particularly thr ough phase- 

variable MTases that generate subpopulations with distinct 

r e gula t ory and genomic states. These epigenetic clusters differ 

not only in gene expression but also in permissiveness to recom- 

bination and horizontal gene transfer. In S. suis , N. meningitidis , 
and H. influenzae , alt erna tive ON and OFF sta t es produce pop- 

ula tions tha t vary in c apsule expr ession, antibiotic tolerance, 

and stress resilience traits that directly influence clonal success 

under specific ecological or clinical conditions (Srikhanta et al. 

2009 , Br ockman e t al. 2017 , Tram e t al. 2021 ). Because these 

epig enetic sta t es swit ch a t high frequency, phase-variable MTases 

may act as evolutionary ac c elera t ors, enabling rapid exploration 

of phenotypic and g enomic sp ace without requiring permanent

g enetic chang e. 

Finally, me thyltransf erases contribute to long-term evolution-

ary adaptation by coordinating large-scale transcriptional remod- 

eling during environmental transitions and selective pressures. 

In Mycobacterium t uber culosis , the MamA MTase pr omotes per-

sistence under hypoxic conditions characteristic of granuloma- 

tous lesions, while Rv1509 reshapes cell morphology, ribosomal

cont ent, and phag osome ma tura tion, g enera ting phenotypes as-

socia t ed with intracellular persistence and slo w gro wth (Shell et

al. 2013 , Manjunath et al. 2024 ). These methylation-driven states

enhance survival through ecological bottlenecks tha t ultima t ely

shape evolutionary suc c ess. 

Acr oss bac teria and ar chaea, DNA me thylation thus serves as

a multilayer ed de t erminant of g enome plasticity: filt ering DNA

ac quisition, shaping mut ation landscapes, st abilizing genomes

under stress, g enera ting rev er sible he ter ogeneity, and alter-

ing the fitness c onsequenc es of horizont al gene flow. Through

these mechanisms, me thyltransf erases exert pr of ound influ-

ence o v er both short - t erm adapta tion and long-t erm evolu-

tionary trajec tories, func tioning as ac tiv e driv er s of microbial

div er sification. 
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e tabolic r e gulation and gr owth dynamics 

NA me thyltransf erases exert influence o v er b act erial metabolic 

r ograms and gr o wth dynamics b y modulating netw orks that 

o v ern nutrient acquisition, energy generation, anabolic ca- 

 acity, and cellular archit ecture. Representa tive examples of 

e thylation-dependent me tabolic modula tion and alt ered 

r owth acr oss pr ok aryotes ar e summariz ed in Table 4 . 

An illustration of the link between methylation and metabolic 

itness is provided by Vibrio cholerae . The cytosine methyltrans- 

erase VchM is required for efficient proliferation under both aer- 

bic and anaerobic conditions, and �vchM mutants display dis- 

inc tive transcriptional pr ofiles in amino-acid biosynthesis, c ar- 

ohydra t e me tabolism, and r espira t ory p a thways. Disruption of 

PS and envelope-associa t ed g ene expr ession further compr o- 

ises viability in vivo (Chao et al. 2015 ). In parallel, VchM defi- 

iency enhanc es toleranc e to aminoglyc osides thr ough upr e gu- 

ation of chaperone systems such as Gr oEL/ Gr oES, highlighting 

ow methyla tion-media t ed metabolic tuning can simultaneously 

nfluence gr owth c apacity and antibiotic r esilience (Carvalho e t al. 

021 ). Similar links between methylation patterns and metabolic 

daptation have also been observed in environmental microbial 

 ommunities. Met agenomic analyses of stratified sea-ice micro- 

ial communities have revealed distinc t me thylation signatur es 

ssocia t ed with differ ent ice lay er s. In Pelagibacter metagenome- 

ssembled genomes, orphan me thyltransf erases and a prophage- 

ssocia t ed Type II me thyltransf erase tar ge ting GG ATG motif s sug- 

 est pot ential r e gula t ory r oles, while differ ential me thyla tion a t 

 ANTC motif s b y orphan MTases has been associa t ed with g enes 

nv olv ed in me tabolic pr ocesses and growth, consistent with pos- 

ible epigenetic responses to the fluctuating environmental con- 

itions of upper sea-ice lay er s (Kanaan and Deming 2025 ). 

