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The interaction of microbiota with its host has the ability to alter the cellular functions of both, through several
mechanisms. Recent work, from many laboratories including our own, has shown that epigenetic mechanisms
play an important role in the alteration of these cellular functions. Epigenetics broadly refers to change in the
phenotype without a corresponding change in the DNA sequence. This change is usually brought by epigenetic
modifications of the DNA itself, the histone proteins associated with the DNA in the chromatin, non-coding
RNA or the modifications of the transcribed RNA. These modifications, also known as epigenetic code, do not
change the DNA sequence but alter the expression level of specific genes. Microorganisms seem to have
learned how to modify the host epigenetic code and modulate the host transcriptome in their favour. In this
review, we explore the literature that describes the epigenetic interaction of bacteria, fungi and viruses, with

their mammalian hosts.
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1. Introduction

Coexistence in the same ecological niche promotes
interactions between different organisms. Microbes
form a dominant group of organisms who have formed
a commensal or pathogenic relationship with the mul-
ticellular organisms with whom they coexist. Human
microbiota, the microbes that coexist with humans, can
be thought of as an additional multifunctional organ. In
fact, the microbes that coexist with and within a human
being outnumber the number of human cells by a factor
of ten (Turnbaugh et al. 2007). The microbial cell can
complement the metabolic traits, such as synthesis of
specific vitamins, conjugated bile acid transformation,
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ability to break down complex plant polysaccharides,
and dietary oxalate degradation. Microbiota educates
our immune system to tolerate microbial immune
determinants, reducing allergic response to environ-
mental antigens, food, etc. (Xu and Gordon 2003).
The interaction of microbiota with its host has the
ability to alter the cellular functions of both, through
several mechanisms. Recent work, from many labora-
tories including our own, has shown that epigenetic
mechanisms play an important role in the alteration of
these cellular functions (Paschos and Allday 2010;
Sharma et al. 2016). Epigenetics broadly refers to
change in the phenotype without a corresponding
change in the DNA sequence. This change is usually
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brought by epigenetic modifications of the DNA itself,
the histone proteins associated with the DNA in the
chromatin, non-coding RNA or the modifications of the
transcribed RNA. These modifications, also known as
epigenetic code, do not change the DNA sequence but
alter the expression level of specific genes (Rothbart
and Strahl 2014). Microorganisms seem to have
learned how to modify the host epigenetic code and
modulate the host transcriptome in their favour.

In this review, we explore the literature that describes
the epigenetic interaction of bacteria, fungi and viruses,
with their mammalian hosts.

2. Epigenetic modifications
2.1 Histone modifications

Post-translational modifications (PTMs) of histone
proteins are known to alter chromatin organisation.
Modifications decrease or increase the nucleosome
compaction to form euchromatin (open chromatin
conformation) or heterochromatin (closed chromatin
conformation). Euchromatin is usually associated with
active gene expression, whereas heterochromatin is
normally associated with gene silencing. Modification
of histones in their globular domain has the ability to
influence histone-histone and histone-DNA interactions
(Bannister and Kouzarides 2011). These modifications
are established by the action of specific enzymes called
epigenetic writers. Histone modifications are dynamic
and protein factors called epigenetic erasers catalyse
the removal of histone modifications. Thus an excep-
tional balance exists between these enzyme/enzyme
complexes that determine the effective modifications
present at a specific position on a particular histone
(Jenuwein and Allis 2001; Bannister and Kouzarides
2011). Briefly described below (also see figure 1) are
the different histone modifications known.

2.1.1 Acetylation: Histone acetyltransferases (HATS)
acetylate the e-amino group of lysine side chains on H3
and H4 using acetyl-CoA as a cofactor and histone
deacetylases (HDACs) remove these acetyl groups
(Roth et al. 2001). The acetyl group, being negatively
charged is associated with the disruption of the elec-
trostatic interactions, repulsion of the negatively
charged DNA, and weakening of the histone-DNA
interactions (Bannister and Kouzarides 2011). This
allows open chromatin and active transcriptional state.
Histone H3 acetyl lysine 9 (H3K9ac) and acetyl lysine
27 (H3K27ac) are associated with promoters and distal
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enhancers of transcriptionally active genes (Barnes
et al. 2019). In addition to histone tails, acetylation also
occurs at the globular domain of histones. Histone H3
acetyl lysine 56 (H3KS56ac) in the histone H3 core
protrudes its side chain towards DNA major groove
affecting histone-DNA interactions (Yuan et al. 2009;
Bannister and Kouzarides 2011).

