
JB Special Review—Chromatin Structure and Function:
Biological Implications in Epigenetics
Crosstalk between the microbiome and epigenome: messages
from bugs

Received September 21, 2017; accepted October 31, 2017; published online November 17, 2017

Yufeng Qin and Paul A. Wade*

Epigenetics and Stem Cell Biology Laboratory, National Institute
of Environmental Health Sciences, Research Triangle Park,
NC 27709, USA

*Paul A. Wade, Epigenetics and Stem Cell Biology Laboratory,
National Institute of Environmental Health Sciences, Research
Triangle Park, NC 27709, USA. Tel: 919-541-3392, Fax: 919-541-0146,
email: wadep2@niehs.nih.gov

Mammals exist in a complicated symbiotic relationship
with their gut microbiome, which is postulated to have
broad impacts on host health and disease. As omics-
based technologies have matured, the potential mechan-
isms by which the microbiome affects host physiology are
being addressed. The gut microbiome, which provides en-
vironmental cues, can modify host cell responses to sti-
muli through alterations in the host epigenome and,
ultimately, gene expression. Increasing evidence high-
lights microbial generation of bioactive compounds that
impact the transcriptional machinery in host cells. Here,
we review current understanding of the crosstalk between
gut microbiota and the host epigenome, including DNA
methylation, histone modification and non-coding RNAs.
These studies are providing insights into how the host
responds to microbial signalling and are predicted to pro-
vide information for the application of precision medicine.
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There are as many as 1014 micro-organisms, including
bacteria, archaea and viruses, living symbiotically with
an individual human, in locations that include the skin,
mouth, gut and other mucosal surfaces (1). In the gut,
over 1,000 unique microbial species have already been
identified, making the gastrointestinal tract the most
heavily colonized organ (1, 2). Microbiota colonization
begins after birth and is relatively stable throughout
life, though it can be affected by diet, antibiotic use,
infections, among other potential variables. The diver-
sity and composition of gut microbiome have been
studied for over a decade, but their precise roles in
maintaining homeostasis and influencing host physi-
ology are still poorly understood.

The gut microbiota resides on the intestinal mucosal
surfaces and plays an integral role in digesting food,
harvesting energy and regulating immune development
(3). In particular, it can generate numerous bioactive
compounds, including short chain fatty acids (SCFAs),

choline metabolites and lipids (3), that are important
to host physiology. Microbial metabolites are critical
messengers in the crosstalk between microbiome and
host cells. They induce not only local effects in the gut,
but also changes in distant organs such as liver, heart
and the central nervous system (4). Dysbiosis of the gut
microbiome has been associated with numerous dis-
eases including obesity, diabetes, metabolic syndrome
and colorectal cancer (5�8).

Microbiota, as one type of environment cue, can trig-
ger host epigenetic modification. In particular, hosts
have the ability to respond to environmental stimuli
through the alterations of DNA methylation and his-
tone modifications, which can have long-term effects on
the host’s physiology (9). Given the important relation-
ship between the gut microbiome and host physiology,
our review will highlight the roles of various micro-
biota-derived metabolites in DNA methylation, histone
modification and non-coding RNAs (Fig. 1).

Microbiota and DNA Methylation/
Demethylation

DNA methylation is a crucial epigenetic control mech-
anism in mammals that can influence gene expression
by regulating accessibility of transcription factors, his-
tone modifiers and transcriptional machinery to chro-
matin (10, 11). This modification is itself highly
regulated with multiple components adding and
removing methyl groups. DNA methyltransferases
(DNMTs) can add a methyl group from the donor S-
adenosylmethionine (SAM) to the carbon-5 position of
the cytosine (5mC), while the ten-eleven translocation
enzyme (TET) dioxygenase family can actively reverse
this process through oxidation of 5mC to 5-hydroxy-
methylcytosine (5hmC). The dynamics of 5mC and
5hmC synthesis are important for various biological
processes and can be regulated by a number of small
molecules (10).