Me tabolic r epr ogramming driv en b y methylation is also promi- 

ent in plant-associa t ed b act eria. In P. syringae , the HsdMSR sys- 

em r e gulates hundr eds of genes inv olv ed in redox balanc e, c en- 

ral me tabolism, and envir onmental signalling; trait s essential 

or survival on plant surfaces and within host tissues (Huang 

t al. 2025 ). Comparable effects are observed in Xanthomonas 
pp ., wher e o v er expr ession of me thyltransf erases such as EadM 

n X. axonopodis p v. gly cines or XvDMT1/2 in X. euvesicatoria 

mposes widespr ead physiologic al changes. EadM o v er expr es- 

ion compr omises gr owth both in plant s and in vitr o , ac c ompa- 

ied by lar ge-sc ale pr oteomic shifts affec ting envelope biosyn- 

hesis, sider ophor e pr oduc tion, sugar utiliza tion, and oxida tive 

e tabolism (Park e t al. 2019 , 2021 ). In X. euvesicatoria , XvDMT1/2 

lters c arbon sour ce-dependent gr owth, le ading t o imp air ed pr o- 

iferation with sucrose or fructose, reduced exopolysaccharide 

r oduc tion, and changes in the abundance of the phospho- 

 arrier pr otein HPr (Park e t al. 2021 ). Toge ther, these findings 

emonstra t e tha t DNA methyla tion can alt er central carbohy- 

ra t e flux and me tabolic r outing, rather than simply suppressing 

rowth. 

Nitr ogen me tabolism w as also f ound t o be modula t ed by 

NA methylation. In P. aeruginosa , the orphan adenine MTase 

.PaeTBCFII r e gula t es g enes inv olv ed in denitrification, includ- 

ng nosR and norC . Deletion mutants show reduced expression of 

hese p a thways, while complement ed strains display expression 

evels exceeding those of the wild type, indicating methylation de- 

endence of nitrogen redox regulation (Han et al. 2022 ). Because 

enitrific ation support s ener gy g enera tion in oxyg en-limit ed envi- 

r onment s, these effec t s dir ec tly impac t gr owth potential and sur-

vival in niches such as biofilms and intracellular compartments. 

In Gram-positive b act eria, methyla tion also g o v erns carbohy-

dra t e metabolism and biosynthetic output. In Streptoc oc cus mu-
tans , disruption of damA triggers ex tensive alter ation of sugar

transport and catabolic pathw ays, including str ong upr e gulation

of the cellobiose phosphotr ansfer ase system, multiple bacteriocin

loci, and glucosyltr ansfer ases ( gtfB and gtfC ). These changes al-

ter ex tr ac ellular polysac charide pr oduc tion, colony morphology,

and mutacin activity, highlighting metabolic tuning as a central

me thylation-contr olled de terminant of ecologic al fitness within

the oral cavity (Banas et al. 2011 ). 

Sever al intr acellular and slo w-gro wing p a thog ens exhibit p ar-

ticularly strong coupling between methylation and metabolic

adaptation. In M. t uber culosis , dele tion of the essential MTase

MamA keeps in vitro growth and oxidative or nitr osative str ess r e-

sponses lar gely intac t but sever ely compr omises survival under

hypo xic conditions. Transcrip t omic analyses reve al repression of

str ess-r esponsive and metabolic regula t ors, indica ting tha t MamA

is r equir ed to r emodel r espira t ory and metabolic p a thw ays f or per-

sistence in oxygen-depleted, nutrient-limited envir onment s (Shell

et al. 2013 ). A rela t ed methyltr ansfer ase, Rv1509, induces global

shifts in tRNA abundanc e, met abolic gene expression, cell mor-

phology, and envelope ar chitec tur e when expr essed in Mycobac-
terium smegmatis , resulting in slo w ed gro wth and enhanced intra-

cellular survival (Manjunath et al. 2024 ). 

Comp arable methyla tion-linked metabolic effects are observed

in environmental and soil-associa t ed b act eria. In L ept ospira int er-
rogans , loss of the cytosine MTase LomA disrupts growth-phase

transitions, reduces motility, and alt ers membrane int e grity, r e-

flec ting me thyla tion-media t ed control o v er energy utilization and

envelope physiology (Gaultney et al. 2020 ). 

Across these div er se taxa, sev eral unifying themes emerge.