2.1.2 Phosphorylation: Kinases, like KAT2A, phos-
phorylate the hydroxyl group of the amino acids Ser-
ine, Threonine, and Tyrosine using ATP as a phosphate
group donor (Bannister and Kouzarides 2011). The
addition of a phosphate group increases the net nega-
tive charge affecting the chromatin organisation.
Phosphorylation influences the interaction between
other histone modifications and is involved in chro-
matin condensation during mitosis. For instance, his-
tone H3 phosphoserine 10 (H3S10ph) compacts
chromatin during mitosis in all eukaryotes (Bannister
and Kouzarides 2011; Rossetto et al. 2012). Similarly,
histone H2B phosphoserine 14 condenses chromatin
during apoptosis (Fiillgrabe et al. 2010). Another
example of regulation by histone phosphorylation is
observed during double-stranded DNA breaks, where
histone  variant = H2AX  phosphoserine 139
(H2AXS139ph) recruits DNA damage repair proteins
to the site (Lowndes and Toh 2005).

2.1.3 Methylation: Methyltransferases, like SETD7,
catalyse the transfer of methyl group is transferred from
S-adenosyl methionine (SAM), to €-amino group on
lysine and ®-guanidino on arginine of histones. SET
domain-containing enzymes (Lysine Methyltrans-
ferases, KMT) catalyse the transfer to lysine on histone
tails (HKMTs), while non-SET domain containing
proteins transfer methyl group to the globular domain
(Greer and Shi 2012). Protein arginine methyltrans-
ferases (PRMT) family catalyses arginine methylation
(Blanc and Richard 2017). Histone methylation can be
stably propagated through multiple cell divisions.
Unlike phosphorylation or acetylation, addition of
methyl group allows maintenance of histone-DNA
interactions. However, it is thought to influence the
chromatin organisation due to the hydrophobicity of
the methyl group. The count (mono-, di-, or tri-) and
symmetry of methylation (symmetric, or asymmetric)
increases the methylation complexity (Bannister and
Kouzarides 2011). Methylation may participate in both,
transcription activation or repression, depending on the
site of methylation. Histone H3 methyl lysine 4
(H3K4me1/2/3) is enriched at gene promoters as well
as transcription start sites of active and
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Figure 1. Histone post translational modifications (PTMs): Histone are modified at specific residues in their N-terminal tails
(A) and by specific histone modifiers (B). (A) Summary of post-translationally modified amino acids in the various histone
proteins. Globular core region of each histone is depicted by black rectangle. The amino acids in their N-terminal tails are
depicted by 1-letter codes. PTMs are depicted above the 1-letter codes of amino acids. The numbers below depict the position
of the modified amino acids from the N-terminus. The modified amino acids in the core regions of the histone are shown in
green. Ac—acetylation, me—methylation, P—phosphorylation. (B) Changes in the molecular structure of amino acids by
histone modifying enzymes. Acetylation: acetyl group added to terminal nitrogen atom in lysine by histone acetyltransferases
(HATs). Phosphorylation: phosphate moiety is added to the hydroxyl group of a-carbon in serine and threonine and to the
para-hydroxyl group in tyrosine by kinases. Methylation: methyl group(s) is (are) added to the terminal amino group of lysine
or arginine by lysine methyltransferases (KMTs) or protein arginine methyltransferases (PRMTs) respectively. Up to 3 methyl
groups can be added to lysine (mono- or di- or trimethyl lysine). And 2 to arginine (mono- or di-methylarginine). The two
methyl groups in dimethylarginine if added at the adjacent nitrogen atom forms symmetric dimethylarginine, whereas if
added to same nitrogen atoms leads to asymmetric dimethylarginine. A few known examples of histone modifying enzymes

are provided for each type of modifications.

developmentally-regulated genes. Histone H3 trimethyl
lysine 36 (H3K36me3) is enriched on the gene bodies
of transcribed regions (Greer and Shi 2012). On the
other hand, histone H3 trimethyl lysine 9 (H3K9me3)
is correlated with constitutive heterochromatin in gene-
poor regions such as repetitive elements present at
centromeres, transposons, inactivated X-chromosome,
etc. Histone H3 trimethyl lysine 27 (H3K27me3)
temporarily marks gene-rich regions that regulate
development and embryonic stem cell function. ‘Bi-
valent domains’ containing both H3K4me3 (active)
and H3K27me3 (repressive) marks have been identi-
fied in pluripotent embryonic cells. These domains
support low level of transcription (Greer and Shi 2012).