Folate is a critical micronutrient and one of the
water-soluble vitamins, which can be obtained from
specific foods or dietary supplements. Folate supports
one carbon metabolism and the generation of SAM,
the primary methyl donor for DNMT. (12).
Bifidobacterium and Lactobacillus, common probiotic
bacteria, can produce vitamins including folate (13). In
a pilot study, volunteers were administered three pro-
biotic strains of Bifidobacterium and all three strains
significantly increased the folic acid concentration in
faeces (14). These results suggest that Bifidobacterium
can generate folate in the gut, which can be utilized by
the host and might affect DNA methylation patterns.
In support of this notion, coculture of human foetal
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and adult intestinal epithelial cells with Lactobacillus
acidophilus (L.acidophilus) and Bifidobacterium infantis
(B.infantis) causes significant DNA methylation differ-
ences (Fig. 1) and triggers a bacteria-specific transcrip-
tome (15).

Commensal gut microbes also generate signals that
balance effective inflammatory responses against
stress. TLR4, a member of the toll-like receptor
family, recognizes lipopolysaccharide (LPS) and acti-
vates the innate immune system. Commensal microbes
were reported to increase the methylation level in the
TLR4 gene, which decreases transcriptional activity at
this locus and leads to decreased responsiveness to LPS
and the maintenance of bacterial insensitivity in the
colon (16). Although the underlying mechanisms are
not clear, it is possible that microbiota interact with
the enzymes responsible for DNMTs to induce the host
response. Bacteria also induce demethylation through
the oxidation of 5mC to 5hmC, a process catalyzed by
TET family proteins. Challenging human dendritic cells
(DCs) with Mycobacterium tuberculosis (M.tuberculosis)
induced DNA demethylation at thousands of loci, inde-
pendent of cell division. Those demethylated regions

were located at distal enhancer elements rather than
at proximal promoter regions. Integrated analysis
showed that these loci were enriched at genes express-
ing immune transcription factors, at sites of active
histone marks, at areas of increased chromatin acces-
sibility, thus leading to a strong correlation with gene
expression (17). These data suggest that bacterial
stimulation has the capacity to influence host 5mC
and 5hmC localization leading to changes in epigenetic
memory (Fig. 1).

Dietary methionine not only shapes the composition
of the host microbiota (18), but also modulates bacter-
ial metabolism (19) to generate substrates for SAM
synthesis, which is required during DNA methylation
and phosphatidylcholine biosynthesis. Escherichia coli
(E.coli) lacking an external source of methionine
reduced the efficiency of phosphatidylcholine synthesis
in the host. Phosphatidylcholine can activate the nu-
clear receptor NR5A, which suppresses grl-21 expres-
sion to inhibit mitochondrial fission and host lipid
accumulation. Thus, an interaction between micro-
biota and host not only modifies the DNA methylation
dynamics, but also regulates nuclear receptor activity

Fig. 1 Microbiota regulate the host epigenome through microbial signals including metabolites, bile acids, inflammation and altered composition.

Dietary supplement, antibiotic treatment, infections, diurnal oscillations and other factors will affect the compositions of gut microbiota. The
changed microbiome will generate different metabolites (such as butyrate and indoles), which will modify histone acetylation, nuclear receptors
and transcription factors to reprogram the transcriptome in the host. Through affecting the methyl group donor SAM, microbiota also can
impact the DNMTs and TETs. Certain non-coding RNAs can interact with bacteria to trigger host inflammation and autophagy. Microbial
signals not only affect the transcriptome and chromatin modifications in local organs like intestine and innate lymphoid cells, but also regulate
distant organ like liver and the cardiovascular system through metabolites. PPAR-g, peroxisome proliferator activated receptor gamma.
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to control the gene transcriptions in response to envir-
onment signals (19).

In human studies, some groups found that
Fusobacterium nucleatum (F.nucleatum) was enriched
in colorectal cancer tissues and correlated with DNA
methylation (20�22). In particular, F.nucleatum was
over represented in a subtype of colorectal cancer
with a specific mutational spectrum (20). F.nucleatum
has been shown to target innate immune signalling and
active autophagy (23), which suggests potential inter-
play with DNA methylation and tumourigenesis.

Microbiota and Histone Modification

Histones (H2A, H2B, H3 and H4) make up the core
nucleosome which is encircled by DNA (11). Multiple
modifications can be made to these histones including
acetylation, methylation, phosphorylation, and ubiqui-
tination, primarily on N-terminal histone tails. These
covalent modifications are now known to be critical
regulatory features of chromatin structure and func-
tion, which leads to changes in cell fate and tissue de-
velopment (11). In many cases, single and/or multiple
modifications occur at the same position on the histone
tails and almost certainly function together to provide
an exquisite level of genomic control. Epigenetic wri-
ters, readers and erasers can recognize specific combin-
ations of histone modification to provide a dynamic
system for modulating gene expression. In general,
microbiota affect histone modification by (i) altering
the activity of modification-related enzymes, and
(ii) influencing the levels of substrates used by these
enzymes.