DNA me thyltransf erases mainly modula t e me tabolic ne tworks

not through isola t ed promot er-level effects but via broad tran-

scrip tional and pro t eomic reconfigura tion. B y tuning energy g en-

eration, nutrient uptake, and struc tural inte grity, me thylation

aligns cellular physiology with environmental and ecological

constraint s. These findings indic a t e tha t DNA methyla tion can

be pivotal as a global physiological integrator that r e gulates

me tabolism, gr owth dynamics, and ecologic al fitness. 

Cellular adhesion, biofilm formation, and 

development 

Biofilm f ormation r epr esent s one of the most complex emergent

phenotypes influenced by DNA methyla tion, int egra ting adhe-

sion, ex tr acellular matrix pr oduc tion, surface sensing, and mul-

ticellular or ganization. Bec ause biofilms func tion as pr otec tive

niches tha t promot e environmental persist ence, antimicrobial t ol-

erance, and chr onic inf ec tion (Boude t e t al. 2021 ), me thylation-

dependent control of biofilm traits carries broad ecological and

clinic al signific ance Acr oss bac teria and archaea, MTases influence

biofilm formation and development by coordinating various cel-

lular processes including motility, cell adhesion, quorum sensing,

as well as ex tr acellular matrix pr oduc tion. R epr esentative ex am-

ples of methylation-dependent modification in biofilm formation
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Table 4 Metabolic regulation and growth dynamics controlled by DNA methyltr ansfer ases (Section 4.4). 

MTase ca t eg ory Species 

MTase sta t e or 

manipulation 

Me tabolic/ gr owth- 

associa t ed functional 

outcome R ef er ence 

C yt osine MTase 

(VchM) 

Vibrio cholerae Deletion mutant Global metabolic changes 

and impaired growth 

Chao et al. 2015 

C yt osine MTase 

(VchM) 

Vibrio cholerae Deletion mutant Altered envelope 

physiology and increased 

aminoglyc oside toleranc e 

Carvalho et al. 2021 

Type I R–M system 

(HsdMSR) 

Pseudomonas 
syringae 

Deletion mutant Bro ad alt era tion of central 

metabolism and redox 

balance 

Huang et al. 2025 

Orphan MTase 

(EadM) 

Xanthomonas 
axonopodis 

Over expr ession 

mutant 

Compr omised gr owth 

with widespread 

metabolic and proteomic 

fluctuations 

Park et al. 2019 

Orphan MTases 

(XvDMT1/2) 

Xanthomonas 
euvesicatoria 

Over expr ession 

mutant 

Carbon source-dependent 

gr owth def ec t s and 

alter ed c arbohydrate flux 

Park et al. 2021 

Orphan MTase 

(M.PaeTBCFII) 

Pseudomonas 
aeruginosa 

Deletion mutant Impaired 

denitrification-linked 

ener gy me tabolism 

Han et al. 2022 

Orphan MTase 

(DamA) 

Streptoc oc cus 
mutans 

Deletion mutant Alter ed c arbohydrate 

uptake and ex tr acellular 

polysaccharide synthesis 

Banas et al. 2011 

Orphan MTase 

(MamA) 

Mycobacterium 

t uber culosis 
Deletion mutant Reduced survival under 

hypoxia-associa t ed 

me tabolic str ess 

Shell et al. 2013 

Orphan MTase 

(Rv1509) 

Mycob act erium spp. Expressed in M. 
smegmatis 
(Tr ansf ormation) 

Global shifts in 

me tabolism, gr owth ra t e, 

and cell morphology 

Manjunath et al. 

2024 

C yt osine MTase 

(LomA) 

Leptospira 

interrogans 
Deletion mutant Disrupted growth-phase 

transitions and 

membrane-associa t ed 

metabolism 

Gaultney et al. 2020 
In N. gonorrhoeae , where both phase-variable and constitu- 

tively expressed MTases remodel community architecture, the 

loss of the non-phase-variable MTase M.Ng oAX reduces e arly sur- 

f ace at tachment, while it promotes the formation of compact, 

clumped micr ocolonies, indic ative of denser biofilm struc tur es 

with reduced membrane blebbing. This is associa t ed with the 

DNA me thylation-dependent downr e gulation of pilus-associated 

genes and adhesins (Kwiatek et al. 2015 ). Complementary effects 

are observed in the ModA13 phasevarion, where ON and OFF 

sta t es g enera t e markedly distinct biofilm ar chitec tur es; modA13 - 
OFF populations form thick, cohesive biofilms, whereas modA13 - 
ON variant s pr oduce sparse, fragile struc tur es (Srikhanta e t al. 