Arginine methylation is also associated with both
activation and repression of a gene. Histone H4
asymmetric dimethyl arginine 3 (H4R3me2a) is asso-
ciated with active transcription which recruits H3K9ac
for the binding of a transcription factor. Histone H3

asymmetric dimethyl arginine 17 (H3R17me2a) is also
associated with active transcription. On the other hand,
histone H4 symmetric dimethyl arginine 3
(H4R3me2s) and Histone H3 symmetric dimethyl
arginine 8§ (H3R8me2s) are associated with gene
repression (Blanc and Richard 2017).

2.1.4 Ubiquitinylation: E1 (activation), E2 (conjuga-
tion), E3 (ligation) enzymes sequentially add covalent
modifications on histones. Histone H2A monoubiqui-
tinated lysine 119 (H2AK119ubl) and Histone H2B
monoubiquitinated lysine 123 (H2BK123ubl) are
associated with change in nucleosomal conformation
and intranucleosomal interaction. It is also known to
play a crucial role in the DNA damage response
(Bannister and Kouzarides 2011; Cao and Yan 2012).

2.1.5 Tail clipping: Histone N-terminal’s regulated
proteolysis to remove multiple PTMs is known as tail
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clipping. It is reported in many organisms and is an
irreversible process. It activate genes due to the
increased DNA accessibility for transcription (Santos-
Rosa et al. 2009; Bannister and Kouzarides 2011).

The histone modifications mentioned above, along
with the deimination of arginine, O-linked B-N-acetyl
glucosamination, ADP ribosylation, sumoylation, and
proline isomerization constitute the ‘Histone Code’
(Turner 2002; Bannister and Kouzarides 2011). Pro-
teins with specialised domains including chromod-
omain, tudor, MBT, bromodomain and PHD domain
interact with and read the histone code to mediate
binding of effector proteins to specific modifications
and recruit the epigenetic machinery to alter chromatin
organisation (Bannister and Kouzarides 2011; Rothbart
and Strahl 2014). Furthermore, ATP-dependent nucle-
osome remodelling complexes containing these
domains are known to mediate specific association with
modified histones and their tails. For instance, the
bromodomain of the SWI/SNF complex tethers to
acetylated promoters, rearrange chromatin by assem-
bling or disassembling nucleosomes and exchange
histones with their variants (Becker and Workman
2013).

2.2 DNA methylation

DNA methylation is a reversible epigenetic modifica-
tion of DNA and is associated with dynamic regulation
of gene expression. Cytosine and Adenine bases in the
DNA are known to be methylated in all organisms—
from bacteria to mammals (figure 2) (Blow et al. 2016;
Greenberg and Bourc’his 2019).

2.2.1 5mC methylation: Methylation of cytosine at the
Sth position does not affect Watson-crick base pairing.
However, despite being a small hydrophobic methyl
group, it protrudes into the major groove of DNA
affecting the biophysical properties (Pérez et al. 2012).
Addition of this modification is catalysed by DNA
methyltransferases. The de novo DNA methyltrans-
ferases DNMT3A and DNMT3B catalyse this addition
on unmethylated DNA substrate (Okano et al. 1999).
The maintenance methyltransferase, DNMT1, adds
methyl group to hemimethylated DNA substrate and
maintains DNA methylation through cell divisions (Li
et al. 1992). DNMT3L, which lacks catalytic activity,
interacts with DNMT3A and DNMT3B and stimulates
their activity besides recruiting them to the specific loci
by binding to histone H3 that is methylated at lysine 4
(Bourc’his et al. 2001). De novo and maintenance
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methyltransferases collaborate to ensure DNA methy-
lation is established and maintained in subsequent
generations (Jaenisch and Bird 2003). DNMT2 or
TRMTI1 has also been classified as a DNA methyl-
transferase but it has been shown to methylate both
tRNA and mRNA (Dev et al. 2017, Jeltsch et al. 2017).
Ten-eleven translocation (TET) family proteins catal-
yse DNA demethylation actively by converting
5-methylcytosine to 5-hydroxymethylcytosine (Tahil-
iani et al. 2009). 5-hydroxy methylcytosine (Shmc) is
an intermediate product — a new epigenetic mark that
affects chromatin structure and gene expression (Shi
et al. 2017).