The majority of histone modifications, such as his-
tone acetylation, are reversible and responsive to meta-
bolic changes. Histone acetylation is usually associated
with active gene transcription, while deacetylation is
associated with transcriptional repression (11).
Deposition of acetyl groups is catalyzed by histone
acetyltransferase (HAT), which can transfer an acetyl
group from acetyl-coenzyme A to the e amino group of
lysine residues. Acetylation of histones also leads to
exposure of target sites in nucleosomal DNA for tran-
scription factors to initiate the assembly of transcrip-
tion complexes. Deacetylation is catalyzed by histone
deacetylase (HDAC), which removes acetyl groups
from histone tails, thereby leading to a reduction in
accessibility. There are several ways in which the
microbiome can regulate this process. Microbial me-
tabolism can generate a number of bioactive com-
pounds, including the SCFAs, acetate, propionate,
butyrate and other products. In healthy adults, the
total concentration of acetate, propionate, butyrate
in the colon is around 50�150mM. Acetate is the
most abundant SCFA—it is approximately three
times more abundant than propionate and butyrate.
In the systemic circulation, concentrations of butyrate
and propionate are very low and acetate is around
0.1mM (8). Butyrate is rapidly adsorbed from the co-
lonic lumen and constitutes a preferred energy source
for colonic epithelial cells. High concentrations of bu-
tyrate have the potential to inhibit the activity of
HDACs, with a resulting impact on histone

modifications and transcriptional regulation (24).
Butyrate production depends on a both bacterial com-
position and dietary intake. For example, butyrate-
producing bacteria represent considerable phylogenetic
diversity: at the genus level this includes but is not
limited to Roseburia, Odoribacter, Faecalibacterium,
Eubacterium, Subdoligranulum, Peptoniphilus, Copro-
coccus, Fusobacterium, Porphyromonas, Clostridium,
Anaerotruncus, Megasphaera and others (25). Dietary
fibre is important for intestinal bacteria to produce
butyrate, while high fat diets reduce the formation of
butyrate. Using germfree mouse models colonized with
wide type and mutant butyrate-producing bacteria
Butyrivibrio fibrisolvens (B.fibrisolvens), Donohoe
showed that dietary fibre could be fermented into bu-
tyrate in the lumen in a bacteria-dependent manner
(26). Dietary supplementary of tributyrin to germfree
mice, which also increases butyrate level without bac-
teria, can recapitulate the similar phenotype (26). Due
to the complexity of this system (multiple species of
bacteria, dietary components), it’s difficult to assign
causality for the decreased butyrate level commonly
observed in high fat/low fibre diet conditions.

However, some of the molecular mechanisms
involved in microbiota-dependent modification of his-
tones are beginning to be elucidated. As an HDAC in-
hibitor, butyrate exerts anti-inflammatory activity by
suppressing NF-kB and STAT1 activation (27). In add-
ition, butyrate-induced differentiation of colonic Treg
cells (Fig. 1) through enhanced histone H3 acetylation
in the promoter and conserved regions of the Foxp3
locus (28). Although butyrate-induced histone hyper
acetylation leads to cell differentiation and inhibits pro-
liferation of tumour cells, butyrate’s role in tumourigen-
esis is still controversial (29). Hu et al., (30) found that
butyrate appeared to function as a tumour suppressor
and could decrease colon cancer cell proliferation and
stimulate apoptosis through inhibition of miR-92a tran-
scription. These relationships suggest that the consump-
tion of dietary fibre or colonization of the gut by a
butyrate-producing bacterium might protect against
colorectal cancer. Other studies have shown that butyr-
ate accumulates in tumour cells and acted as an HDAC
inhibitor to decrease cell proliferation and stimulate
apoptosis due to the Warburg effect (26). In contrast,
in genetically modified animals, butyrate supplementa-
tion promoted hyper proliferation of colon epithelial
cells that appears to promote carcinogenesis (31).
These seemingly contradictory results might result
from the different genetic backgrounds of the mice, dif-
ferences in microbial composition of animal facilities
involved and different mechanisms involved in colon
carcinogenesis (29).