2009 ), in association to a modulation of the expression of genes 

inv olv ed in surface pro teins, o xidative stress defences, and efflux 

p a thways. 

In other b act eria methyla tion indirectly shapes biofilm be- 

haviour by modifying surface ar chitec tur e and me t abolic c ontext. 

In S. pneumoniae , Type I phase-variable systems such as Spn556II 

and SpnD39III r e gula t e c apsule pr oduc tion, colony opacity, and 

c arbon sour ce utilization. While these effec t s primarily influence

adhesion and colonization (Section 4.1), they secondarily impact

biofilm assembly by altering surface charge, matrix interactions,

and persistence within nasopharyngeal communities (Agnew et al. 

2023 , Li et al. 2025 ). Similarly, the ModM phasevarion of Moraxella
catarrhalis , which differs in prevalence between nasopharyng e al

and middle-ear isolates, modulates protein networks involved in

envelope maintenance and nutrient acquisition key de terminant s

of mature biofilm structure during otitis media (Blakeway et al.

2014 ). 

In S. aureus , the phage-encoded Dam-like MTase PamA upreg-

ula t es fnbA more than fifteen-fold, incre asing fibronectin-binding

c apacity and pr oducing a six-f old incr ease in biofilm biomass dur-

ing in vivo abscess formation. (Ulrich et al. 2025 ). Type II-G R–M

system “cj0031 ” affec t s biofilm biomass, cj0031-OFF and deletion

mut ant experienc ed a four to seven-fold reduction in biomass as

comp ared t o cj0031-ON in C. jejuni ( Anjum et al. 2016 ). In the swine

p a thog en Actinobacillus pleuropneumoniae , a Type III cytosine-

specific R–M system also affec t s gr o wth and biofilm dev elopment,
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Table 5 DNA me thyltransf erase-dependent r e gulation of cellular adhesion, biofilm f ormation, and development (Sec tion 4.5). 

MTase ca t eg ory Species 

MTase sta t e or 

manipulation 

Biofilm-associa t ed 

functional outcome R ef er ence 

Orphan MTase (M.NgoAX) Neisseria 

gonorrhoeae 
Deletion mutant Alt ered e arly surface 

attachment and 

micr ocolony ar chitec tur e 

Kwia t ek et al. 2015 

Phase-variable Type III 

MTase (ModA13) 

Neisseria 

gonorrhoeae 
ON/ OFF variant s Sta t e-dependent biofilm 

ar chitec tur e (dense vs 

sparse) 

Srikhanta et al. 2009 

Phase-variable Type I R–M 

systems (Spn556II, 

SpnD39III) 

Streptoc oc cus 
pneumoniae 

ON/ OFF variant s Indir ec t modulation of 

biofilm assembly via 

surface and metabolic 

traits 

Agnew et al. 2023 

Phase-variable Type III 

MTase (ModM) 

Moraxella catarrhalis ON/ OFF variant s Remodeling of protein 

networks supporting 

mature biofilm formation 

Blakew ay e t al. 2014 

Phage-encoded MTase 

(PamA) 

Staphyloc oc cus 
aureus 

Prophage-encoded 

expression 

Increased 

fibr onec tin-media t ed 

adhesion and biofilm 

biomass in vivo 

Ulrich et al. 2024 

Orphan MTase (EadM) Xanthomonas 
axonopodis pv. 

glycines 

Over expr ession 

mutant 

Impaired biofilm 

formation linked to 

altered envelope stability 

Park et al. 2019 

Orphan MTase (XvDMT2) Xanthomonas 
euvesicatoria 

Over expr ession 

mutant 

Reduced biofilm 

formation under 

carbohydra t e-rich 

conditions 

Park et al. 2021 

Orphan MTase (Dam) Photorhabdus 
luminescens 

Over expr ession 

mutant 

Increased biofilm biomass 

with reduced motility 

Payelleville et al. 