DNA methyltransferases predominantly methylate
cytosines in CpG dinucleotide context in the mam-
malian genome (Reik ef al. 2001). CpG dinucleotides
are present at frequency lower than expected in the
genome and at most places as CpG islands (CGIs).
These islands have been found near or within regula-
tory element and gene promoters (Deaton and Bird
2011). Gene promoters should be accessible to tran-
scription factors and DNA methylation at these sites
leads to transcriptional repression. Promoters of
housekeeping genes are usually unmethylated (Reik
et al. 2001). DNA methylation recruits methyl-CpG
binding domain proteins including MeCP2, MBDI,
MBD2, MBD3 and MBD4, which in turn engages
histone deacetylases (HDACS) to repress transcription
(Fournier et al. 2012). This cross-talk emphasizes the
relationship between DNA methylation and histone
modifications.

Non-CpG methylation is methylation of the cytosine
in CpA, CpT, CpC dinucleotide context. First discov-
ered in the plant genome (Lindroth et al. 2001), non-
CpG methylation is known to be catalysed by several
DNA methyltransferases in mammals (Arand et al.
2012). Non-CpG methylation is highly enriched in
neurons, glial cells, oocytes, ES cells and induced
pluripotent stem cells (IPSCs). In adult somatic cells,
non-CpG methylation accounts only for 0.02% of the
total methylated cytosines. However, the level of non-
CpG methylation is substantially more in ES cells
(Laurent et al. 2010; Lister et al. 2011, 2013; Guo et al.
2014).

2.2.2 N°-methyladenosine (6mA): Recent studies in
mammals have shed light on N6-methyl adenine (6mA)
(Heyn and Esteller 2015). Methylation of adenine at
N-6 position was reported during the discovery of
bacterial restriction-modification (R-M) system to
protect against viral invasions (Arber and Linn 1969;
Heyn and Esteller 2015). Extensive genomic analysis,
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Figure 2. DNA methylation. Cytosine and Adenine methylation. Cytosine is methylated at the 5th carbon whereas Adenine
is methylated at the 6th carbon of the nitrogenous base. m5C—5-methylcytosine, hm5C—>5-hydroxymethylcytosine, m6A—
N6-Methyladenosine. A representative DNA sequence is provided. DNMTs —DNA methyltransferases; TET—an enzyme
belonging to the hydroxy-methyltransferase family. Dam methylase- DNA adenine methyltransferase (known in

prokaryotes).

reveals that eukaryotes (from fungus to mammals)
during evolution have adopted adenine methyltrans-
ferases from prokaryotes. In different organisms, 6mA
is enriched in different genomic regions, including
promoters, transcription start sites, coding regions, and
transposons. Unlike cytosine, methylation of adenine
upregulates transcription in most cases. 6mA has been
attributed with several functions that are species-
specific (Fu et al. 2015; Zhang et al. 2015; Iyer et al.
2016; Koziol et al. 2016; Xiao et al. 2018).

DAMT-1, with a MTA70 domain, is a DNA adenine
methyltransferase in C. elegans (Greeret al. 2015). RNA
mo6A methyltransferases, METTL3 and METTL14, are
homologs in this family. METTL4, a DAMT-1 homolog
in mammals, is a paralog of METTL3 and METTL14
(Balacco and Soller 2019).

3. RNA modifications

Several modifications of eukaryotic mRNAs are
known: capping at the 5’ end; polyadenylation at the 3’
end, splicing to derive mature mRNA from pre-mRNA,
etc. Recently, post-transcriptional modifications of
cellular RNA (including non-coding RNA) similar to
DNA and histone modifications have also been iden-
tified (Boccaletto et al. 2018). These modifications
directly influence gene expression, adding another level
of epigenetic regulation termed as ‘epitranscriptomics’

(Saletore ef al. 2012). Chemical modifications in RNA
alter charge on transcripts, base-pairing potential, sec-
ondary structure, and protein-RNA interactions; these
shape the outcome of gene expression by modulating
RNA processing, localization, translation, and decay.
Few of the common RNA modifications are shown in
Figure 3.