Histone methylation/demethylation can be globally
modulated by various cellular metabolites/cofactors
including SAM, Fe2+/Fe3+ and a-KG (32). Gut
microbiota, in combination with dietary substrates
also produce metabolites that can affect histone
methylation in multiple tissues of the host (33). In a
germ-free mouse model, H3 methylation patterns were
changed dependent on gut bacteria colonization status.
The introduction of gut microbiota significantly
increased levels of H3K27me3 and unmethylated
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H3K36 and decreased levels of H3K18me1 and
unmethylated H3K23 in colon, liver and adipose tis-
sues compared with germ-free mice. K27me2 and
K36me1 on the variant H3.3 were also decreased in
colon, liver and adipose tissues. Some histone methy-
lation changes were tissue specific, for example,
H3K27me1 and H3K36me2 were increased in adipose
tissues, while decreased in colon and liver tissues (33).
Although the detailed mechanism by which these
changes at a distance occur is still unclear, it appears
plausible that gut microbiota produces metabolites
and/or cofactors that influence enzymes participating
in histone modification (34). A major challenge for the
future is identification of specific messenger molecules
and definition of modes of action by which gut bacteria
influence the epigenome in distant sites not in direct
contact with the microbial flora.

Microbiota and Non-coding RNA

Non-coding RNAs, which do not encode proteins, also
participate in important biological processes. Non-
coding RNA comprises long non-coding RNAs,
microRNAs and snoRNAs, as well as other small
RNAs. Long non-coding RNAs have been reported
to participate in the responses of intestinal epithelial
cells to bacteria (35). Compared to germ-free mice,
mice that have been colonized with specific bacteria
displayed a significantly different profile of lncRNAs,
most of which were transcribed from introns.
Moreover, colonization with wild type E.coli or
E.coli expressing bile salt hydrolase resulted in differ-
ent effects on lncRNA expression. Although a small
number of the observed lncRNAs overlapped with
known inflammation-related lncRNAs, these changes
in host epithelial cells were bacteria-species
dependent (35).

miRNA is a small non-coding RNA molecule (con-
taining about 22 nucleotides), which can regulate gene
expression post-transcriptionally by binding to its tar-
gets’ 3’UTRs. MicroRNAs play important roles in reg-
ulating host immune functions, but how they respond
to bacteria remains unclear. Infection with bacteria
such as M.tuberculosis, Helicobacter and Salmonella
enterica alters the cellular miRNA profiles (36, 37).
Mycobacterium tuberculosis downregulated miR-let-7f
in infected macrophages by secreting ESAT-6. MiR-
let-7f targeted TNFAIP3, which is a negative regulator
of the NF-kB pathway, to active host immune re-
sponses and decrease bacterial survival. A reduction
in the miR-let-7f level by Mycobacterium tuberculosis
decreased the production of cytokines including TNF
and IL-1b and led to an ineffective immune response
that predisposed the host to tuberculosis (38).
F.nucleatum could regulate TLR4 and MYD88
innate immune signalling (Fig. 1) and activate autop-
hagy by decreasing miR-18a* and miR- 4802 to medi-
ate colorectal cancer chemoresistance (23).
Helicobacter infection was reported to upregulate the
miR-155 expression both in epithelial cells and macro-
phages (Fig. 1); this process was shown to be depend-
ent on TLR4 and activation of the NF-kB pathway
(39, 40). miR-155 (Fig. 1) likely participates in a

negative-feedback loop to modulate inflammatory re-
sponses to Helicobacter infection. In addition to the
regulation of miR-155, Helicobacter infection was
also reported to down-regulate the let-7 miRNA
family and thereby regulate the NF-kB inflammatory
response (41).

It is interesting, if not surprising, that true crosstalk
can occur between the host and the symbiotic bacterial
population. For example, microRNAs from the host
also can selectively regulate the function of microbiota.
miRNAs from host faecal samples can enter bacteria,
such as F.nucleatum and E.coli, thereby regulating bac-
terial gene transcription and bacterial growth (42). A
conditional knockout of the miRNA-processing
enzyme in intestinal epithelium exhibits uncontrolled
gut microbiota and exacerbated colitis; faecal
miRNA transplantation can rescue the phenotype. In
support of this finding, coculture of the miRNAs with
bacteria can induce significant changes in bacteria gene
expression (42). These findings demonstrate that host
secreted miRNA also feedback on to the gut bacteria
to maintain the homeostasis of the intestine.