2017 

Orphan MTase ( damA ) Streptoc oc cus 
mutans 

Deletion mutant Enhanced ex tr acellular 

polysaccharide 

pr oduc tion and altered 

biofilm ar chitec tur e 

Banas et al. 2011 ) 

Undefined MTases Sulf olobus spp . Methylation- 

dependent 

r e gulation 

Modulation of surface 

glycosylation and 

community-associa t ed 

traits 

R eva e t al. 2024 

w

g

(

w

o

m

s

g

c

t

m
f

e

t

e

t

ith the ModP1-ON variant displaying increased growth ra t es and 

re a t er biofilm biomass rela tive t o the isogenic ModP1-OFF strain 

Nahar et al. 2023 ). 

In Burkholderia c enoc epacia , a Type III R–M system “BCAL3494”

 as f ound to drive biofilm struc tural changes, dele tion mutant s 

f BCAL3494 ( �BCAL3494) exhibited biofilms of a more clustered 

orphology compared to the wildtype under microscopic analy- 

is. �BCAL3494 mutants were also prone to forming cellular ag- 

r e ga t es with higher pellicle formation when in planktonic growth 

omp ared t o the wildtype as t est ed b y flo w cytometry and crys- 

al violet staining of the pellicle (Vandenbussche et al. 2020 ). In S. 
utans , disruption of damA increases expression of glucosyltrans- 

erases ( gtfB and gtfC ) and glucan-binding protein GbpC, driving 

leva t ed ex tr ac ellular polysac charide pr oduc tion and altering the 

hr ee-dimensional ar chitec tur e of dental plaque biofilms (Banas 

t al. 2011 ). 

Plant-associa t ed p a thog ens further illustra t e how methyla- 

ion r e gula t es biofilm trait s thr ough contr ol of envelope inte grity 

and carbohydra t e flux. In X. axonopodis pv. glycines , overex-

pression of the MTase EadM alters envelope stability and ex-

opolysaccharide pr oduc tion, compr omising the bac terium’s abil-

ity to assemble robust surface-associa t ed communities despite

enhanced sider ophor e secr e tion (Park e t al. 2019 ). In X. euvesi-
catoria , o v er expr ession of XvDMT2 reduces biofilm formation

and exopolysaccharide pr oduc tion indic a ting a possible link t o

matrix biosynthesis and surf ace at tachment (Park et al. 2021 ).

Methylation-dependent biofilm regulation is also evident in ani-

mal and insect-associa t ed b act eria. In P. luminescens , Dam o v er-

expression enhances biofilm biomass while suppressing motil-

ity, revealing an inverse r elationship be tween dispersal and ses-

sility that is encoded within me thylation-r esponsive r e gulatory

netw orks (Pay elleville et al. 2017 ). These changes might promote

c ommunity c ohesion while reshaping competitive interactions

within multispecies biofilms. 

In archaea, evidence for methyla tion-media t ed biofilm regula-

tion is emerging. In Rv15olobus spp ., me thyla tion alt ers the r e g-
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ula tion of g enes inv olv ed in surface gly cosylation, S-lay er stabil- 

ity, and environmental toler ance, tr aits centr al to archaeal com- 

munity formation in acidic, high-temperatur e habitat s (R eva e t al. 

2024 ). While dir ec t func tional validation of biofilm phenotypes is 

still sparse, these observations suggest that epigenetic regulation 

of surface-associa t ed behaviours may ext end beyond b act eria. 

A consistent theme emer ges: DNA me thylation go v erns biofilm- 

rela t ed pheno types no t thr ough single effec t or p a thways but via 

coordina t ed modula tion of surface pr operties, me t abolic c ontext, 

stress tolerance, and motility-adhesion trade-offs. By tuning these 

inter connec ted modules, me thyltransf erases de termine whe ther 

cells disperse, aggr e ga t e, or commit to sessile growth. 

Conclusions and future directions 

DNA MTases have emerged as key regula t ors of microbial physi- 

ology, influencing virulence, stress tolerance, genome plasticity, 

host interaction, and ecological fitness across b act eria and ar- 

chaea. The central challenge now is to translate expanding methy- 

lome ca talogues int o mechanis tic unders tanding and ultima t ely 

pr edic tive models of MTase-driven phenotypes. 

Based on compiled evidence, DNA me thylation func tions as 

a multifacet ed epig enetic syst em tha t links g ene r e gulation, 

g enome organiza tion, and physiological sta t e t o microbial fit- 

ness across div er se ecological and host-associa t ed environments. 