3.1 m6A methylation of RNA

mo6A is the predominant modification present on all
cellular RNAs (Zaccara et al. 2019). meRIP-sequenc-
ing on human and mouse models reveal that m6A
methylation is mainly enriched in long internal exons,
3’ untranslated regions (UTRs), and region upstream of
stop codon (Dominissini ef al. 2012). A heterodimeric
protein complex of METTL3 and METTL14 methy-
lates RNA by depositing methyl group on exocyclic
NH2 at the sixth position of the adenosine using SAM
as a methyl donor (Figure 3, Liu et al. 2014). Proteins
such as WTAP and KIAA1429 interact with the com-
plex to load on to the target RNA (Ping et al. 2014).
FTO and ALKB homologue 5 (ALKBHSY) actively
demethylate RNA m6A (Zheng et al. 2013; Mauer
et al. 2017). m6A destabilizes RNA duplex to
accommodate A-U bonding by rotating the methyl
group from low energy syn (when unpaired) to high
energy anti conformation (when paired with uracil).
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Figure 3. Modified RNA bases. Epigenetic modifications of mRNA or rRNA molecules. Methyl and hydroxyl group are
added to the nitrogenous bases of either cytosines or adenine. m1 A—N1-methyladenosine, m6 A—N6-Methyladenosine,
m6AmM—NG6,2-O-dimethyladenosine, m5C—5-methylcytosine, hm5C—5-hydroxymethylcytosine, 2'-O-me—2'-O-Methyla-

tion, CH3—methyl group, OH—Hydroxyl group.

The rotation disrupts the local structure of transcripts
predisposing it to bind to other proteins (Roost et al.
2015).

Reader proteins bind to m6A and decide the fate of
target mRNA. YTH domain-containing proteins are a
classic example for m6A readers: YTHDCI1 (nuclear)
affects mRNA splicing and export; YTHDC2 (nuclear
and cytoplasmic) affects translation initiation and
mRNA degradation; YTHDF1 (cytoplasmic) promotes
translation; YTHDF2 (cytoplasmic) targets RNA to the
P-bodies; YTHDF3 (cytoplasmic) binds to circular
RNA. HNRNPC, HNRNPG, and HNRNPA2BI1 pref-
erentially bind to m6A in non-coding RNA (Xiao et al.
2016; Hsu et al. 2017; Zaccara et al. 2019).

3.2 Nli-methyladenosine

N1-methyladenosine (m1A) refers to methylation at the
N1 position of adenosine. m1A blocks base-pairing at
the Watson-Crick interface, unlike m6A and other
adenosine methylations, affecting the RNA secondary
structure and protein-RNA interactions (Dominissini

et al. 2016; Roundtree et al. 2017). tRNA and rRNA
abound with m1A. m1A correlates with the upregula-
tion of translation due to its unique position near
translation start sites and the first splice site of the
coding transcripts. ALKBH3 demethylates ml1A in
response to cellular stresses (Dominissini et al. 2016;
Roundtree et al. 2017).

3.3 S-methylcytosine

RNA methyltransferases NSUN2 and DNMT2
methylate RNA at the fifth position of cytosine (SmC)
(Goll et al. 2006, Hussain ef al. 2013; Dev et al. 2017).
Several findings have revealed that SmC distributes on
precise mRNA regions and, 5’ and 3’ UTRs, a binding
site for argonaute proteins (Squires et al. 2012). SmC
stabilizes RNA structures by promoting base stacking
leading to the increased thermal stability of hydrogen
bonding with guanosine. 5SmC stabilized tRNAs influ-
ence the anti-codon stem-loop conformation and
translational fidelity of rRNA. ALYREF, an mRNA
export adaptor protein, recognizes and exports m5C
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transcripts (Squires and Preiss 2010; Roundtree et al.
2017).

3.4 2’-OH methylation

2’-OH methylation of ribose is frequent in RNAs. In
piRNA, 2'-O-me is vital for its recognition by Piwi-
Claude argonautes over Ago-Claude proteins. 2'-O-me
affects secondary structures of RNA and their interac-
tions with proteins. 2’-O-me exists in the second and
third nucleotides, which may also have adenosines
methylated at the sixth position, and together they form
m6Am modification and rescue mRNA from degrada-
tion (Kurth and Mochizuki 2009; Roundtree et al.
2017).