Microbial signals and host responses

Besides microbial derived SCFAs, microbiota can also
generate other signals to modify the host epigenome
(43�46). Like mammalian circadian rhythms, gut
microbiota also undergoes diurnal oscillations, which
are controlled by the diet (43). During different times
of the day, the compositions and functions of gut bac-
teria change as does distance from the mucus. OTUs
affected include: Lactobacillus reuteri (L.reuteri),
Bacteroides acidifaciens, Mucispirillum schaedleri and
Ruminococcus gnavus (R.gnavus). Diurnal fluctuations
in the abundance of bacteria influence microbial derived
metabolites, including serotonin, xylose, cytidine, pro-
line and biotin that play key roles in biosynthetic path-
ways. These oscillating microbial signals could be
expected to have an impact on the host epigenome
and transcriptome. Actually, both the intestinal tran-
scriptome and enhancer landscape demonstrated diur-
nal oscillations that were microbiota dependent.
Antibiotic treatment eliminated the diurnal oscillations
of transcriptomes and chromatin modifications in intes-
tinal epithelial cells (43). Although the exact mechanism
is still unknown, a contributory role of microbiota and
their metabolites seems likely. A circadian transcription
factors, nuclear factor interleukin-3-regulated protein
(NFIL3) was recently reported (Fig. 1) to be regulated
by microbiota (44). The microbiota triggered immune
signals in innate lymphoid cells (ILCs) by flagellin or
LPS. Subsequently, IL-22 was induced, leading to acti-
vation of STAT3, which could repress Rev-erba tran-
scription through binding to its promoter.
Downregulating Rev-erba induced epithelial NFIL3 ex-
pression to regulate lipid absorption and export in in-
testinal epithelium (44).

Double positive (CD4+CD8+) intraepithelial T
lymphocytes (DP IELs) in the intestine promote toler-
ance to dietary antigens and have regulatory functions.
There are no DP IELs in germ free mice and their
numbers vary in different animal facilities, indicating
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that induction of DP IELs is microbiota dependent
(45). Mechanistically, L.reuteri could metabolize tryp-
tophan into indole-3-lactic that activates aryl-hydro-
carbon receptor (AhR) (Fig. 1) to reprogram the
CD4+ T cell into DP IELs by downregulation of tran-
scription factor ThPOK. Unlike tributyrin, dietary
supplement of tryptophan in the germ free mice can
induce DP IELs only in a bacteria dependent
manner (45).

Microbiome and metabolic diseases

There is a fine balance between the microbiota and the
host to maintain a true symbiotic relationship. Gut
microbiota can digest the host diet and secrete small
molecules that in turn support host health. Once this
equilibrium is disturbed, microbial activity can play a
role in initiating and/or maintaining a series of meta-
bolic diseases in host. Gut microbiota cannot only
crosstalk locally with the intestine, but can also gener-
ate signals to communicate with distant organs includ-
ing adipose, liver or cardiovascular system. These
signals can consist of bacteria themselves (limited to
local signalling), microbial derived metabolites,
microbial induced inflammation and/or inflammatory
cytokines and other factors [glucagon-like peptide-1
(GLP-1), 5-hydroxytryptamine] from the gut (47).