Rather than serving as a univ er sal transcriptional r e gula t or, 

me thyltransf erases ac t thr ough species and context-dependent 

mechanisms that range from local, site-specific effects to genome- 

wide remodelling of methyla tion p a tt erns with bro ad regula t ory 

c onsequenc es. Thr ough these pr ocesses, DNA me thylation influ- 

enc es virulenc e, str ess r esilience, me tabolic adaptation, biofilm 

development, horizontal gene transfer, and evolutionary trajecto- 

ries, fr equently by coor dinating trade-offs be tween gr owth, per- 

sistenc e, and adapt ability. A r ecurring f e a tur e acr oss systems is the 

g enera tion of rev er sible phenotypic het erog eneity most promi- 

nently via phase-variable me thyltransf erases, which enable rapid 

popula tion-level responses t o shifts in envir onment al c onditions 

without requiring permanent genetic change. 

A critical need is tighter integration of methylome mapping with 

functional validation. Over the last decade, SMRT and nanopore 

sequencing have gre a tly exp anded informa tion on DNA methy- 

lation levels and motifs in pr ok aryotic genomes; however, only 

a subset of these studies connec t s me thyla tion p a tt erns t o g ene 

expression changes and measurable phenotypes. This gap is evi- 

dent in systems where regula t ory conclusions are inferred primar- 

ily from motif distributions or correla tive transcript omic da ta. Fu- 

ture work should more routinely pair methylome profiling with 

(i) MTase perturb a tion (dele tion, enzyme inac tive mutant s, con- 

tr olled expr ession), (ii) allele locking f or phase-v ariable sys tems, 

and (iii) quantitative phenotyping across relevant host and en- 

vironment al c onditions. Longitudinal observation through evolu- 

tionary studies that can track methylation states during inf ec tion, 

biofilm development, and stress transitions will be especially valu- 

able for distinguishing whether methylation changes are causal , 

compensa t ory , or incidental. 

A second frontier lies in understanding MTases as driv er s 

of genome plasticity and evolutionary change. Phase-variable 

MTases g enera t e epig ene tic ally distinc t subpopula tions tha t can 

be differ entially favour ed acr oss niches, while R–M systems shape 

the permeability of genomes to horizontal gene transf er. Futur e

studies c ombining experiment al evolution, c omp ara tive methy-

lomics and popula tion-g enetic modelling should clarify when

MTase switching primarily functions as short - t erm popula tion-

lev el phenotypic div er sification v er sus when it produces durable

line ag e-level c onsequenc es (e.g. by c ontrolling mobile element

acquisition, capsule switching, or phage susceptibility). 

Furthermor e, f or several or ganisms and MTase systems, the evi-

dence base remains narrow, sometimes resting on a small number

of studies from single labora t ories. This cre a t es both an opportu-

nity and a risk. Indeed, these findings may r epr esent br oadly con-

served principles, but they also r equir e independent r eplic ation

and extension across strains, conditions and inf ec tion models.

Community effort s to standar diz e me thylome r eporting, deposit

raw modification calls, and adopt shared phenotyping bench-

marks would help consolida t e robust, comparable evidence. 

The functional centrality of MTases also raises the pr ospec t

of using these systems as antimicrobial targets. In multiple

p a thog ens, disruption or dysr e gula tion of p articular MTases can

reduc e virulenc e, weaken str ess def ences or incr ease immune

susceptibility, sugg esting tha t MTase inhibition might destabilize

transcriptional homeostasis and sensitiz e bac teria to host clear-

ance or antibiotic tre a tment. Re alizing this pot ential will r equir e

c ar eful prioritization of tar ge t s (to avoid rapid bypass mecha-

nisms), deeper understanding of off-targ et effects on commensals,

and impro v ed struc tural insight to support selec tive inhibitor de-

sign. 

Last, beyond their natural roles, MTases are gaining a tt ention as

programmable molecular tools in synthetic biology and microbial

engineering. Emerging demonstra tions tha t MTase-driven methy-

lation can encode rev er sible regula t ory sta t es highlight a design

space for orthogonal epigenetic control, including stable memory

modules, circuit insulation and controllable barriers to gene trans-

fer including tools such as biosensors (Graf et al. 2023 ). Expand-

ing this toolkit will depend on defining specificity de terminant s,

building libraries of tar ge t r ecognition domains, and developing

r eliable appr oaches f or tuning MTase ac tivity without global fit-

ness costs. 
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