3.5 Pseudo uridine

Uridine can isomerize to give the fifth nucleotide—
pseudo uridine (). ¥ provides an additional hydrogen
bond donor, helps in the proper folding of rRNA, and
stabilizes the C-C bond and tRNA structure (Roundtree
et al. 2017).

3.6 Adenosine-to-Inosine RNA editing

Adenosine deaminases acting on RNA (ADARs)
deaminates adenosine to inosine, which pairs with
cytosine. A-to-I editing recodes the transcript by pair-
ing inosine non-canonically with guanosine, altering
protein sequences, and affecting splicing and miRNA
biogenesis (Bass 2002; Roundtree et al. 2017).

4. Non-coding RNA

Genome-wide deep sequencing studies reveal that
mammalian transcriptomes are only partially translated
into proteins; studies estimate that 80,000 out of
100,000 RNAs remain untranslated and are known as
non-coding RNAs. They are divided mainly into two
classes based on length as long non-coding RNA
(>200nt) and short non-coding RNA (<200nt). Non-
coding RNAs influence gene expression at both tran-
scriptional and post-transcriptional levels. As genome
complexity evolved across organisms, non-coding
RNA count correspondingly increased with number of
protein-coding genes remaining relatively static (Der-
rien et al. 2012).
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4.1 Long non-coding (long ncRNA) RNA

Long ncRNAs recruit chromatin-remodeling com-
plexes. The components of PRC1 and PRC2 chromatin
remodelling complexes, which establish repressive
histone mark H3K27me3, interact with ncRNA. For
example, Xist, a long ncRNA, expresses from
X-chromosome and binds to PRC1 and PRC2 protein
complexes, establishes H3K27me3 and also recruits
histone deacetylases and DNMT3A to methylate CpG
(Ponting et al. 2009; Derrien et al. 2012).

4.2 Small non-coding RNA

Small non-coding RNAs are either structural (riboso-
mal, transfer, small nuclear, small nucleolar RNAs) or
regulatory (miRNA, siRNA, piRNA) in nature. Small
non-coding RNAs mediate post-transcriptional inter-
ference—a powerful mechanism for gene silencing.
miRNAs are evolutionarily conserved 20 to 24
nucleotides single-stranded RNA molecules. Mature
miRNAs are processed from imperfectly paired hairpin
pre-precursor miRNA by the action of Drosha and
Dicer. Mature miRNA interacts with Argonaute (Ago)
proteins to form the RNA-induced silencing complex
(RISC) and targets 3’UTRs to guide gene silencing.
siRNAs are similar to miRNA in size and function.
However, Dicer processes the mature siRNA from a
long, linear dsRNA precursor. Processed siRNA is
loaded onto RISC, which degrades the target mRNA.
siRNAs are thought to be protecting the genome from
invasion by viruses and transposons (Krol ez al. 2010).
piRNAs vary from 24 to 31 nucleotides and contain
uridine at the 5’ end, and 2’-O-methylation at the 3’
end. piRNAs get their name from Piwi proteins of the
Argonaute family that process the single-stranded
precursor to anti-sense RNAs. The primary role of
piRNA is to cleave transposons and protect the germ-
line, which generates sense piRNAs arising from the
target transposons. The anti-sense and sense piRNAs
enter into a ’Ping-Pong’ cycle increasing the piRNA
pool (Czech and Hannon 2016).

RNA-induced silencing complexes (RISCs) is a
versatile gene-silencing machine that contains a com-
plex of different proteins. RISC co-localizes with target
RNAs and generates gene-silencing pathways. RISC
can repress protein synthesis, degrade target RNA, and
establish heterochromatin. The RISC core is composed
of two modules: (i) a small regulatory RNA such as
siRNA, miRNA, piRNA, rasiRNA, tasiRNA, tncRNA,
hcRNA, scnRNA which function as a guide by
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establishing Watson-Crick base pairing with their tar-
gets and (ii) a highly conserved argonaute protein
bound to the small RNA along with associated pro-
teins. The exact composition of the RISC complex
varies with different determinants like associated RNA
type, the function, and the subcellular location (Paroo
et al. 2007).