Obesity may be the most widely studied microbiota-
associated metabolic disease. Over a decade ago,
Bäckhed et al. (5), found that gut microbiota could
regulate genes involved in lipogenesis and that there
was significant decrease of bacterial community diver-
sity, especially observed in the ratio of Bacteroidetes/
Firmicutes in obese individuals (48). Although the
nature of the relationship between the B/F ratio and
obesity remains a topic of discussion, numerous add-
itional studies have identified obesity-linked bacteria
(49, 50). Fei et al., isolated the endotoxin-producing
bacterium, Enterobacter cloacae B29, from a morbidly
obese volunteer’s gut. Transplantation of this species
to germ-free mice with HFD induced excessive fat ac-
cumulation and led to animals that developed both
obesity and insulin resistance. In contrast, control
mice colonized with B29 and fed a normal diet re-
mained lean throughout the study. B29 bacteria also
elevated serum endotoxin by chylomicrons induced by
long-chain fatty acids in the HFD to enhance systemic
inflammation (50). Circulating free fatty acids also in-
hibit GLP-1 secretion in intestinal enteroendocrine
cells (Fig. 1), which may be causal for induction of
metabolic syndrome. Increasing the GLP-1 level by
changing the gut microbiota through an antibiotic
cocktail treatment improved glucose intolerance, insu-
lin resistance and increased other beneficial metabol-
ites like succinic acid (51). These findings suggest that
certain bacteria excel at extracting more energy from
fat and regulating metabolites, thus promoting weight
gain and metabolic dysregulation in the host. Diet, in
turn, also can modify the bacteria and create a feed-
forward loop that promotes obesity.

Besides obesity, gut microbiota has been linked to
cardiometabolic diseases like atherosclerosis (52, 53).
Through case control study, Jie et al., identified

Enterobacteriaceae and Streptococcus species that
were increased in atherosclerotic cardiovascular dis-
ease patients by whole metagenome sequencing.
Atherosclerosis enriched bacteria like Streptococcus
species, was positively correlated with blood pressure
(53). KEGG pathways analysis using microbial genes
indicated the enrichment of metabolism and trans-
port of several molecules important for cardiovascu-
lar health, for example: enzymes involved in
trimethylamine (TMA) synthesis, the precursor for
the trimethylamine N-oxide (TMAO) (53). TMAO,
which is associated with atherosclerosis and cardiovas-
cular disease, is a gut microbiota dependent metabolite
(Fig. 1). Proteus mirabilis (P.mirabilis) with cutC/D
genes can generate TMA from dietary choline, which
is subsequently converted into TMAO by hepatic
FMO3 (52). Wang et al. (52), found that 3,3-dime-
thyl-1-butanol (DMB), a choline analogue, inhibited
microbial derived TMA in vitro and in vivo. DMB
also inhibited choline diet induced atherosclerotic
lesion development in apoE�/� mice. Thus, targeting
the microbial enzyme genes could be a useful treatment
for atherosclerotic cardiovascular disease.

The gut microbiota has also been associated with
non-alcoholic fatty liver disease (NAFLD), the most
common liver disease worldwide (54). Gut microbiota
can cause liver inflammation, which is associated with
hepatic cell damage and fibrosis, leading to the devel-
opment of NAFLD. Suppressing gut bacteria via anti-
biotics decreased secondary bile acid levels and
attenuated hepatic inflammation and fibrosis (54).
Dysbiosis of the gut microbiome has also been
shown to damage the permeability of the intestinal
barrier, thus allowing bacterial components such as
LPS to permeate the gut lining, activate TLR sig-
nalling and stimulate liver inflammation (55). The
mechanism of this process is becoming clearer, as it’s
been shown that TLR4 cooperates with MyD88 to me-
diate signal transduction events, such as activation of
NF-kB to enhance the expression of TNFa and IL6 to
induce liver inflammation (56).

Conclusions and Perspective

Recent work highlights potential interactions between
microbiome and host epigenome, which demonstrates
a key role for the microbiota in regulating the host
response against environment signals. Due to the fre-
quent and direct contact of the microbiota and host
cells in numerous organs, but especially the gut, micro-
biota-derived metabolites are thought to be a primary
mechanism of regulating the host epigenome.
Although SCFAs seem to be crucial in modulating
the host epigenome through DNA methylation and
histone modifications, many of the details of the mech-
anism remain unclear. For example, which bacteria or
community can generate specific metabolites, and
which nutritional components are critical primary sub-
strates? Furthermore, it is currently unclear which sig-
nalling pathways bacterial metabolites impact to
regulate host responses and what specific components
of host transcriptional machinery are modulated to
induce changes in host gene expression? Whether
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microbiota also effect changes in RNA modification or
higher order chromatin structure is still to be deter-
mined. Further complicating this biological picture, a
host’s life style, health status and exposures, such as
antibiotics, also regulate the microbiota and alter their
influence. Therefore, further studies deciphering spe-
cific microbiota-derived signals that affect the host epi-
genome will provide new insights in understanding the
host�microbiota interactions and lead to new mechan-
istic insights into health and diseases.
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