5. Microbial interaction with the host epigenetic
machinery

Host mammalian cells interact with several types of
microbes including bacteria, viruses, fungi, protozoa,
etc. Microbial interaction could be intracellular or
extracellular. It could be binary (one host, one
microbe), or consortia (Eloe-Fadrosh and Rasko 2013).
The interaction could be commensal or pathogenic.
Presented below is a brief review of literature which
describes modulation of the host epigenetic circuitry by
microbes.

5.1 Bacteria and the host epigenetic circuitry

Bacterial factors can modify DNA by incorporating
foreign genetic material into the genome, alter the
availability of chemical donors for modifying histone
or DNA by producing metabolites, and directly interact
with the host modifying enzymes such as HMTs,
HDACs, and DNMTs. Pathogenic as well as com-
mensals, can modulate the host epigenetic machinery
for their survival. They have an array of epigenetic
modifiers that follow different modes of action; interact
with the target receptor leading to a signalling cascade,
target an intracellular host protein to mediate a modi-
fied signalling cascade or self-modify the target host
protein directly (Cortese et al. 2016). In the following
section, we discuss the available literature on the epi-
genetic interaction of the various bacterial species that
are known to have a symbiotic or pathogenic rela-
tionship with humans. The summary of bacterial mode
of interaction with host epigenetic machinery is sum-
marized in table 1.

5.1.1 Bacteroides: Bacteroides (gram-negative, bile
resistant, anaerobic and non-spore forming) form one
of the earliest arising lineages of bacteria in a human
infant, bacteria which the mother passes to the child
during birth. Bacteroides are commensal until they
escape from the gut due to GI tract rupture or surgery.
Outside the gut they may cause abscess formation in
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various parts of the body, including the brain, pelvis,
lungs, abdomen, and liver (Wexler 2007). B. vulgatus
has been shown to induce inflammatory signalling
cascade leading to phosphorylation and acetylation of
histone H3. Studies have shown that it can maintain
homeostasis via TGFB1/ Smad signalling and by reg-
ulating NF-kB signalling in the intestinal epithelium
through reduction in H3 acetylation levels and
recruitment of HDAC at pro-inflammatory gene
promoters.

Metabolites sulforaphane cysteine and sulforaphane
N-acetyl-cysteine from cruciferous vegetables and allyl
mercaptan and diallyl disulfide from garlic by B.
thetaiotaomicron are potent histone deacetyltransferase
inhibitors (Haller et al. 2003; Bhat and Kapila 2017).
Epigenetic modifications have also been identified in
the genome of B. dorei during metagenomic analysis of
stool samples. The study indicated the presence of
m6A methylation at 20,551 GATC sites within the
bacterial genome distributed over the gene body as well
as intergenic regions. The study also highlighted
methylation of the Ton and Tol transport system, an
energy source for transporting across the outer mem-
branes in gram-negative bacteria (Leonard et alet al.
2014).

5.1.2 Bifidobacterium: Bifidobacterium is one of the
earliest microbes that colonizes the gut of an infant. It
is amongst the various bacteria that are part of probi-
otics, nutraceuticals, and dairy products. Bifidobacteria
genomic DNA has high G+C content. Studies have
shown that unmethylated CpG motifs from the bifi-
dobacterial genome interact with TLR9 (Toll-like
Receptor-9) present on immune cells promoting T, 1
response, which fights against intracellular viral
pathogens.

Lack of folate or the methyl group (from SAM) in
the diet is associated with DNA hypo-methylation in
rats and humans. Folate abundance affects the effi-
ciency of DNA methylation, repair, and replication.
Bifidobacterium strains are known to produce folate.
One of the Bifidobacterium strains BGN4 is also
known to produce S-Adenosyl-L-methionine (SAM), a
methyl donor and a substrate for methylation reaction
(Pompei et al. 2007; Ruiz et al. 2017). In addition, B.
breve has been shown to reduce global histone H4 and
H3S10/K14 acetylation and increases DNA methyla-
tion in HT29 cells (Ghadimi et al. 2012).

5.1.3 Faecalibacterium: Bacteria of Faecalibacterium
species belongs to the phylum firmicutes. F. prausnitzii
is an oxygen-sensitive, spore-